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Abstract Microstructured optical fibers (MOFs), which have a holey structure in
the cladding/core region, exhibit enhanced sensing sensitivity and performance
for liquid/gas samples. In MOFs, the presence of sensing samples in the holey
cladding/core region increases mode-field overlap and effective interaction length
between the samples and the optical signals, resulting in a deep modulation on
the optical signal. Moreover, in places of a bulky chamber for hosting liquid/gas
samples in conventional fiber-based sensing configurations, the tiny voids in MOFs
save the volume of sensing samples and avoid contaminations, making the sensing
scheme more compact for in-line sensing applications. In this chapter, we first intro-
duce the structures of MOFs and lightwave guiding mechanisms in MOFs, including
index-guidingmechanism, photonic bandgap guidingmechanism, and antiresonance
guiding mechanism. Then, we present MOF fabrication methods for different fiber
structures and materials. Last but not least, several kinds of MOF-incorporated
sensing configurations, including fiber gratings, Fabry–Pérot interferometers,Mach–
Zehnder interferometers, and Sagnac interferometers, and surface-enhanced Raman
scatterings, are discussed with theoretical analysis and cutting-edge achievements in
a few application scenarios.
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1 Introduction

Optical fiber sensing networks have distinct features of high robustness, immunity
to electromagnetic interference, small size, good repeatability, and enabling remote
sensing configurations (Consales et al. 2012). In particular, optical fibers are made
of silica. It is a dielectric material and has high melt temperature (~1700 °C), making
optical fibers immune to the ambient electromagnetic signals and harsh environment.
By possessing a small cross section of hundred micrometers and a low transmission
loss, optical fibers show great flexibility and benefits in constructing networks for
remote sensing applications. Moreover, the advanced fiber fabrication technology
leads to good consistency in the fiber geometry over long length and helps to save
cost for mass production. Owing to these distinguished features, fiber-based sensing
platforms have attracted intensive research and exploration, and rapidly being applied
widely from environment monitoring to biological detections.

Conventional single-mode fibers (SMFs) and multimode fibers (MMFs) have a
germanium-doped silica fiber core surrounded by a pure-silica cladding. The refrac-
tive index (RI) of fiber core is larger than that of fiber cladding, and light guidance
in the fiber core relies on total internal reflection (TIR). Though SMFs and MMFs
have been successfully applied to temperature (Peng et al. 2016), strain (Zhu et al.
2012), curvature (Mao et al. 2014), and RI (Rong et al. 2012) analysis, the extremely
weak light–matter interaction property hampers their spectral response’s sensitivity
to ambient variations, hence, making the sensing scheme exhibits either low sensing
sensitivity or redundant in fiber length.A few techniques have been applied to conven-
tional fibers to enhance light–matter interaction, such as fiber gratings, microbubbles,
microfibers, and side-polished fibers. These microstructures on fibers have low fabri-
cation reproducibility and are fragile, causing difficulties in integration and instability
of sensing networks. Besides, all-solid fiber geometry requires external chambers for
liquid flow, which compromises compactness of the systems.

To address these challenges and enhance light–matter interaction, MOFs are
proposed and have been investigated for sensing applications in the past two decades.
MOFs, mainly refer to photonic crystal fibers (PCFs), enable light trapping in the
solid/hollow fiber core through modified TIR, photonic bandgap (PBG) or antireso-
nance etc. by the periodic microstructures in the fiber cladding region. The scanning
electronmicroscope (SEM) images of a typical pure-silica solid-core PCF and a PBG
fiber are shown in Fig. 1a, b, respectively. Because the main motivation when the
idea of PCFs was first proposed was to fabricate a hollow-core fiber that confines
light through PBG effect enabled by a cross-sectionally periodic photonic crystal
structure, the term PCF was introduced and remains in use for the whole class of
microstructured fibers, either with or without any kind of “crystal” structure.
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Fig. 1 SEM photograph of a the first solid-core index-guiding PCF (Adapted with permission
from Knight et al. 1996); and b a typical hollow photonic bandgap PCF (Adapted with permission
from Lynch-Klarup et al. 2013)

The holey structure of PCFs provides inherent advantages in improving the
compactness and performance of fiber-based sensors. In particular, firstly, the air
channels can host the liquid/gas media. And, as the air channels generally have
a diameter of a few micrometers or tens of micrometers, relatively small sample
volume is needed for completing the sensing/detection. Secondly, the large hollow
core or the air channels tightly surrounding the solid fiber core enable a large overlap
between the sample in the channels and the electrical field of the light beam, thus
to dramatically enhance the modulation capability to the light signal, resulting in a
better sensing resolution. Thirdly, the unprecedented long effective interaction length
enabled by the air channels running along the entire fiber length can contribute to
improve the limit of detection in absorption-based sensing configurations. Besides,
PCF-based sensors are especially suitable for in-line real-time sensing applications
in which the liquid/gas samples continuously flow through the sensing region via
inlet and outlet, and the spectrum is recorded and analyzed in real time.

