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Over the last years, a large part of the activity in applied
photonics and especially in fiber or integrated waveguide-
based devices has been transferred partially from the photon-
ics telecommunications industry towards the optical sensors
research. Further to the necessity due to telecommunications
sector turn down, it has been proven that this shift has been
welcomed by the development in relevant industrial sectors
(pharmaceutical, medical) where new requirements for very
accurate control of the manufacturing process are required.
This increasing research effort on all-optical sensors’ tech-
nology, combined with emerging and demanding applica-
tions, has demonstrated a promising technological platform
characterized by unique sensitivity, compactness, reliability,
electromagnetic immunity, and low cost, promoting them
to a preferable solution for real-world applications, from
mechanical sensing to chemical/biochemical and pharma-
ceutical industry. The inherent also capability of photonics
technology for the efficient sensing-signal transmission
through optical fibers suggests an enhanced functionality
from a system’s perspective, by enabling the high-speed
interconnection of multiple remote sensing points, either
through a single readout and administration unit, or through
a distributed network. Furthermore the need for develop-
ment of large-scale ad hoc sensor networks requires reliable
autonomous and controllable sensing nodes and optical
sensors exhibit very attractive and unique characteristics to
play key role in this area. Emerging technologies combining
new design concepts and operational approaches such as
microstructured fibers (PCFs), tapered nanofibers, Bragg
gratings, and long-period gratings, interferometric devices,

as well as Surface Plasmon Resonance (SPR) devices have
shown a strong impetus for novel applications. A critical
issue which could dramatically enhance the performance of
such functional devices is the use of novel polymers and
nanostructured materials able to improve the sensitivity and
expand also sensors selectivity range.

This special issue is completely devoted in this dynamic
area of optical sensors, aiming to broadly cover aspects such
as material properties, fabrication techniques, modeling,
optimization, and novel applications. Hosting 17 represen-
tative papers demonstrates successful engineering of novel
fiber and planar optical sensors for a variety of applications
such as physical, chemical, and biosensing. Selected papers
have been invited in order to provide the state of the art and
current trends in distinct hot areas.

The issue begins with a group of review papers on key
fiber-based sensor categories, with the first invited paper
from Gupta and Kumar which gives an up-to-date review
on fiber optic-based surface plasmon resonance sensors
demonstrating applications in measuring various physical,
chemical, and biochemical parameters. Various designs of
the fiber optic SPR probe were reported there for the
enhancement of sensors’ sensitivity. The second invited
paper by Skorobogatiy presents a comprehensive review
on microstructured optical fiber and photonic bandgap
(PBG) fiber-based resonant optical sensors. Two sensor
architectures are discussed where in the first one were
employed hollow core photonic bandgap fibers where core-
guided mode is strongly confined in the analyte-filled
core. The second sensor case employed metalized photonic



bandgap waveguides and fibers, where core-guided mode
was phase matched with a plasmon propagating at the
metalized fiber/analyte interface. Operational regions of the
resonant sensors are reviewed covering a wide range of
wavelengths from the visible to terahertz. Canning presents
in his invited paper the state-of-the-art work on sensors
based on Bragg gratings and microstructured fibers. The
paper presents the current situation and the measurements
challenges with temperature and strain and discusses as well
novel engineering concepts such as an integrated lab in a
fiber. Another architecture based on modal interferometers
on PCFs is reviewed by Villatoro et al. as a solution for highly
sensitive sensors of low thermal sensitivity and applications
ranging from strain, temperature, to refractive index and
volatile organics. Sagnac, Mach-Zehnder, or Michelson-like
interferometers can be fabricated by different postprocessing
techniques such as grating inscription, tapering or cleaving,
and splicing. Margulis et al. propose in their invited research
paper a novel and alternative interferometric architecture
based on the plurality of individual fiber preforms drawn
together but nearly maintaining their original shape. The
potential temperature independence and the ease of splicing
of Gemini fibers make them an attractive solution for sensors
development in a monolithic-robust multicore fiber design.

The following three papers present architectures and
applications of PCFs for physical parameters sensing. The
first paper by Ju and Jin is an invited review on photonic
crystal fibers utilizing either long-period gratings or in-fiber
modal interferometers for strain and temperature sensing.
The paper suggests that air-silica PCF sensors are comparable
or better than those implemented in conventional single-
mode fibers but the temperature sensitivities of the PCF
sensors are much lower. Next paper by Larrion et al.
presents a novel configuration of a temperature sensor based
on a PCF with quantum dot nanocoatings in its inner
holes, deposited by means of the Layer-by-Layer technique.
The paper studies for a temperature range from —40 to
70°C the optical properties of these sensors and introduces
also the consideration of the full width at half maximum
(FWHM) as a new insightful characterization parameter.
Another configuration of a temperature sensor with a low-
cost amplitude interrogation technique is presented in the
paper by Torres-Peiro et al. based on the cutoff properties of
the fundamental mode in a liquid filled Y-shaped Ge-doped
microstructured fiber. The sensitivity is mainly determined
by the thermo-optic coefficient of the filling liquids and
values of 25 nm/°C with detection limit of about 0.001°C are
reported.

The next three papers present different approaches for
measuring also physical parameters but using conventional
fibers. The invited review by Yamashita presents a novel
wide and fast wavelength-swept fiber laser architecture for
dynamic and accurate fiber sensing, based on the dispersion
tuning technique, by modulating the loss/gain in the disper-
sive laser cavity. Kuang et al. present in their invited review
a low-cost platform based on plastic optical fibers-POF for
the quite important area of Structural Health Monitoring
(SHM). Between different possible schemes, the intensity-
based interrogation capability of POF sensors provides
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additional a very favorable solution of low-cost SHM systems
implementation. The next paper by Pinet gives from an
industrial and applications perspective the state-of-the-art
situation on miniaturized sensors based on Fabry-Perot fiber
optic implementation. This alternative architecture provides
a mature and reliable technology for strain, temperature,
pressure, displacement, or refractive index measurements,
and with a lot of applications ranging from industrial to
medical.

The following three papers are devoted to fiber optic
based chemical and biosensing, where the first invited paper
by Dagenais presents a promising sensor based on an etched
Bragg grating functionalized with glucopyranosyl-siloxane
conjugate in order to interact selectively with glucose binding
proteins, altering thus the surface’s refractive index. Next
paper by Carvalho et al. presents a hollow-core PCF for
detecting low levels of methane. A prototype is demonstrated
in a portable system incorporating an interrogation scheme
based on the Wavelength Modulation Spectroscopy tech-
nique. In the next paper by Andres et al., another simple
technique based on single mode fiber at 850 nm is presented,
where a long-period grating as an equivalent 3 dB beam
is used to form a coaxial-Michelson modal interferometer.
Direct dipping of the sensor head in water solutions permits
the measure of small refractive index changes.

The final group of papers is devoted to the integrated
optics approach which offers a promising technological
platform towards robust and multifunctional sensors phys-
ically compatible with microfluidics. The invited paper
by Kashyap reviews the state of the art on Surface Plas-
mon Resonance-based devices focusing especially on their
integrated platform approach as a route for low cost,
mass production, disposable sensors. The next paper by
Sparrow et al. reviews the emerging class of integrated
Bragg grating-based sensors, and examines in detail the
architecture, fabrication, and applications of special sensors’
chips fabricated by the flexible direct UV writing technique
on silica-on-silicon wafers. A variety of applications ranging
from temperature, refractive index, chemical, and biosensing
are described and also indicative specific problems in food
industry for monitoring long-term industrial process such
as fermentation are demonstrated. The final invited paper
is by Mayeh et al. describing another class of integrated
devices, based on the operational principle of slotted
multimode interference (MMI). The paper presents design
and modeling results towards the tuning of the device in
order to detect protein-based molecules or water-soluble
chemical or biological materials. Fabrication of the device
has been demonstrated in silicon oxynitride (SiON) as highly
stable to the reactivity with biological agents and processing
chemicals.