Over the past few decades, the main research interests of PCFs-based sensors has
been focused on increasing sensing sensitivity, constructing in-line sensing configu-
rations, and expanding the application scenarios by exploring newPCF structures and
integrating other sensing techniques like fiber gratings and interferometers. In terms
of exploring new fiber structure, great efforts have been put on enlarging evanescent
field in the air channels and easy accessibility of liquid/gas samples to the internal air
channels. For example, suspended-core fiber, with 3 larger air channels surrounding
a small solid-core region (as shown in Fig. 3a), has been intensively explored for
high-sensitivity molecular detection because of its extremely large evanescent power
ratio in the air channels. The simple wheel-like structure makes the lateral access of
liquid easy as well. The integration with other techniques enables higher sensitivity
sensing, and wider application scenarios like RI sensing, or extracting structural
fingerprinting information of biological molecules.

In this chapter, we first give a brief introduction to the fundamentals of PCFs,
including lightwave guiding mechanisms, the key geometric parameters that affects
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its optical properties, and advanced fiber fabrication methods. Then, we will summa-
rize a few most compact and highly sensitive liquid/gas sensing configurations that
adopt PCFs, including fiber gratings, fiber interferometers, and surface-enhanced
Raman scattering, and their cutting-edge achievements in versatile sensing scenarios.

2 Guiding Mechanisms of PCFs

Lightwave guidance mechanisms in the core region of PCFs are mainly classified as
index guiding, PBG guiding, and antiresonance guiding.

• Index guiding

In index-guiding PCFs, light is confined in the core area through modified TIR. TIR
is a phenomenon that the total amount of the incident light energy is reflected back at
the boundary between two different media. It only occurs when the lightwave travels
in a high RI medium approaches the other medium with a lower RI at an angle of
incidence larger than the critical angle. Normally, index-guiding PCFs are made of
pure silica. The RI difference between the core region and the cladding region is
obtained by creating periodic holey structures in the cladding region to reduce the
averaged RI of the cladding region. A typical structure of an index-guiding PCF
is illustrated in Fig. 2. The presence of air holes decreases the overall RI value of
the cladding region, because air has a low RI value (1.0) than that of silica (e.g.,
1.444 at the wavelength of 1550 nm). The pitch of the air channels (distance between
two adjacent air channels) is represented by symbol �, and the diameter of air hole

Fig. 2 A schematic
illustration of an
index-guiding PCFs made of
pure silica. The green color
represents the silica material,
and the white regions are air
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is indicated by d. Simulation results suggest that a smaller pitch and a larger air
hole diameter can help to increase the evanescent power fraction in the air channels
located in the innermost ring. And, increasing the number of rings helps to reduce
the fiber transmission loss.

The mode number analysis of index-guiding PCFs can refer to that of step-index
fibers. The number of transverse modes (M) that are supported in the step-index
conventional fiber core can be theoretically predicted by the following equations:

V = 2π
λ
a
√
n2core − n2cladding (1)

M = V 2

4
(2)

where a is the radius of the fiber core, λ is the wavelength of the light wave, and ncore
and ncladding refer to the RIs of the fiber core and cladding regions, respectively. V
number is the normalized frequency parameter. When V < 2.405, step-index fibers
only support single-mode propagation, which is the fundamental mode. For a typical
PCF structure which has periodic air holes in the cladding, the RI of the cladding can
be estimated through an effective index model (Knight et al. 1998). In the effective
index model, the RI of the cladding is defined according to the propagation constant
of the fundamental space-filling mode of the infinite cladding, and d/� play an
important role in determining the number of modes. An effective V value (Veff) for
a PCF can be defined as (Birks et al. 1997; Vengsarkar et al. 1996):

Veff = 2π
λ
a
√

(n2core − n2a)F (3)

where, na is the RI of air (na = 1), and F = d/� is the air filling ratio.

• PBG guiding

There is another kind of PCFs in which the fiber core exhibits a smaller RI than that
of the cladding region. Obviously, TIR does not work in this situation. In this kind
of PCF, light of a certain band of wavelength is confined in the low index core by
the PBG effect of the photonic crystal structure in the cladding region. Therefore, it
is categorized as PBG fibers. Usually, PBG effect only guarantees relatively narrow
transmission bandwidth. The first hollow-core photonic bandgap structure fiber was
fabricated in 1998. However, the guidedmode in this fiber was observed to be evanes-
cent in the central air channel. To support stable light propagation in the central air
core, numerical calculations reveal that a large air filling ratio and a small pitch in
the surrounding photonic crystal cladding structure are necessary (Cregan 1999).
Later, in 1999, R. F. Cregan in the University of Bath successfully fabricated the first
photonic bandgap guiding fiber that supported single-mode propagation in the air
core (Cregan 1999). In this fiber, the large hollow core was obtained by removing 7
capillaries in the center, and the air filling ratio and pitch in the cladding are ~39%
and 4.9µm, respectively. However, the researchers only receive 35%of an input laser
energy after propagating through a 4 cm long fiber sample due to low input coupling
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efficiency and the scattering loss resulted from surface roughness of the inner ring
of cladding. In 2005, an ultimate low-loss photonic bandgap fiber (1.2 dB/km) was
obtained by reducing surface roughness (Roberts et al. 2005).