Introducing this special issue to the Journal of Sensors,
we would like to thank all the authors for their prompt and
valuable contributions and also the reviewers for their critical
help, necessary to achieve a high level of papers’ quality
and make thus possible the completion of this special issue.
Also we would like to thank the Editor in Chief Professor
Francisco J. Arregui and the Editorial Board for approving
this special issue as well as the Journal’s staff for their



Journal of Sensors

professionalism and effective consideration of all the details
during the preparation of the issue.
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Surface plasmon resonance technique in collaboration with optical fiber technology has brought tremendous advancements in
sensing of various physical, chemical, and biochemical parameters. In this review article, we present the principle of SPR technique
for sensing and various designs of the fiber optic SPR probe reported for the enhancement of the sensitivity of the sensor. In
addition, we present few examples of the surface plasmon resonance- (SPR-) based fiber optic sensors. The present review may
provide researchers valuable information regarding fiber optic SPR sensors and encourage them to take this area for further

research and development.
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1. Introduction

Surface plasmon resonance (SPR) is one of the most promis-
ing optical techniques that find applications in different
fields. The first sensing application of SPR technique was
reported in 1983 [1]. Since then, numerous SPR sensing
structures for chemical and biochemical sensing have been
reported. In SPR technique, a TM (transverse magnetic) or
p-polarized light causes the excitation of electron density
oscillations (known as surface plasmon wave, SPW) at the
metal-dielectric interface. When the energy as well as the
momentum of both, the incident light and SPW, match,
a resonance occurs which results in a sharp dip in the
reflected light intensity. The resonance condition depends
on the angle of incidence, wavelength of the light beam,
and the dielectric functions of both the metal as well as the
dielectric. If the wavelength is kept constant and the angle of
incidence is varied, then the sharp dip appears at a particular
angle and the method is called angular interrogation. In
another method, called spectral or wavelength interrogation,
the angle of the incident beam is kept constant and the
wavelength is varied. In this method, resonance occurs at a
particular wavelength. The resonance parameter (angle or
wavelength) depends on the refractive index of the dielectric
medium. Change in refractive index changes the value of the

resonance parameter. To excite surface plasmons, generally,
a prism is used [2-9]. The prism-based SPR sensing device
has a number of shortcomings such as its bulky size and
the presence of various optical and mechanical (moving)
parts. Further, the prism-based SPR sensing device cannot
be used for remote sensing applications. These shortcomings
can be overcome if an optical fiber is used in place of
prism. The additional advantage of optical fiber is that the
SPR probe can be miniaturized which can be advantageous
for samples which are available in minute quantity or
are costly. Due to these advantages the surface plasmon
resonance-based optical fiber sensors have drawn a lot
of attention [10-23]. Both experimental and theoretical
investigations have been reported in literature on the SPR-
based fiber optic sensors. The performance of these sensors
is, generally, evaluated in terms of sensitivity and signal-
to-noise ratio (or detection accuracy). As is known, the
higher the values of these parameters, the better is the
Sensor.

The present review begins with a section on principle of
the sensing technique. The section includes the description
of the performance parameters of the sensor: sensitivity
and signal-to-noise ratio or detection accuracy. In the next
section, we present the simplest SPR-based fiber optic sensor
and discuss its modulation scheme. Section 4 of the present



review deals with various designs of the SPR probe studied
to enhance the performance of the fiber optic sensor. The
designs include tapered, U-shaped and side-polished. The
advantages of bimetallic coatings, addition of dopants in
fiber core and the choice of the metals for coating have been
discussed in the same section. In the last section, we review
some of the SPR-based fiber optic sensors in details that have
been reported in literature.

2. Principle

A metal-dielectric interface supports charge density oscil-
lations along the interface which are called surface plasma
oscillations. The quantum of these oscillations is given the
name as surface plasmon. The surface plasmons are accom-
panied by a longitudinal (TM- or p-polarized) electric field
which decays exponentially in metal as well as in dielectric
medium. The electric field has its maximum at metal-
dielectric interface. The TM-polarization and exponential
decay of electric field are found by solving the Maxwell
equation for semi-infinite media of metal and dielectric with
an interface of metal-dielectric. The propagation constant
(Ksp) of the surface plasmon wave propagating along the
metal-dielectric interface is given by

12
KSP:Q(%) , (1)
c \ep + &

where ¢, and ¢ are the dielectric constants of metal and
the dielectric medium, respectively, w is the frequency of
incident light, and c is the velocity of light. From (1) it may
be noted that the propagation constant of surface plasmon
wave depends on the dielectric constants of both the metal
and the dielectric medium.

The surface plasmons can be excited by light with
same polarization state as that of surface plasmons. The
propagation constant (K;) of the light wave with frequency
w propagating through the dielectric medium is given by

K, = %\/? (2)

Since ¢, < 0 (for metal) and & > 0 (for dielectric),
for a given frequency, the propagation constant of surface
plasmon (Ksp) is greater than that of the light wave in
dielectric medium (K;). To excite surface plasmons, two
propagation wave-vectors should be equal. Hence, the direct
light cannot excite surface plasmons at a metal-dielectric
interface. To excite surface plasmons the momentum and
hence the wave vector of the exciting light in dielectric
medium should be increased. This can be done if instead of
a direct light, evanescent wave is used to excite the surface
plasmons. To obtain the evanescent wave for the excitation
of surface plasmons, a prism with high dielectric constant is
used.

When a light beam is incident through one of the two
sides of the prism at an angle greater than the critical
angle at prism-air interface the total internal reflection of
light beam takes place. In the condition of total internal
reflection light beam does not return exactly from the
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FiGure 1: Kretschmann configuration for the excitation of surface
plasmon at metal-dielectric interface [23]. (©) IEEE.

interface. Instead it returns after penetrating in the lower
refractive index medium (air in this case). The field in the
lower refractive index medium is called evanescent field and
the wave corresponding to this is called evanescent wave.
The evanescent wave propagates along the prism-air interface
and decays exponentially in the rarer medium (air). The
propagation constant of the evanescent wave at prism-air
interface is given by

Ko = < \fgsin 6, (3)

where ¢, represents the dielectric constant of the material
of the prism and 0 is the angle of incidence of the beam.
Increase in the dielectric constant of the prism increases the
propagation constant of the evanescent wave and hence this
can be made equal to propagation constant of the surface
plasmon wave to satisfy the surface plasmon resonance
condition. Kretschmann and Reather [24] devised a prism-
based configuration, shown in Figure 1, to excite the surface
plasmons using evanescent wave. In this configuration the
base of the glass prism is coated with a thin layer of
metal (typically around 50 nm). The metal layer is kept in
direct contact with the dielectric medium of lower refractive
index (such as air or some other dielectric sample). When
a p-polarized light beam is incident through the prism
on the prism-metal layer interface at an angle 0 equal to
or greater than the critical angle, the evanescent wave is
produced at the prism-metal interface. The excitation of
surface plasmons occurs when the wave vector of evanescent
wave exactly matches with that of the surface plasmons
of similar frequency. This occurs at a particular angle of
incidence 6..s. Thus the resonance condition for surface
plasmon resonance is

12
M) ) (4)

Em + &

w . w
— JEpsin Oreg = —
c c

The excitation of surface plasmons at metal/dielectric inter-
face results in the transfer of energy from incident light to
surface plasmons, which reduces the intensity of the reflected
light. If the intensity of the reflected light is measured as a
function of angle of incidence 8 for fixed values of frequency,
metal layer thickness and dielectric layer thickness then a
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Reflectance (R)

9[’85
Angle (0)

FIGURE 2: SPR spectrum [23]. (© IEEE.

sharp dip is observed at resonance angle, 6, due to an
efficient transfer of energy to surface plasmons as shown
in Figure 2. The minimum of the reflected intensity can be
quantitatively described with the help of Fresnel’s equations
for the three-layer system.

For a given frequency of the light source and the dielectric
constant of metal film one can determine the dielectric
constant (&) of the sensing layer adjacent to metal layer
using (4) if the value of the resonance angle (6ye) is known.
The resonance angle is experimentally determined by using
angular interrogation method. It is very sensitive to variation
in the refractive index of the sensing layer. Increase in
refractive index of the sensing layer increases the resonance
angle.

Sensitivity and detection accuracy or signal-to-noise
ratio (SNR) are the two parameters that are used to analyze
the performance of an SPR sensor. For the best performance
both the parameters should be as high as possible. Sensitivity
of an SPR sensor utilizing angular interrogation method
depends on the amount of shift of the resonance angle with
a change in the refractive index of the sensing layer. For a
given refractive index change if the shift in resonance angle
increases this means an increase in the sensitivity of the
Sensor.

Figure 3 shows a plot of reflectance as a function of angle
of incidence of the light beam for sensing layer with refractive
indices n; and n; + dn;. Increase in refractive index by dn;
shifts the resonance angle by §0,.s. Thus the sensitivity of an
SPR sensor utilizing angular interrogation method is defined
as

89['65
Ong

Sn = (5)

The detection accuracy or the SNR of an SPR sensor
depends on how accurately and precisely the sensor can
detect the resonance angle and hence, the refractive index of
the sensing layer. The narrower the width of the SPR curve,
the higher is the detection accuracy. Therefore, if §6y5 is the
angular width of the SPR curve corresponding to reflectance
0.5, the detection accuracy of the sensor is assumed to be

0.8
0.7
0.6
6605
0.5
0.4

0.3 s ns + On;

Reflectance (R)

0.2
0.1

56,5
0

FiGure 3: SPR spectra for two different refractive indices of the
sensing layer [23]. (©) IEEE.

inversely proportional to §6ys (Figure 3). The SNR of the
SPR sensor with angular interrogation is, thus, defined as
(25]

86res
865

SNR = (6)

3. Fiber Optic SPR-Based Sensors

In the case of a prism-based SPR sensor evanescent wave
required to excite surface plasmons is resulted due to the total
internal reflection taking place at the prism-metal interface
when the angle of incidence of the beam is greater than
the critical angle. The evanescent wave is also present in
an optical fiber because the light guidance in an optical
fiber occurs due to the total internal reflection of the
guided ray at the core-cladding interface. In the case of
optical fiber the evanescent wave propagates along the core-
cladding interface. Therefore, to design an SPR-based fiber
optic sensor, the prism can be replaced by the core of an
optical fiber. To fabricate an SPR-based fiber optic sensor,
the silicon cladding from a small portion of the fiber,
preferably from the middle, is removed and the unclad core
is coated with a metal layer. The metal layer is further,
surrounded by a dielectric sensing layer as shown in Figure 4.
In an SPR-based fiber optic sensor, all the guided rays
are launched and hence, instead of angular interrogation,
spectral interrogation method is used. The light from a
polychromatic source is launched into one of the ends of the
optical fiber. The evanescent field produced by the guided
rays excites the surface plasmons at the metal-dielectric
sensing layer interface. The coupling of evanescent field
with surface plasmons strongly depends on wavelength, fiber
parameters, probe geometry, and the metal layer properties.
Unlike prism-based SPR sensor, the number of reflections for
most of the guided rays is greater than one in SPR-based fiber
optic sensor geometry. The smaller the angle of incidence
at the interface, the larger is the number of reflections per
unit length in the fiber. In addition, the number of reflections
for any ray also depends on the length of the sensing region
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FIGURE 4: A typical probe of an SPR-based fiber optic sensor [23].
© IEEE.

and the fiber core diameter. The number of reflections is
one of the important parameters that affect the width of
the SPR curve. The intensity of the light transmitted after
passing through the SPR sensing region is detected at the
other end of the fiber as a function of wavelength. The SPR
spectrum thus obtained is similar in shape to that shown
in Figure 2. The sensing is accomplished by observing the
wavelength corresponding to the dip in the spectrum (called
resonance wavelength). A plot of resonance wavelength with
the refractive index of the sensing layer is the calibration
curve of the SPR sensor. The sensitivity and the detection
accuracy are determined in the same way as determined in
the case of angular interrogation. The angles are replaced
by wavelengths in the definitions of sensitivity and detection
accuracy.

4. SPR Probe Designs

Sensitivity, detection accuracy, reproducibility, and operating
range of a sensor are the important parameters to compare
it with other sensors. The best sensor is the one that has
high sensitivity, detection accuracy and operating range,
in addition to giving reproducible results. To achieve this
various modifications have been carried out in the design of
fiber optic SPR probe. We review some of these modifications
in what follows.

4.1. Bimetallic Coating. For metallic coating on prism base
or fiber core either silver or gold is used. Gold demonstrates
a higher shift of resonance parameter to change in refractive
index of sensing layer and is chemically stable. Silver, on
the other hand, displays a narrower width of the SPR curve
causing a higher SNR or detection accuracy. The sharpness
of the resonance curve depends upon the imaginary part
of the dielectric constant of the metal. Silver having the
larger value of the imaginary part of the dielectric constant
shows narrower width of the SPR curve causing a higher
SNR or detection accuracy. On the other hand, the shift
of the resonance curve depends on the real part of the
dielectric constant of the metal. The real part of the dielectric
constant is large in the case of gold than the silver and hence
gold demonstrates a higher shift of resonance parameter to
change in refractive index of sensing layer. The chemical
stability of silver is poor due to its oxidation. The oxidation
of silver occurs as soon as it is exposed to air and especially
to water, which makes it difficult to give a reproducible
result and hence the sensor remains unreliable for practical
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applications. Therefore, the treatment of silver surface by
a thin and dense cover is required. In this regard, a new
structure of resonant metal film based on bimetallic layers
(gold as outer) on the prism base with angular interrogation
method was reported [25]. The new structure displayed
a large shift of resonance angle as gold film, and also
showed narrower resonance curve as silver film along with
the protection of silver film against oxidation. The same
structure with spectral interrogation was extended to SPR-
based optical fiber sensor for the selected and all guided
rays configurations [19]. The sensitivity and SNR were
evaluated numerically for different ratios of the thicknesses
of silver and gold layers. Figures 5(a) and 5(b) show the
variations of SNR and sensitivity with percentage of silver
in bimetallic combination, respectively [19]. As expected the
SNR increases with the increase in the silver thickness. The
variation is almost the same for both kinds of launching but
the values of SNR for all guided rays launching are about
1.5 times higher than those corresponding to selected rays
launching. As far as sensitivity is concerned, it decreases as
the silver layer thickness increases or gold layer thickness
decreases. Its variation with silver thickness is almost same
in the two cases but in terms of values, the selected ray
launching has higher value than the all guided rays launching
case.

4.2. Choice of Metals. The capability of other metals such as
copper (Cu) and aluminium (Al) for SPR sensor applications
has also been analyzed. Both metals have the ability to be
used for an SPR sensor. The copper has some limitations
like silver. It is chemically vulnerable against oxidation and
corrosion, therefore, its protection is required for a stable
sensing application. The SPR sensing capabilities of different
bimetallic combinations made out of Ag, Au, Al, and Cu
were theoretically investigated for the design of SPR-based
fiber optic sensors [26]. Figures 6(a) and 6(b) show the
variation of sensitivity and SNR with the ratio of inner layer
thickness to total bimetallic thickness for different bimetallic
combinations, respectively [26]. The figure predicts that
the sensor with single gold layer is the most sensitive
whereas the sensor with single aluminium layer is the
least. Further, Cu-Al combination provides the minimum
sensitivity for any ratio of their corresponding thickness
values. In all the combinations with gold, Ag-Au and Cu-
Au combinations provide good sensitivity for the small
thickness of the inner layer while the Au-Al combination
provides larger sensitivity than all other combinations for
the larger thickness of inner gold layer. It implies that a
thick Au layer with very thin cover of Al layer (around 2—
4nm) provides quite a large sensitivity. As far as variation
of SNR with inner layer fraction is concerned, Cu-Al is
better among all the bimetallic combinations while the Ag-
Au combination provides the minimum values of SNR.
To achieve highest SNR, one should choose a thin Cu
layer and a much thicker covering of Al layer. This study
implies that there is no single combination of metals that
provides high values of both SNR and sensitivity simultane-
ously.
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4.3. Effect of Dopants. It may be noted from (4) that the SPR
condition depends upon the refractive index of the material
of the fiber core. Therefore, if an optical fiber is fabricated by
adding dopants in the fiber core the sensitivity of the sensor
can be enhanced or tuned. Generally, an optical fiber with
pure silica core is used for SPR-based sensors. Sharma et al.
[27] carried out theoretical modeling and analysis of SPR-
based fiber optic sensor to evaluate the effect of dopants on
the sensitivity and SNR. Germanium oxide (GeO;), boron
oxide (B,03), and phosphorus pent-oxide (P,05) were used
as dopants for pure silica. Figure 7 shows the variation of
sensitivity with the refractive index of the sensing layer for
different dopants with concentrations [27]. The simulation
predicts an increase of about 50% in sensitivity between
B,0s3 (5.2) and GeO, (19.3) dopants. Moreover, as the
doping concentration of GeO, is increased from a low of
6.3 mole % to a high of 19.3 mole %, a noticeable decrease in

sensor’s sensitivity is obtained. Further, the effect of dopants
on the sensitivity of the fiber optic SPR sensor was reported
to be same irrespective of whether a single metal layer or a
bimetallic configuration is used.