In addition, Bragg fibers and all-solid photonic bandgap fibers are also proposed
and investigated for exploring new optical properties. Bragg fibers are usually made
of polymer and soft glasses instead of silica. Light is confined in the large hollow
core by the surrounding multilayer reflector consist of alternating high index (soft
glasses) thin films and low index films (polymers). A Bragg fiber that is used for
CO2 laser beam delivery (Temelkuran et al. 2002) is shown in Fig. 3b.

All-solid photonic bandgap fiber structure is realized by replacing the air holes
of index-guiding PCFs with high index material (larger than core), as shown in
Fig. 3c. Compared with holey structured PBG fiber, all-solid PBG fibers are easier
to fabricate, and it shows better coupling performance especially when splicing with
standard SMFs or MMFs.

Fig. 3 SEM photograph of a a suspended core fiber (Adapted with permission from Monro et al.
2010); b a Bragg fiber (Adapted with permission from Temelkuran et al. 2002); c all-solid PCF
(Adapted with permission from Wang et al. 2015); and d Kagome-like hollow-core PCF (Adapted
with permission from Subramanian et al. 2017)
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• Antiresonance

The first hollow-core PCF capable of transmitting light over a broad range of optical
frequencies was demonstrated in 2002 (Benabid et al. 2002). The cladding structure
of this fiber consists of thin (nanometer scale) silicawebs arranged in aKagome lattice
instead of conventional triangular hollow-core PCF structures reported previously.
But numerical simulation reveals that the cladding structure does not support any
PBGs. Further research progress on broadband-guiding hollow-core PCF indicates
that: 1. The geometry of the cladding is not the crucial factor in exhibiting broadband
guidance in the Kagome-like hollow-core PCFs; 2. in contrast to hollow-core PBG
fibers, the transmission loss of this kind of fiber is independent of the number of
cladding layers; and 3. the geometry of the first silica layer surrounding the hollow
core is essential for determining the performance of the broadband-guiding hollow-
core PCFs (Markos et al. 2017). There are a few other types of hollow-core PCF
structures that support broadband spectrum guidance, such as negative-curvature
hollow-core PCFs or single-ring hollow-core PCFs. According to current research,
broadband-guiding hollow-core PCFs does not show a unique cladding design and
neither has an accepted guidance mechanism. It may be composed of a Kagome-like
(Fig. 3d), a honey-comb lattice or a reduced or even single layer of annular tubes
(Pryamikov et al. 2011). The guidance mechanisms in broadband-guiding hollow-
core PCFs are also still a subject of study or debate, commonly perceived as inhibited-
coupling or antiresonance guiding.

3 PCF Fabrication Technology

The fabrication of PCFs is proved far from easy. It took a long journey to succeed
until the year of 1996 when Prof. J. C. Knight and his colleagues reported that
they successfully fabricated the first silica-air PCF in the University of Southampton
by means of capillaries stacking (Knight et al. 1996). This PCF has a solid core
surrounded by periodic air arrays in the cladding region, and it confines light through
TIR (index guiding) the same as the conventional SMFs andMMFs. Soon after, with
the successful experience of fabricating index-guiding PCFs, the first PBG PCF was
achieved in 1998.

The fabrication process of a fiber normally involves two basic steps: preform
preparation and drawing process with a fiber drawing tower. The preform has the
same structure and RI profile as the final fiber sample, but larger in size. The diameter
of the cross section of a fiber preform is around a few centimeters.

Depending on different fiber structures and materials, a few techniques have been
practiced to prepare the largefiber preform, such as stacking (Russell 2003), extrusion
(Kumar et al. 2002), and rolling (Temelkuran et al. 2002).

• Stack-and-draw method
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Fig. 4 A brief schematic diagram of stack-and-draw method for the fabrication of PCFs. a Assem-
bling silica capillaries and rods into macroscopic preform stack. b The large preform stack is drawn
into canes with a diameter of a few millimeters. c The final thermal draw step to achieve PCFs with
a diameter of a few hundred micrometers (Adapted with permission from Ma et al. 2017)

In terms of fabricating silica PCFs preform, the most commonly used method is
capillary/rod stacking. Capillaries are small silica tubes that have the same air filling
ratio with that of the PCF cladding region. They are generally 1 m long with an outer
diameter of a few millimeters and obtained from drawing large silica tube/rods. For
preparing a preform with stacking method, first, capillaries and rods are stacked
following the designed photonic crystal pattern. Then, the stack is inserted into a
larger silica tube to provide an outer protecting silica layer. Next, the preform will
be mounted in the preform holder on the top of a fiber drawing tower and drawn to
be thinner cans/fibers when fed into a high-temperature furnace (operating at above
1700 °C). Figure 4 shows the procedure of a fiber drawing process.

Because the thermal expansion coefficients of silica and air are quite different
and the draw-down ratio from the preform to fiber is large, to prevent the breaking
of preform or damage of the fiber structure, the complete drawing process normally
involves two steps:

1. Feed the preform into the high-temperature furnace and achieve a smaller-sized
cane which has an outer diameter of a few millimeters.

2. Feed the cane into the furnace again and draw to obtain regular fibers following
adding an extra silica jacket to achieve thicker outer cladding region.

To obtain a perfect fiber structure, the drawing process is very challenging. The
feeding speed (speed of the preform/cane, Vseed) and drawing speed (speed of the
fiber, Vfiber) of the preform together determine the draw-down ratio of the drawing
process by the following relationship:
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VseedR2
seed = VfiberR2

fiber (4)

where Rseed and Rfiber are the radii of the seed preform/cane and the produced
cane/fiber, respectively. Moreover, to perfectly maintain the fiber structure, the
furnace temperature, the pressure in the air channels, and vacuum environment in
some circumstances need to be precisely managed. In particular, for holey structured
PCFs, when the temperature goes too high, the air in the channels expand rapidly
and may destroy the thin silica webs in the microstructure. Inversely, the fiber is easy
to break in a low temperature applied. The temperature applied to the preform/cane
is crucial. It relies on both of the temperature of furnace and the feeding speed of
the preform as fast feeding speed reduce heat accumulation in the fiber. The pressure
applied in the air channel helps tomaintain the fiber structure, and the vacuumapplied
to the preform tube in some circumstances is intended to suppress the interstitial holes
in the joints of silica web.

Therefore, to obtain a fine fiber structure, those parameters including furnace
temperature, the pressure applied, feeding speed of preform, and drawing speed need
to be precisely adjusted. And this requires a few rounds of trials and improvements.
Besides, the large surface area of capillaries and rods in the preform stack could
introduce contamination easily. But this method of making preform allows large
flexibility in fiber structure design.

• Extrusion

Extrusion method can be applied to realize silica-air preforms that are not readily
achievable by stacking capillaries and rods. In the preform fabrication process, a
molten glass is penetrated through by a die having the desired patterns of holes.
Therefore, it is especially suitable for fabricating fiber preform made of low melting
temperature materials, for example, chalcogenide glass, polymers, or those mate-
rials which are not readily available in tube form. Then, the bulky glass preform is
drawn using a thermal-drawing tower which is the same to the one shown in Fig. 4b.
This kind of fabrication method allows the fabrications of any regular or irregular
structured fibers. The first non-silica glass PCF using extrusion method is made of
glass SF57 (Kiang et al. 2002). It exhibits a “wheel”-like structure with 3 large air
channels surrounding a small solid core, and observed to be single mode over a broad
wavelength range.

Extrusion provides a controlled and reproducible method for fabricating holey
preform with complex structure and good surface quality. By broadening the appli-
cable range of materials and structure designs, extruded holey fibers offer a wider
range of optical properties compared with the stacking method. Moreover, as fewer
interfaces are involved, extrusion shows the potential to minimize the ultimate
transmission loss by avoiding contamination.

• Rolling method

Rolling is perfectly suitable for the fabrication of fiber with periodic annular layers
structure, like Bragg fibers or omnidirectional fibers. In this method, multilayers
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of polymer-based mirrors are rolled up to present a preform with a hollow core
and alternate high refractive index and low index in the cladding region. The index
variation in the radial direction provides the light guidance capability in the hollow
fore region through photonic bandgap mechanism.

This method is widely used in fabricating preform that combines polymer and
glass materials (Temelkuran et al. 2002). And the wavelength scalability (the control
over transmission band through the fiber’s geometrical parameters) is available by
changing the thickness of the thin layers.A.M.Stolyarov et al. demonstrated anomni-
directional PBG fiber that confines the visible wavelength for trace vapor sensing
(Stolyarov et al. 2012). This fiber was thermally drawn from a preform comprised of
15 bilayers of chalcogenide glass (As2S3) and polyetherimide (PEI) and a cladding
made of PEI.