4.4. Tapered Probe. Several groups have worked on the
improvement of the sensitivity of a fiber optic SPR sensor
by changing the shape or the geometry of the fiber optic
SPR probe. Tapering the fiber optic SPR probe was one of
the modifications reported in literature [18, 28]. A typical
tapered fiber optic SPR probe is shown in Figure 8 [29]. The
uses of dual-tapered and tetra-tapered fiber optic SPR probes
for gas and liquid sensing have also been reported [18].
Changing the profile of the tapered SPR probe also affects the
sensitivity of the sensor. Surface plasmon resonance-based
tapered fiber optic sensor with three different taper profiles,
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namely, linear, parabolic, and exponential-linear, shown in
Figure 9, was analyzed theoretically [29]. Figure 10 shows the
variation of the sensitivity of the tapered fiber optic SPR
probe with taper ratio for these three taper profiles [29].
Theoretical analysis predicts an increase in the sensitivity
with the increase in the taper ratio. The study further shows
that, for a given taper ratio, the exponential-linear taper
profile provides the maximum sensitivity. The increase in
sensitivity occurs because of the decrease in the angle of
incidence of the guided rays with the normal to the core-
cladding interface in the tapered region.

To further enhance the sensitivity, an SPR probe of
uniform core (with metallic coating) sandwiched between
two unclad tapered fiber regions, shown in Figure 11, was
proposed [30]. The taper region 1 brings down the angles
of the bound rays in the fiber close to the critical angle of
the unclad tapered region while the taper region 2 reconverts
the angles of these rays to their initial values so that all the
guided rays can propagate up to the output end of the fiber.
This was achieved by choosing the minimum allowed value
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of the radius of the uniform core in the sensing region. In the
sensing region rays propagate close to the critical angle of the
region. Figure 12 shows the variation of sensitivity with taper
ratio for this kind of probe [30]. The sensitivity increases
with an increase in the taper ratio as reported in other
studies [29]. However, a significant sensitivity enhancement
of more than 5 times was obtained for a taper ratio of 2.0 in
comparison to conventional (TR = 1) fiber optic SPR sensor.

4.5. U-Shaped. The angle of incidence of the ray with the
normal to the core-cladding interface can be brought close
to the critical angle by using a U-shaped probe. An SPR-
based fiber optic sensor with uniform semimetal coated U-
shaped probe, shown in Figure 13, was analyzed using a bi-
dimensional model [31]. To make the analysis simpler, all
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the guided rays of the p-polarized light launched in the
fiber and their electric vectors were assumed to lie in the
plane of bending of the U-shaped probe. Figure 14 shows
the variation of the sensitivity of the probe with bending
radius for different values of the sensing length of the probe.
Increase in sensitivity with the decrease in the bending radius
was obtained. The increase in sensitivity was up to a certain
value of the bending radius below that it starts decreasing
sharply. The decrease in sensitivity occurs because the angle
of incidence of the last ray becomes less than the critical angle
required for a ray to be guided in the bent region. Thus,
there exists an optimum value of the bending radius at which
the sensitivity of the SPR sensor based on U-shaped probe
acquires a maximum value. The trend of variation was same
for all the three values of the sensing length used. This is due
to the independence of the angle of incidence on the sensing
length. For a given bending radius the sensitivity increases
as the sensing length increases. The increase in sensitivity,
as mentioned earlier, is due to the decrease in the angle of
incidence. The decrease in angle of incidence increases the
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FIGURE 13: A typical U-shaped fiber optic SPR probe [31]. (© IOP.

number of reflections which causes the broadening of SPR
curve and hence the decrease in the detection accuracy or
SNR of the sensor. The enhancement in sensitivity obtained
was much more compared to the decrease in the detection
accuracy and hence the decrease in detection accuracy can
be tolerated. In fact the maximum sensitivity achieved was
several times more than that reported for an SPR-based fiber
optic tapered probe.

4.6. Side-Polished Fiber. The SPR probes reported above use
multimode optical fibers. A single mode fiber has also been
used to fabricate fiber optic SPR probe. Surface plasmon
resonance sensor using side-polished single mode optical
fiber and a thin metal over layer is shown in Figure 15
[32]. The design of the probe is slightly different from that
shown in Figure 4. In this configuration, the guided mode
propagating in the fiber excites the surface plasmon wave
at the interface between the metal and a sensing medium.
The resonance occurs if the two modes are closely phase
matched. Such single-mode optical fiber based SPR sensor
is more sensitive and more accurate in comparison to those
with multi-mode optical fibers. However, their fabrication is
much more complex and sophisticated compared with those
that use multi-mode fibers. The advantage of side-polished
half block SPR sensor is that it requires a very small amount
of sample for measuring the refractive index.
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Recently SPR-based side-polished multimode optical
fiber sensors have been reported [33, 34]. In these sensors
the fiber was side-polished until half the core was closed. This
increased the sensing area which is an advantage. Apart from
side-polished single mode fiber, D-type single mode optical
fibers have also been used for sensing applications utilizing
SPR technique [35, 36]. These fibers also improve sensitivity.
The other designs for SPR-based fiber optic sensor includes
SPR probe at one of the ends of the fiber with the reflecting
end face [37, 38] and a fiber tip [39, 40]. The photonic band-
gap fiber based SPR sensors have also been reported very
recently [41, 42].

4.7. Effect of Skew Rays. Most of the theoretical studies
on fiber optic SPR sensors using ray optics and reported
in literature do not consider skew rays in the analysis.
These studies consider the propagation of only meridional
rays in the fiber that makes the analysis simpler. However,
apart from meridional rays, skew rays also exist in the
fiber depending on the light launching conditions. These
rays follow a helical path inside the fiber. To specify the
trajectory of a skew ray, a second angle (known as skewness
angle), in addition to the inclination of the ray with the
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axial direction of the fiber, is required. Recently, the effect
of skew rays on the sensitivity and the SNR of a fiber
optic SPR sensor were studied using spectral interrogation
method [43]. Figures 16(a) and 16(b) show the variation of
sensitivity and SNR with skewness parameter, respectively
[43]. Both the sensitivity and the SNR decrease as the value
of skewness parameter increases irrespective of the metal
used for coating. The sensitivity is better in the case of
gold whereas silver demonstrates better SNR as expected.
The decrease in sensitivity for highest value of skewness
parameter is about 6% in the case of both the metals. The
effect of skew rays is more on SNR than on the sensitivity. In
the case of gold film it is about 40% while in the case of silver
it is around 30%.

5. Some Applications

The surface plasmon resonance-based fiber optic sensors
have large number of applications for quantitative detection
of chemical and biological species. These include food
quality, medical diagnostics and environmental monitoring.
These are detected by changing the refractive index of
the medium around the metallic coating. The measurand
changes the refractive index of the medium directly or
indirectly. Here we present few SPR-based fiber optic sensors.

5.1. Temperature. Since the refractive index of a medium
depends on its temperature, the SPR technique can be
applied to sense the temperature of a medium. The tem-
perature sensor based on surface plasmon resonance was
proposed using a coupling prism and angular interrogation
mode of operation [44]. It was suggested that for SPR
technique to be used in temperature sensing, the sensing
layer of large thermo-optic coefficient (such as titanium
dioxide or silicon acrylate) should be used. Further, the
penetration of surface plasmon wave should be restricted
only to metal and sensing layers by taking an appropriate
thickness of the two layers. The analysis was later extended
to SPR-based fiber optic remote sensor for temperature
detection [45]. The sensing layer was assumed to be of
TiO, (titanium dioxide). The outermost ambient medium
was chosen as air, which adds to the flexibility of the
sensor’s design. Figure 17 shows the variation in resonance
wavelength with temperature for silver and gold [45]. For
both the metals, resonance wavelength shifts to shorter side
with the increase in the temperature. However, there is no
appreciable difference in resonance wavelength (and hence,
in temperature sensitivity) for two metals used. This was
suggested to be due to the similarity in the variation of
physical properties of both the metals with temperature.
Figure 18 depicts the corresponding variation in SPR curve
width with temperature [45]. The SPR curve width increases
with the increase in the temperature. This was reported
to happen because the imaginary (absorption) part of the
metal dielectric function increases with temperature. The
effect of other parameters such as numerical aperture and
the ratio of sensing region length to fiber core diameter on
the sensitivity and detection accuracy were also reported.
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It was also reported that the fiber with smaller numerical
aperture provides larger detection accuracy without affecting
the temperature sensitivity. Similarly, the small values of the
ratio of sensing region length to fiber core diameter give high
detection accuracy. For SPR-based fiber optic temperature
sensor smaller sensing region and highly multimode optical
fiber was recommended.