4 Processing for in-Line Access

The in-line accessibility to the PCF channels is important for prompting the use of
PCF for sensing applications. Because it speeds up getting sensing results, ensures
the reusability of fiber samples, and also eliminates the measurement error introduce
when realign a new fiber sample. A considerable part of PCF-based in-line sensing
configuration is constructed in this form that: The light beam is coupled into the fiber
core through precise position alignment (free space coupling), while both of the PCF
fiber ends are housed by microfluidic reservoirs, as illustrated in Fig. 5a. The liquid
flow through the PCFs is forced to continue by the pressure difference between the
two reservoirs. In this way, simultaneous liquid flow in all the air channels of PCF and
light coupling to the fiber core are realized. This configuration can also be applied
to selective liquid filling into the air channels in PCFs, with a pretreatment to block
the rest of the air channels. However, the precise free space light coupling requires
high mechanical robustness and might be subject to the pressure perturbation in the
microfluidic reservoir. There is another attempt to insert and splice a 20-µm-width
C-shaped fiber between the PCF and SMFs to create liquid inlet and outlet, as shown
in Fig. 5b. The splicing connection is much more robust, but this method requires
precise manipulation on very tiny C-shaped fiber, which is difficult. Besides, laser
micromachining or coupledwith hydrogen fluoride (HF) etching can drill a hole from
the side of the PCF to enable the liquid flow into the air channels. This method makes
it possible to choose any drilling positions, but it may destroy the fiber structure,
introduce contamination, and most importantly only the outer rings of air channels
are accessible.

In addition to the post-processing methods, researchers also have proposed novel
fiber structures to enable convenient liquid access to the air channels in PCFs. In
2011, H. W. Lee et al. in Prof. P. Russell’s group proposed a step-index fiber with a
parallel hollowmicro-channel (Lee et al. 2011) to provide convenient liquid insertion
and avoid complex selective channel introduction process. Also, a side-channel PCF
(SC-PCF) is proposed to provide easy access to the lateral large side channel and
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Fig. 5 A schematic diagram showing the methods to enable simultaneous light coupling and in-
line liquid access to PCFs: a free space coupling (Adapted with permission from Unterkofler et al.
2012); b inserting a C-shaped fiber between SMF and PCF (Adapted with permission fromWu et al.
2013); and c splicing the SC-PCF to side-polished SMF (Adapted with permission fromZhang et al.
2016a, b)

large evanescent power in the side channel for improving sensing performance. The
structure of SC-PCF is elaborately designed to have a larger channel in one side of the
PCF, so that the simultaneous light coupling and liquid access can be enabled through
splicing it with a side-polished SMF (as shown in Fig. 5c). The side-polished SMF
is manufactured by polishing a glass cuboid with a bare SMF buried in its groove
with wax, and its produced geometric parameters are well designed to expose the
side channel to the external environment only.

5 Sensing Applications

PCF-based fiber sensing configurations have been applied to physical sensing, chem-
ical sensing, and biomedical sensing, owing to its diversity in optical waveguide
properties. Among these, aqueous sensing is particularly attractive as the voids in
PCF are natural liquid carrier. The analysis of aqueous/gaseous samples can be
done through tracing a few parameters: absorption loss of light beam it introduced,
RI, photoluminescence phenomenon, Raman spectrum, etc. Measuring the RI of
aqueous sample is a very important method to analyze the presence of analytes in
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the aqueous solutions and its concentrations. It is a label-free detection method and
is easy to implement and commonly realized through monitoring the resonant wave-
length shift of a long period grating (LPG) or interferometry since the RI of liquid in
the sensing region has an impact on the effective refractive index (ERI) of the trans-
verse modes and the distribution of the modal energy. With the increasing demands
of specific detection of chemical and biological molecules, some researchers have
explored specific detection on DNA or RNAs by adding preparations on fiber/core
surface in RI sensors. Another technique, surface enhance Raman scattering (SERS),
also has attracted large interests, for its capability of revealing fingerprinting informa-
tion of the molecule with high sensitivity by directly analyzing the Raman spectrum
collected from the fiber ends.

In this section, we will focus on LPG fiber sensors and interferometric fiber
sensors, as well as SERS fiber sensors which particularly interest the current research
and also make up a large proportion of PCF based sensors.

• Long period gratings fiber sensors

LPG is a structure of periodicRI variation along thefiber axial direction. The structure
has a period in the sub-millimeter scale and is able to realize mode energy coupling
between two co-propagating transverse modes at a certain resonant wavelength (λres)
when satisfy the phase matching condition:

n1eff − nneff = λres
δ

(5)

where, n1eff and n
n
eff are the ERIs of the coupling transverse modes. δ is the pitch of the

grating structure. Therefore, if a gating pitch has been chosen to realize the energy
coupling from fundamental mode to higher-order core mode or cladding modes,
there will be a series of low power bands in the transmission spectrum as high-order
modes experience larger transmission loss.

According to Eq. (5), we can clearly see that with a certain pitch, the resonant
dips are dependent on the difference between the ERIs of the two coupling modes
which can be affected by the RI of liquid filling in the channels of PCFs. In this way,
the variation in the RI of the liquid sample can be monitored through tracing the shift
of LPG dip wavelength.

Fiber LPGs can be fabricated through several methods, for example, point-by-
point laser writing method (Wang et al. 2006), mechanical pressure (Hu et al. 2012a,
b), and electric arc technique (Humbert et al. 2003). Among of these, CO2 laser
point-by-point imprinting method is the most commonly used one. The CO2 laser
irradiation imposes thermal effect on fiber surface and can affect the RI of the PCF
via three mechanisms:

1. Release stress introduced during the fiber fabrication process
2. Cause slight deformation on the fiber surface
3. Introduce stretch force when heating up the silica fiber.

With the combination of a computer-controlled precise moving stage, CO2 laser
point-by-point imprinting method enables great flexibility in fabricating LPGs with
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different pitch, grating numbers, and writing position to control over the modula-
tion depth and resonant wavelength of the LPGs. The grating obtained with laser
inscription is permanent, so it can be established for long time and stable sensing
applications.

PCF LPGs sensing configurations provide reliable RI measurements with high
sensitivity. Attempts have been made to inscribe LPG on various kinds of PCFs. It
is reported that fiber gratings on the large-mode-area PCF are able to deliver a high
RI sensitivity of 1500 nm/RIU near a RI value close to water (1.33), which is nearly
2 order of magnitude higher than that can be obtained with SMF LPG (Rindorf and
Bang 2008). In this work, the authors fabricate an LPG on a large-mode-area PCF
which has a solid core and an air channel lattice cladding with the pitch and the ratio
of air hole diameter to pitch being 7.12 µm and 0.478, respectively. The resonance
occurs at the wavelength of 1050 nm with a grating period of 580 µm and period
number of 60. The RI sensitivity is characterized by tracing the blue shift amount of
the resonant wavelength when tuning the RI of the methanol solution infiltrated in
the channels through temperature.

In-line access of liquid into the air channels of PCF LPGs enables direct measure-
ments of RI sensitivity through dynamic liquid infiltration. An LPG inscribe on
a side-channel PCF (SC-PCF) designed to enable direct and highly sensitive RI
measurement (Zhang et al. 2016a, b). The SC-PCF enables a large side channel adja-
cent to the solid core for fast liquid infiltration of the test sample and large evanescent
power. The LPG on SC-PCF has a grating period of 153 µm and a period number of
50, resulting in the modal energy coupling between LP01 and LP11 mode. The reso-
nance dip in the transmission spectrum is centered at 1520 nm with a full bandwidth
at half maximum (FWHM) of ~21 nm and an extinction ratio of ~7 dB. The RI sensi-
tivity is characterized to be 1145 nm/RIUover theRI range of 1.3330–1.3961 through
the infiltration of RI solutions (sodium chloride solutions with different concentra-
tions) into the large side channel adjacent to the solid core. This continuous-flow
configuration makes this sensing platform very promising for real-time monitoring.

In addition to non-specific RI sensing, PCF-based LPG sensors are also reported
for specific biological sensing application. In 2006, L. Rindorf et al. demonstrated
the use of a PCF LPG to detect the thickness of poly-l-lysine and double-stranded
DNA immobilized on the inner wall of the air channels through electrostatic (Rindorf
et al. 2006). Because the test molecules are deposited on the side of the holes where
they interact with intense evanescent wave, the sensor is regarded more robust to
environmental temperature variation and the influence of the liquid in the air holes.
In 2011, Z. He et al. reported an endless single-mode PCF LPG sensor that realized
specific goat anti-mouse IgG (H + L) antibodies. It, for the first time, realized a
PCF LPG that carry out multilayer biomolecular binding events in the air channel
of PCF cladding (He et al. 2011) and each step of binding event on the wall of
channels cam be monitored through the shift of LPG resonant wavelength. Though
the sensing/detection of biomolecules with fiber LPGs is essentially attributed to the
modulation of sample RI to the resonant wavelength, immobilization of multilayer
biomolecular binding method eliminates the perturbation from other molecules.
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PCFLPGsensors are compact in configuration andoffer relatively high sensitivity.
Taking advantages of the liquid voids in PCF, it is very promising in serving as
a platform for real-time and online measurements, as well as for biological and
chemical sensing which may require multilayer treatment on the silica surface for
specific identification.

• Interferometer sensors

In optical fibers, interference between two propagation modes can be realized in a
single fiber or in two separate fibers as long as the two modes travel over different
optical paths. Assume the two interference beams are split from a single beam, which
means that there is no phase difference at the very beginning. After passing through
different optical paths, the recombined output intensity I can be predicted by the
following equation:

I = I1 + I2 + 2
√
I1 I2 cos(�ψ) (6)

�ψ = 2π
λ

(n1l1 − n2l2) (7)

where I1 and I2 are the intensities of the two interference beams at the position of
recombination, respectively. n1, l1 and n2, l2 are ERIs of the two modes and the fiber
lengths they pass through.�ψ represents the optical phase difference (OPD) between
the two beams, and λ is the wavelength. From the equation, we can identify that the
output intensity shows periodic resonant dips/peaks in the transmission spectrum.
Because OPD is relevant to ERIs of the propagation modes, the resonance dips will
shift in response to the RI variation in the sensing region.