5.2. Naringin. The processing of citrus fruit juice has faced
formidable problems in terms of bitterness, thereby affecting
its consumer acceptability. The bitterness is caused by exces-
sive naringin contents in fruit juice. The presence of naringin
in fruit juice can be detected using an SPR-based fiber optic
sensor. An SPR-based fiber optic sensor relying on spectral
interrogation method was reported for the detection of
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FiGure 18: Variation of SPR curve width with temperature for two
metals: silver and gold [45]. (© Elsevier.

naringin [21]. The SPR probe was prepared by immobilizing
the enzyme naringinase on the silver-coated core of the
optical fiber. To immobilize, gel entrapment technique was
used. The experimental set up for the characterization of
the SPR-based fiber optic sensor is shown in Figure 19 [21].
Light from a broadband source (tungsten halogen lamp)
was focused on the input face of the fiber using a circular
slit and a microscope objective. The probe was mounted
in a flow cell to keep the sample around the probe. The
spectral distribution of the transmitted power for the sample
around the probe was determined using a monochromator,
a silicon detector and a power meter. The spectral distri-
bution of transmitted light so obtained for a sample was
divided by the corresponding spectral distribution obtained
without any sample around the probe. The resultant SPR
spectrum so obtained does not depend on the source spectral
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output, spectral sensitivity of photodetector and the spectral
absorbance of the fiber. From the SPR spectrum resonance
wavelength was determined. The calibration curve of the
SPR-based fiber optic sensor obtained for the detection of
naringin is shown in Figure 20 [21]. As the concentration of
naringin increases the resonance wavelength increases. The
increase in resonance wavelength was reported to be due
to an increase in the refractive index of the immobilized
layer which may occur due to the formation of a complex
of naringin with the enzyme naringinase in the film.

5.3. Pesticides. Surface plasmon resonance-based fiber optic
sensor for the detection of organophosphate pesticide, chlor-
phyrifos, was also reported recently using similar experimen-
tal method as used for the detection of naringin [46]. The
probe was prepared by immobilizing acetylcholinesterase
enzyme on the silver-coated core of the fiber. The principle
of detection of pesticide was slightly different from that
of naringin. It was based on the principle of competitive
binding of the pesticide (acting as an inhibitor) for the
substrate (acetlythiocholine iodide) to the enzyme. Figure 21
shows SPR spectra for pesticide concentration of 1.0 uM
and a substrate concentration of 2.5mM for the two cases
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FiGure 21: Variation of normalized output power as a function
of wavelength for a substrate concentration (2.5mM) and 1.0 yM
concentration of pesticide (A) without enzyme and (B) with
enzyme (B) [46]. (O Elsevier.

(A) without enzyme (control experiment) and (B) with
enzyme in the film [46]. The dip in control experiment
occurs due to the refractive index of the gel. The difference
in two spectra implies that the enzyme is playing a role in
changing the refractive index of the gel in the presence of
pesticide. The resonance wavelength was obtained around
590 nm for 1.0 uM pesticide concentration. Figure 22 shows
the calibration curve of the sensor [46]. The trend is opposite
to that reported for the detection of naringin. In this case,
the SPR wavelength decreases with the increase in the
concentration of the pesticide for the fixed concentration of
the substrate. The results appear to be due to the decrease
in the refractive index of the film as the concentration of
pesticide increases.

Surface plasmon resonance-based fiber optic sensors
have also been reported for other chemical species. These
include measurements of salinity in water [22, 37], refractive
indices of alcohols [17], BSA [34], vapor and liquid analyses
[18]. In addition a single-mode waveguide surface plasmon
resonance sensor has been developed for biomolecular inter-
action analysis [47]. Recently, fiber optic SPR sensors have
been reported that uses either a series of long period grating
[48] or Bragg grating [49]. The advantage of these designs is
that these offer multiple sensing channels capability.
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6. Summary

In this review article we have first described the principle
of surface plasmon resonance technique. The technique is
well established and will remain unchanged for years. In
the beginning, the technique was used for prism-based SPR
sensors but later when the advantages of optical fiber were
realized, it was applied to optical fiber based sensors. Recently
there have been significant advancements in both the design
of fiber optic SPR sensors and strategies for the enhancement
of the performance of the sensors particularly sensitivity. The
probe designs include tapered, U-shaped, and side-polished
fibers. These developments are likely to drive future trends in
the research and development of optical fiber sensors. The
unique optical properties of metal nanoparticles have also
attracted the sensor community to develop localized surface
plasmon resonance- (LSPR-) based sensors. The LSPR-based
sensors have few advantages over bulk SPR-based sensors.
However, the pace of collaboration of LSPR with optical fiber
for sensing is at present slow but may gain momentum in
coming years.
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1. Introduction

R&D into fiber-optic bio- and chemosensors (FOSs) has
made a lot of progress during the last ten years. This is
due to the appealing properties of FOS such as immunity
to electromagnetic interference, safety in explosive environ-
ments, 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 surround-
ing environment [1]. 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 [2], surface plasmon resonance
sensors [3], resonant mirrors [4], and classical fiber-optical

sensors [5, 6]. 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 ym) since in that case much
larger penetration of the evanescent field into analyte is
required [7].

Microstructured Optical Fibers (MOFs), and Photonic
Bandgap (PBG) fibers which are a subset of MOFs, promise
a viable technology for the mass production of highly
integrated and intelligent sensors in a single manufacturing
step. In standard total internal reflection (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,
MOFs 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
unique ability of MOFs 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 [8-10]. In
this context a MOF is used simultaneously as a light guide
and as a fluidic channel. The MOF’s unique architecture
makes it a very promising sensing platform for chemical and
biological detection. First, MOFs naturally integrate optical
detection with the mirofluidics, 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 MOF optofluidic system
for further confirmation analysis, for example, polymerase
chain reactions (PCRs) if needed. Such channels can be
further functionalized with biorecognition layers that can
bind and progressively accumulate target biomolecules, thus
enhancing sensor sensitivity and specificity. Second, the
MOF hole size is in sub-100um rage, leading to very
small fluid samples required for sensing. Third, MOF-
based sensors can be coiled into long sensing cells (~10m),
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 cm. Forth,
the desired MOFs can be mass-produced using commercial
fiber draw tower in a very cost-effective manner. Fifth, the
MOFs can potentially be scaled up into a two-dimensional
array with small dimensions, which is suitable for making
into portable point-of-care devices for simultaneous on-
site detection of different kinds of analytes. Sixth, Photonic
Bandgap fibers can be designed to guide light directly in their
analyte-field hollow cores [11]. In such fibers light-analyte
coupling is considerably stronger than that in evanescent
Sensors.

In this paper we review several MOF and PBG fiber-
based resonant optical sensors, which have recently invoked
strong interest due to development of novel fiber types,
as well as due to development of techniques for activation
of the fiber microstructure with functional materials. 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 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 detection
of minute changes both in the real part of the analyte
refractive index, as well as in the imaginary part of the
analyte refractive index in the vicinity of absorption lines.
Although the operational principle of almost all fiber-based
resonant sensors relies on strong sensitivity of the fiber
transmission losses to the value of the analyte refractive
index, particular transduction mechanism for biodetection
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can vary. Consider, for example, the case of a hollow core
PBG fiber featuring an analyte filled core. In one sensor
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 quan-
tified by detecting appearance of the absorption 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 what follows we discuss two types of resonant sensors.
One such sensor type relies on changes in the radiation losses
of a leaky core mode due to changes in the real part of
an analyte refractive index. Such a leaky mode is typically
confined inside an analyte filled fiber core by a resonant
reflector cladding. The term “leaky mode” generally refers
to the guidance mechanism where the effective refractive
index of a propagating mode is smaller than that of the
fiber 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 fibers, leaky modes in PBG fibers are
confined by the bandgap of a microstructured reflector. For
a particular value of an analyte refractive index geometry of
such a fiber is chosen to provide strong optical confinement
of the leaky core mode. An example of a resonant sensor
described above is a photonic bandgap fiber featuring a
hollow core filled with analyte. When changing the real part
of an analyte refractive index, resonant condition for mode
confinement will change, resulting in strong changes in the
modal radiation loss (see Figure 1(a)). Detection of changes
in the transmitted intensities can be then reinterpreted
in terms of the changes in the real part of an analyte
refractive index. Interestingly, the same sensor can also be
used in a standard nonresonant interrogation mode for the
detection of changes in the imaginary part of the analyte
refractive index (analyte absorption), see Figure 1(b). Even
when operated in a nonresonant regime, sensitivity of the
hollow core PBG fiber-based sensors is, generally, superior
to that of traditional TIR fiber-based sensors due to greatly
improved modal overlap with analyte.

Second sensor type considered in this review is operated
in the vicinity of a phase matching wavelength between
a Gaussian-like core-guided-mode and some other (high-
order) mode that shows high sensitivity of its propagation
properties to changes in the real part of the analyte refractive
index Figure 1(b). 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 propagating
at the metal/analyte interface. As plasmon mode is largely
delocalized in the analyte region, wavelength of phase
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FIGURE 1: Operational principles and schematics of the 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
refractive index. (b) Sensor operating near the phase matching point of a core-guided-mode and a second mode featuring large overlap with
the analyte region. In the case of a phase matching with a plasmon mode, propagation loss of a core-guided-mode is strongly dependent on

the real part of the analyte refractive index.

matching between the two modes will be very sensitive to the
value of the real part of analyte refractive index.