PCF-based interferometric RI sensing configurations includes Fabry–Pérot inter-
ferometers (FPI), Mach–Zehnder interferometers (MZI), and Sagnac interferom-
eter (SI). In particular, a concave-core PCF constructed FPI sensor is reported to
exhibit an RI sensitivity of 1635.62 nm/RIU (Tian et al. 2016). The FP sensor is built
by splicing a segment of concave-core PCF with a SMF, and the shallow concave-
core of the fiber form the FP cavity directly. J. J. Hu et al. demonstrate a highly
sensitive PCF MZI by splicing both ends of a PCF with SMFs using fusion arc
splicing technique. The air channels of the PCF are completely collapsed in both
splicing region, serving as beam splitter and beam combiner to excite mode coupling
to/from high-order cladding modes (Hu et al. 2012a, b). Since the evanescent field of
the high-order cladding mode extends to the external medium, the RI of the external
medium affects the ERI of the cladding mode, whereas not that of the core modes.
The RI variation will induce OPD change and lead to variation in the transmission
spectrum. TheRI sensitivity was demonstrated to be 320 nm/RIU over the biosensing
RI range (1.33–1.34) by immersing the PCF in different RI solutions. In 2013, T. Han
et al. reported a selective-filling PCF-based Sagnac interferometer (Han et al. 2013).
The two channels in the innermost ring of the fiber cladding are selectively filled



Microstructured Fibers for Sensing 53

with liquids that has a higher RI index than silica to guide light by a combination
of index-guiding and bandgap guiding. It is characterized to enable an RI sensitivity
of 63,882 nm/RIU by heating the fiber with a temperature chamber. C. Wu reports
an in-line optofluidic polarization maintaining PCF-based SI sensor. It allows simul-
taneous light injection into the fiber core and liquids flow in and out by inserting
C-shaped fibers between PCF and SMFs (Wu et al. 2014). The schematic diagram is
shown in Fig. 5b. By changing the RI solutions (sodium chloride solutions) that flows
through the fiber from the opening, its RI sensitivity is measured to be 8699 nm/RIU.

In 2018, N. Zhang et al. presented a side-channel PCF SI for ultra-sensitive chem-
ical and biological analysis (Zhang et al. 2018). The geometry of the side-channel
PCF is shown in Fig. 6a. To increase the fraction of evanescent power in the large
side channel and maintain a relatively small insertion loss when spliced with SMFs,
the pitch and the ratio of air hole diameter to the pitch are fabricated to be 6 µm
and 0.6, respectively. To enable lateral liquid access to the large side channel for
the convenience of liquid flow in and out, the side-channel PCF is spliced with a
side-polished SMF to create an opening. The sensing scheme is constructed in this
way to support specific chemical and biological analysis that require multilayer treat-
ments on the silica surface. Figure 6c shows the resonance in the transmission spectra
when the side channel is empty and filled with water. RI sensitivity is measured to be
2849 nm/RIU. Specific sensing performance with side-channel PCF Sagnac inter-
ferometer is characterized using human cardiac troponin T (cTnT) protein detection.

Fig. 6 a Schematic diagram of the sensing configuration; b resonance dips recorded along with
the multilayer deposition; c transmission spectrum of the side-channel PCF interferometer; d reso-
nant wavelength shift corresponding to different antibody concentration, and e their correlation
relationship (Zhang et al. 2018). Reproduced by permission of The Royal Society of Chemistry
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Specific cTnT detection needs a series immobilization of OH− group, a monolayer
of poly(allylamine), active cTnT antibody, and cTnT antibody in sequence. Before
each immobilization step, distilled water or phosphate-buffered saline (PBS) is used
to rinse the residuals from the previous step. And resonance wavelength variations
are recorded in real time after each binding step of the layers, as recorded in Fig. 6b.
Eventually, cTnT solutions are infiltrated in an ascending order of concentration from
1 pg/mL, and the shift of resonance dips is plotted in Fig. 6d, e, revealing a limit of
detection of 1 ng/mL.

Overall, PCF-based interferometers exhibit characteristics of easy fabrication,
simple structures, high integration level, and high sensitivity. Similar to PCF-based
LPG sensors, they deliver a highly efficient solution to chemical and biological
analysis for environmental monitoring or biological/medical diagnosis.