2. Detection Strategies for
Absorption-Based Sensors

We now remind the reader some general facts about
amplitude-based and spectral-based detection methodolo-
gies. Particularly, we focus on fiber-based sensors that rely
on detection of changes in the transmitted light intensity in
the presence of a target analyte.

In the amplitude-based detection methodology one
operates at a fixed wavelength A and records changes in the
amplitude of a signal, which are then reinterpreted in terms
of changes in the analyte refractive index. To characterize
sensitivity of a fiber-based sensor of length L, one employs
an amplitude sensitivity function S,(A, L), which is defined
as a relative change in the intensity P(8, A, L) of a transmitted
light for small changes in the measurand §. Note that ¢
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 refractive index. Amplitude
sensitivity is then defined as

P(5,M,L) = P(0,A,L)  9P(8,A,L)/90]5-9
0 P(():A)L) B P(O)/\)L)

Sa(\, L) = %i{r})
(1)

Denoting, a(J,1) to be the fiber propagation loss at a fixed
value § of a measurand, light intensity at the fiber output can
be written as:

P(5,M,L) = Pin(A) exp(—a(5,A)L), (2)

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

oa(6,1)

Sa(A, L) = Wl 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 Pge (1) 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

_ log(Pin(1)/Pger(1))

(0, 1) (4)

Defining #get(A) = log(Pin(A)/Pger(A)), maximal sensitivity
allowed by the power detection limit can be written using (3)
as

S4(1) = ~ae () T

(5)
In all the simulations that follow we assume that 74e:(1) = 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 §, one can use expression (1).
Assuming that the minimal detectable relative change in the
signal amplitude is (AP/P) i, (which is typically on the order
of 1% if no advanced electronics is used), then the minimum
value of a measurand that can be detected by such a sensor is

(AP/P)min

5:0) ©)

6min =

Another popular sensing methodology is spectral-based. It
uses detection of displacements of spectral singularities in
the presence of a measurand with respect to their positions
for a zero level of a measurand. This sensing approach is
particularly effective in the resonant sensor configurations
that feature sharp transmission or absorption peaks in their
spectra. Defining 1,(8) to be the position of a peak in a
sensor transmission spectrum as a function of a measurand
value §, spectral sensitivity function can be defined as

_ 99
98]6-0"

Sy (7)

Given sensor spectral sensitivity, to estimate sensor resolu-
tion of a measurand §, one can use expression (7). Thus,
assuming that the minimal detectable spectral shift in the
peak position is (AA,)_. (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

(AAP) min .

S

amin =

(8)

3. Sensing Using Analyte-Filled Hollow Core
Photonic Bandgap Fibers

We now describe the first resonant sensor type based
on hollow core photonic bandgap fibers filled with ana-
lyte. In their crossection PBG fibers can contain periodic
sequence of micron-sized layers of different materials [11,
12] (Figure 2(a)), periodically arranged micron-sized air
voids [13-15] (Figure 2(b)), or rings of holes separated
by nanosupports [16, 17] (Figure 2(c)). PBG fibers are
currently available in silica glass, polymer and specialty
soft glass implementations. The key functionality of such
fibers is their ability to guide light directly in the hollow
or liquid-filled cores with refractive index smaller than the
refractive index of a surrounding cladding material. Unlike
microstructured fibers, PBG fibers confine light in their
hollow cores by photonic bandgap effect, rather than by
total internal reflection. 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 components guided by the fiber bandgaps will
reach the fiber end, while all the spectral components not
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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
soon see, 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 propagation 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 we 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
[18, 19].

We 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 refractive index (analyte absorption) by detecting
the presence and strength of the narrow absorption bands
in the fiber transmission spectrum. This is the simplest,
nonresonant application of the hollow PBG fibers for optical
sensing in which one only takes advantage of large overlap
of the core-guided leaky mode 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 [10, 20—
23]. Second mode of operation of a PBG fiber-based sensor
is sensing of changes in the real part of the analyte refractive
index by detection of shifts in the fiber bandgap position.
As it will be explained in the following, 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 con-
siderations [24] predicts that changes in the effective refrac-
tive index of a guided mode Aneg are related to the changes
in the refractive index An, of analyte infiltrating the fiber,
through the overlap factor f defined as

Aner = Ang - f = Re(Ang) - f +i-Im(An,) - f

9)
dA|E|?

dAEf x Hy)’

f analyte

f=Re(

where E;, 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 Total Internal
Reflection (TIR) fibers. In the case of hollow-core PBG fibers

z-|
Z * ] crossection
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(a)

(c)

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

nano-size bridges.

the leaky modes are, generally, nonsquare integrable [25].
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 crossection 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 moderate core sizes Reore ~ 5-10A.
Such a high value of the overlap factor is explained by high
confinement of the guided mode in the fiber core (see, e.g.,
energy flux distribution of the core-guided-mode in the inset
of Figure 1(a)).

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 concen-
tration of specific biomolecules labeled by highly absorbing
nanoparticles. In such a sensor biomolecules in the aqueous
solution are purged through the fiber microstructure. Defin-
ing C to be the concentration (measurand; 6 = C in (1))
of the absorbing particles mixed with analyte, and assuming
that nano-particle bulk absorption per unit of concentration
is ac(A), while fiber loss in the absence of nanoparticles
is af(A), then total fiber loss in the presence of absorbing
nanoparticles can be written using (9) as

a(CA) =ar(A)+ f - C-ac(h). (10)

In derivation of (10) we used the fact that Im(An,) ~ C - ac,
a(C,A) ~ Im(ner). By substituting (10) into (5), we now find
expression for the maximal nonresonant sensor sensitivity to
changes in the nano-particle concentration:

ac(A)
ap(d)’

Sa(V) = —f (11)

Note that as nano-particle absorption ac(A) is completely
independent from the fiber loss af(1) in the absence of
nanoparticles, sensitivity (11) of a nonresonant sensor is,
thus, directly proportional to the fiber length L ~ 1/af(A).
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 Figure 1(a)) due to changes in
the real part of the refractive index of an analyte filling the
fiber core. In fact, for the hollow-core PBG fibers in place of
(9) one has to use the following modified expression:

Aneg = Re(Any) - f +i[Im(An,) - f + Re(Ang) + fradl]-
(12)

Here, fraq is a radiation factor that describes changes in the
radiation 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 filling the fiber core.

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
(Figure 3(a)) made of a periodic sequence of two optically
different materials with refractive indices n;, n;, which are
assumed to be purely real [11, 26]. We now design Bragg
reflector to feature the fundamental bandgap in the visible at
Ao = 0.5 um. The reflector layer thicknesses dj, dj, 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
4\ ”[2,]1 —Re (”core)2

one guarantees that the fundamental bandgap of a Bragg
reflector is centered in the near vicinity of a design wave-
length A¢ [25].

We now consider particular implementation of a Bragg
fiber having the core of radius Reore = 25pm surrounded
by 6 reflector layers with n, = 1.6, n; = 1.4 and the layer
thicknesses given by (13), where n¢yre = 1.34. In Figure 2(b)
in thick solid curve we 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.

dip =

(13)
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FIGURE 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 n,,(1). (b) Radiation-dominated propagation loss of a core-guided HE;; mode for two Bragg fibers with core radii
Reore = 25um (solid curve) and Reore = 15pm (thin dashed curve). When analyte refractive index changes, so does the radiation loss of
a fiber core mode (thick dashed curve). For the reference, in thin solid line we present absorption loss of distilled water in the visible. (c)
Maximal amplitude sensitivity of the analyte filled Bragg fiber-based sensor for the two values of the fiber core radius. Note that amplitude

sensitivity is almost independent of the fiber core radius.

While total propagation loss is a sum of the modal radiation
and absorption losses, this particular fiber is operating
in the Radiation-dominated regime; for comparison, bulk
absorption loss of water is presented in Figure 3(b) in thin
solid line. We note that modal propagation loss reaches its
minimum at the center of a photonic bandgap at ~0.46 ym,
while increasing rapidly towards 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 (a thick dashed line in Figure 3(b)). Therefore,
even for small changes in the analyte refractive index, due
to spectral shift in the position of a reflector bandgap,
fiber propagation loss can vary substantially. Moreover, due
to resonant nature of bandgap guiding, bandgap shift due
to changes in the real part of the analyte 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 fiag = 2.4 - 107%. Therefore, change of 1dB/m loss in
the analyte absorption coefficient (Im(An,) =~ 0.9 - 1078),
or change of Re(An,) ~ 3.8 - 107> in the real part of the
analyte refractive index, result in the same 1 dB/m change in
the modal propagation loss.

We now investigate amplitude and spectral sensitivities
of the hollow-core PBG fiber-based sensors. In Figure 3(c)
we present amplitude sensitivity (5) of a Bragg fiber-based
sensor to changes in the real part of the analyte refractive
index = 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,) i, ~ 107* RIU.
Finally, in the vicinity of a bandgap center at 470 nm the total
fiber loss is ~0.7dB/m, thus defining the maximal 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 Sy ~ 5300 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 (Ang)pmin ~
2 - 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 Figure 3(b) we also
present losses of an HE;; mode of a hollow core Bragg fiber,
with a core radius Reore = 15um and otherwise identical
parameters to the Bragg fiber with R.ore = 25um. Note
that losses of a smaller core fiber are almost 10 times as
high as losses of a larger core fiber. This signifies that the
maximal sensor length for a smaller core fiber is almost
10 times shorter than the length of a sensor based on a
larger core fiber. In Figure 3(c) we also plot the maximal
sensitivity (5) of a Bragg fiber-based sensor with a core
radius Reore = 15um 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 a(A),
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then PBG fiber absorption loss a(An,,A) in the presence of
changes in the real part of the analyte refractive index is
described by:

a(Anpd) = ay(L) + 47” Re(Ang) - fua.  (14)

In the case of Bragg fibers operating in the Radiation-
dominated regime one generally finds that f.a ~ af(A).
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 counter-
parts. 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.

4. Surface Plasmon Resonance-Based
Fiber Sensors

In this section we describe another type of a resonant
sensor operating in the vicinity of a phase matching point
between a Gaussian-like core mode of a fiber (waveguide)
and another mode that has strong overlap with analyte
region (see the inset of Figure 1(b)). In what follows, the
mode that has strong overlap with analyte is assumed to be
a plasmonic wave propagating on the metalized fiber surface
facing analyte.

Propagating at the metal/dielectric interface, surface
plasmons [27] are extremely sensitive to changes in the
refractive index of the dielectric. This feature constitutes
the core of many Surface Plasmon Resonance (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
[28]. The presence of a prism allows phase matching of an
incident electromagnetic 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 plasmonvector and a projection of the wavevector of an
incident wave along the interface. Since plasmon excitation
condition depends resonantly on the value of the refractive
index of an ambient medium within 100-300 nm from the
interface, the method enables, for example, detection, with
unprecedented sensitivity, of biological binding events on the
metal surface [29]. The course of a biological reaction can
then be followed by monitoring angular [29, 30], spectral
[31] or phase [32, 33] characteristics 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.

Using 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 plasmonic 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 waveguide 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, metalized single
mode, multimode and polarization maintaining waveguides
and fibers, metalized tapered fibers, metalized fiber Bragg
gratings [34—49] and, recently, solid core microstructured
fibers [50-52], as well as planar photonic crystal waveguides
[53] have been studied. In the majority of fiber imple-
mentations (with an exception of microstructured fibers),
one typically strips fiber polymer jacket and polishes off
fiber cladding until fiber core is exposed; then, a metal
layer is deposited directly onto a fiber core. Thus func-
tionalized 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 [37, 54-58]. 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 Figure 4(a)) could be employed to increase the angle
of modal incidence on the interface. However, 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 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 refractive indices makes phase matching between
the two modes hard to achieve, with an exception of the
high frequencies A < 600 nm, where the plasmon dispersion
relation starts deviating 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 where phase matching condition is
easier to enforce.
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FIGURE 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;|* of a plasmon (a) and a core
mode (b). (b) Multimode waveguide-based sensor. Dispersion relations of the core modes (solid) and a plasmon (thick dashed). Inset-
coupler schematic; |H; |* of a plasmon (a) and a high-order mode (b) at the phase matching point (black circle).

Problems with phase matching and loss of sensitivity
due to shallow angles of incidence could be, in principle,
alleviated by using multimode waveguides [45-49] presented
in Figure 4(b). If launched properly, modal effective prop-
agation angles in such waveguides can be much steeper,
also resulting in smaller effective refractive indices. However,
in multimode waveguides, a large number of higher-order
modes can 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 distributions of higher-order modes of a multimode
waveguide, only a small fraction of energy can be efficiently
launched into such modes, thus resulting again in decreased
sensitivity.

5. Plasmon-Assisted Sensing Using Solid Core
Microstructured Fibers

To alleviate the problem of phase matching of the fiber
core mode and a plasmon one approach is to introduce
additional geometrical features into the fiber core that could
allow tuning of the fiber core mode effective refractive index
[51, 59]. As mentioned before, in the case of aqueous or
gaseous analytes the core mode effective refractive index
has to be lowered to match that of a plasmon. As a first
example of a fiber where tuning by design can be effectively
achieved we consider a solid core microstructured optical

fiber shown in Figure 5(a). Such a MOF is comprised of a
solid core surrounded by a ring of six air holes of diameter d,
which are placed at the vertices of a hexagon with vertice-to-
vertice distance A. The ring of holes works as a low refractive
index cladding enabling mode guidance in the fiber core.
To lower the refractive index of a core-guided-mode a small
air hole of diameter d, is introduced into the fiber core
center. In place of a single hole, an array of smaller holes
can be used similarly to [60]. Finally, two large semicircular
channels of size d, surround the microstructured fiber core
region. During sensor operation these channels are filled
with analyte, and in what follows we assume that the analyte
under study is distilled water with n, = 1.33. On a fiber
core side the channels are covered with a thin gold film of
thickness dgo14 =~ 40 nm—60 nm to enable plasmon excitation
at the gold/analyte interface. Coupling strength between the
core mode and plasmon is strongly influenced by the size
d, of the holes surrounding the fiber core, (larger hole sizes
result in a weaker coupling). We assume that MOF is made of
asilica glass with refractive index given by one of the standard
Sellmeier-type fits #gqs = 1.46 [61]. Finally, the dielectric
constant of gold is approximated by the Drude model:

(va,)°

BETETVR (15)

Sgold(/lc) = €0
where the choice e = 9.75, A; = 13um, A, = 0.138um
presents one of the many possible fits of the experimental
data.
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As a concrete example we consider MOF with the
following parameters A = 2um, d. = 0.5A, d; = 0.6 A,
d, = 0.8A, dgold = 40nm.

Finite element method with PML boundaries was used
to find complex propagation constants of the core-guided
and plasmonic modes. A typical fiber-based plasmonic
sensor operates in the vicinity of a phase matching point
between the core-guided-mode and a plasmon localized
at the metalized surface. Figure 5(b) we present dispersion
relations of the core-guided-mode (thick solid line) and
a plasmon (thick dashed line). Phase matching point is
located at 640 nm where the difference between the modal
refractive indexes is the smallest. Detailed simulations show
that by changing the size of a central hole in the range
d. = 0.35A-0.55A, or by changing diameters of the six
holes in the range d; = 0.6 A-0.7 A, one can readily tune
the effective refractive index of the fundamental mode by
0.01 RIU which is equivalent to 30 nm spectral tuning of
the position of a plasmonic peak. Energy flux distributions
in the vicinity of a phase matching point (insets (LII) in
Figure 5(b) allow clear differentiation of the nature of the
two modes as being the core mode (inset (I)) and plasmonic
mode (inset (II)). Due to symmetry, only a quarter of the
fiber crossection is presented in the insets. In the vicinity of a
phase matching point the two modes become strongly mixed
(inset (III) in Figure 5(c)), with losses of a core-guided-
mode increasing dramatically due to the energy transfer into
the lossy plasmon mode. Core mode losses calculated as
Im(negr) are presented in Figure 5(b) in a thin solid line. For
the reference, losses in [dB/m] are defined as a[dB/m] =
(40 7 Im () )/(In(10)A[m]).

As explained earlier, detection of changes in the propa-
gation loss of a core-guided-mode at the point of its phase
matching with a plasmon constitutes the core of many
SPR sensor implementations. We now detail plasmon-based
transduction mechanism in greater details. In Figure 6(a)
we present losses of the fundamental core-guided-mode in
the wavelength range of 0.5um-1.3 ym for the same MOF
design as discussed earlier. Solid line corresponds to the
case of a pure analyte with n, =~ 1.33 and it features two
plasmonic excitation peaks located at 640 nm and 1120 nm.
To demonstrate potential of this fiber for sensing, we present
in a dashed line losses of the core-guided-mode for the case
when the analyte refractive index is changed to n, = 1.335.
As seen from Figure 6(a) position of the first plasmonic
peak (at shorter wavelengths) shifts by as much as 10 nm,
which is readily detectable. From the amount of shift in
the position of a plasmonic peak one can, in principle,
extract the value of changes in the analyte refractive index.
This transduction mechanism is commonly used for the
detection of the analyte bulk refractive index changes, as well
as monitoring of formation of the nanometer-thin biolayers
on top of a metalized sensor surface.