• Surface-enhanced Raman scattering sensing

Raman spectrum reveals the information of a molecule in vibrational mode level
which relies on the molecule’s constituent atoms, chemical bind strengths, and their
structural arrangements. As each kind of molecules has its unique structures, the
Raman spectrum is specific to one kind of molecules. Surface-enhanced Raman
scattering (SERS) is a technique that amplifies Raman signal of the molecules thus
to dramatically improve the limit of detection of test molecules. This amplification
is realized by an intense electromagnetic field on a roughed noble metal surface
that stems from the excitation of certain special coupling of surface plasmon. The
intensity of SERS signal (PSERS(υS)) obeys the following equation:

PSERS(υS) = N ′ · σR
inc · |A(υL)|2 · |A(υS)|2 · I (υL) (8)

where A(υL) and A(υS) are the enhancement factors of excitation laser electro-
magnetic field and scattered Raman electromagnetic field, respectively. σR

inc is the
effective Raman cross section. N ′ is the total number of the molecule that contribute
to the Raman signal. I (υL) is the intensity of excitation laser. SERS is a label-free
method that can identify the test molecules with its fingerprinting information; thus,
it has attracted large interest in sensing applications with both index-guiding PCFs
and bandgap guiding PCFs.

The performance of PCF-based SERS sensors is largely affected by the fiber
structure and morphology of the noble metals. In particular, fiber structure affects
mode-field overlap in the air channels and minimum confinement loss of the guided
modes, and the morphology of the noble metal determines the enhancement factor of
both excitation laser electromagnetic field and the scattered Raman electromagnetic
field. Compared with solid-core index-guiding PCFs, hollow-core PCFs can obtain
Raman signals with low silica background, because the laser beam directly inter-
acts with analyte in the hollow core where both excitation laser and Raman signal
are guided. But the narrow transmission window coming along with the bandgap
confinement hinders their use in broad Raman scattering spectra.
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Fig. 7 a Schematic diagram of backscattered SERS sensing scheme. b The Raman signal intensity
corresponding to the R6G concentration (Zhang et al. 2016a, b)

K. Khaing Oo et al. compared a few PCF structures for SERS applications,
including nonlinearity PCFs, steering-wheel PCFs, and suspended-core PCF. The
experimental results suggest that the PCF microstructure has a significant effect on
the evanescent wave-based sensing and detection (Khaing Oo et al. 2010). And a best
limit of detection of 10−10 M Rhodamine 6G is achieved with the suspended-core
fiber which exhibits the largest fraction of evanescent power in the sensing region.
In the experiments, the gold nanoparticles are immobilized on the silica surface of
the cladding air channels to provide electromagnetic field amplification. In 2016, the
geometry of a side-channel PCF was well defined for SERS sensing applications.
The fiber geometry enables large evanescent power in the air channels adjacent to
the solid fiber core and a low transmission loss at the SERS excitation wavelength of
632.8 nm with a pitch of 3 µm and an air holes diameter of 2.8 µm in the cladding
region. For the SERS measurements, the schematic diagram is shown in Fig. 7a. The
excitation laser source at 632.8 nm is coupled into the fiber core from one end of the
fiber, and the backscattered enhanced Raman signal is collected and analyzed from
the same fiber end. Both the performance under full-filling and selective-filling of the
air channels conditions are characterized with a mixture solution of gold nanopar-
ticles and Rhodamine 6G molecule infiltrated. The full-filing configuration reveals
a better limit of detection of 50 fM Rhodamine 6G solution. The intensity of the
SERS signal under full-filling configuration is plotted in Fig. 7b. In addition, the
accumulative phenomenon of Raman signal along the SERS-active fiber length is
also investigated, suggesting that properly increasing fiber length is an effective way
to further enhance the SERS intensity and thus further reduce the limit of detection.

Compared with conventional fiber-based and substrate-based counterparts, of
which the performance is limited by small SERS-active region and weak excita-
tion electromagnetic field in the sensing region, PCF-based SERS sensing platform
shows great potentials in constructing high-performance SERS sensing system. By
synergistically enabling flexible design of optical waveguide properties and liquid
transmission cell in a single fiber, PCFs can contribute to reaching ultra-low limit of
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detection and more opportunities for diverse and high-performance sensing appli-
cations, such as single molecular detection on cells and clinical diagnosis in liquid
samples like urine and blood.

6 Conclusion

In this chapter, we focus on microstructured fibers for sensing applications. By
manipulating the materials and fiber structures, light propagation in the PCF fiber
core can be realized through index-guiding mechanism, PBG guiding mechanism,
and antiresonance guiding mechanism. Coupled with advanced fiber fabrication
technology, it allows great flexibility in the design of optical waveguide proper-
ties for versatile sensing applications. Hollow-core photonic bandgap fibers offer
extremely large mode-field-overlap, but the light transmission loss induced by scat-
tering by liquid is relatively high and the transmission window is relatively narrow.
Though, in solid-core index-guiding fibers, the proportion of the evanescent field
that extends to the sensing channels is relatively small, it exhibits stable light trans-
mission window and low transmission loss which benefit a stable, robust platform
for wide range applications. LPGs, interferometers, and SERS sensing platforms
that take advantages of PCF properties show great potentials in in-line and real-time
liquid RI sensing, specific chemical and biological molecule identification.
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