Interestingly, when analyte refractive index is varied the
position of the second plasmonic peak in Figure 6(a) stays
mostly unchanged. Therefore, such a peak cannot be used
for sensing changes in analyte refractive index. Nevertheless,
presence of such a peak is very useful as it serves as a natural
reference in the measurements, which simplifies greatly data

acquisition and data interpretation. To understand better the
nature of the two plasmonic peaks, in the insets of Figure 6(a)
we present energy flux distributions in the core-guided core
modes evaluated at the first and second plasmonic peaks.
From the pictures one notices that at the first peak (inset (I),
Figure 6(a)) the plasmon contribution to the hybrid mode
is delocalized in the analyte region, while at the second
peak (inset (II), Figure 6(a)) the plasmon contribution to the
hybrid mode is delocalized mostly in the fiber cladding. This
explains why spectral position of the first peak is considerably
more sensitive to the changes in the analyte refractive index
than that of a second peak.

Finally, in Figure 6(b) we present amplitude sensitivity of
the MOF sensor to changes in the real part of the analyte
refractive index as defined in (5) (&6 = Re(An,)). Sensor
sensitivities are calculated for several values of the gold layer
thickness. Maximal sensitivity S, ~ 180 RIU™! is achieved
for a 40 nm thick gold film. Assuming that 1% of change
in the amplitude of a transmitted light can be detected
reliably, this results in sensor resolution of Re (Ang)min ~
6 - 107> RIU. Finally, at the wavelength of maximal sensor
sensitivity at 665 nm the total fiber loss is ~150 dB/cm, thus
defining the maximal sensor length to be on the order of
~1mm. In passing we note that plasmon being a surface
excitation is very sensitive to the thickness of a metallic
layer. This can be used to study metal nanoparticle binding
events on the metallic surface of a sensor [62]. This mode
of sensor operation can be of interest, for example, to the
monitoring of concentration of metal nanoparticles attached
to the photosensitive drugs in the photodynamic cancer
therapy [63].

6. Plasmon-Assisted Sensing Using Solid Core
Photonic Bandgap Fibers

As mentioned in the previous section, introduction of
additional geometrical features into the fiber core could
allow tuning of the fiber core mode effective refractive
index. However, in the case of TIR-microstructured fibers
the tuning range, while significant (0.01 RIU as shown in the
previous section), is not sufficient to alleviate the problem of
phase matching of the fiber core mode and a plasmon. The
problem of phase matching becomes especially pronounced
in the case of low refractive index analytes. In what follows,
we detail design principles of the photonic bandgap fiber
and waveguide-based SPR sensors, and show that in such
sensors the fundamental Gaussian-like leaky core mode can
be phase matched with a plasmon at any desired wavelength
of operation from the visible to mid-IR, and for any value
of the analyte refractive index. Effectively, PBG waveguide-
based sensors integrate advantages of both the multimode
and single mode waveguide-based SPR sensors by being able
to reduce the core mode refractive index to any desired value
(even 0), while operating with a Gaussian-like core mode.
To remind the reader, the term “leaky mode” gener-
ally refers to the guidance mechanism where the effective
refractive index of a propagating mode is smaller than that
of the waveguide cladding. Such unusual modes are called
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FIGURE 5: (a)Schematics of a MOF-based SPR sensor. The fiber comprises six air holes surrounding a solid fiber core. These holes form a
microstructured cladding with low effective refractive index. A smaller hole is introduced in the core center to enable tunability of the core
mode effective refractive index to facilitate phase matching with a plasmon. Two large semicircular metalized channels are integrated into the
fiber structure to enable efficient microfluidic flow of analyte and plasmon excitation at the metal/analyte interface. (b) Dispersion relations
of a core-guided-mode (thick solid line) and a surface plasmon (thick dashed line) in the vicinity of the phase matching point. Insets (I),
(IT) show energy fluxes of the core-guided and plasmon modes close to the phase matching point. Transmission loss of a core-guided-mode

(thin solid line) exhibits strong increase at the phase matching point due to efficient mixing with a plasmon as confirmed by its energy flux
distribution (inset (III)).
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FIGURE 6: Calculated loss spectra of the fundamental core-guided-mode of a metalized MOF. Loss spectrum (solid curve) features several
attenuation peaks corresponding to the excitation of plasmonic modes on the surface of metalized channels filled with aqueous analyte of
refractive index 1.33. By changing the analyte refractive index (dotted curve), resonant attenuation peaks corresponding to the points of
phase matching between the core-guided and plasmon modes shift. In the insets, energy flux of a core-guided-mode is presented at the two
absorption peaks. Spectral position of the peak I is the most sensitive of the two peaks to changes in the analyte refractive index. This is
because the corresponding core mode is coupled to a plasmon with a strong presence in the analyte region in contrast to the peak I at which
plasmonic mode is predominantly extended into the cladding region.

leaky modes as, outside of a waveguide core, they do not  a photonic crystal reflector. As a consequence, the effective
exhibit a traditional evanescent decay into the cladding, but  refractive index of the fundamental (lowest loss) leaky core
rather they radiate slowly (leak) into the cladding. Unlike =~ mode can be designed to be arbitrarily smaller than that of a
in the case of common TIR waveguides, leaky modes in ~ waveguide core material, thus enabling phase matching with
photonic crystal waveguides are confined by the bandgap of ~ a plasmon at any desired frequency. Moreover, the lowest loss
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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 at will by a proper selection of the waveguide core
and reflector materials.

6.1. SPR Sensors Using Planar Photonic Bandgap Waveg-
uides. To demonstrate the principles of operation of pho-
tonic bandgap waveguide-based SPR sensors we start by
considering plasmon excitation by a Gaussian-like TM-
polarized mode of a planar photonic crystal waveguide (see
Figure 7(a)), in which light confinement in a lower refractive
index core is achieved by a surrounding multilayer reflector.
TM polarization of the electromagnetic field in a planar
multilayer assumes a single magnetic field component |H|?
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
np = 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
[64], predicts that, for a design wavelength A, the effective
refractive index nq¢(A.) of the fundamental TE and TM core-
guided-modes can be designed at will, aslong as 0 < negr < 1,
by choosing the reflector layer thicknesses as

A
dip = ———, (16)
ANy, — Mg
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 n2; >
e1en/ (&1 + en) [64]. 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 | = 640 nm, considered
in this example, phase matching is achieved when the
photonic crystal waveguide is designed using A, = 635nm
and Re(#ng(Ac)) = 1.46 in (16). A reasonable approximation
to the neg(A.) is a value of the effective refractive index
of a plasmonic wave propagating at a planar gold-analyte
interface:

egold(Ae) - €a(Ac) )“2, 17

neir(Ae) = (egomuc) el

11

where ¢, is the dielectric constant of an analyte and egolq is
the dielectric constant of the gold layer approximated by the
Drude model (15).

In Figure 7(b) we present band diagram of a planar
photonic crystal waveguide-based SPR sensor. All the simu-
lations 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 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 plasmonic
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
exhibits very high propagation loss, the loss of a core mode
(upper plot in Figure 7(c)) 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 exponentially
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 refractive index is varied, the plasmon
dispersion 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 refractive index
(see the upper part of Figure 7(c)).

We would like to point out that what is identified as
a “core mode” in all the figures in this paper 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. We found
pertinent to also show on the graphs what a plasmonic
mode looks like near the phase matching point, although
this mode by itself is not used in our sensing arrangements.
Depending on the designs, the plasmon contribution to the
evanescent 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
which spectral position is strongly dependent on the value
of the ambient refractive index. In the amplitude-based
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FiGure 7: Planar photonic bandgap waveguide-based SPR sensor. (a) Schematic of a sensor. Low refractive index core is surrounded by
the periodic photonic crystal reflector. Top side of the reflector is goldplated for plasmon excitation. Gold layer is bordered by aqueous
analyte. |[H|* field distribution in the fundamental core mode is shown on the right, while field distribution in a plasmonic mode is show
on the left of a sensor schematic. (b) Band diagram of sensor modes. Dispersion relation and field distribution of the fundamental core
mode (thick solid curve), and plasmonic mode (dashed curve). TM bandgap of a periodic reflector is shown as a clear region, while gray
regions correspond to the continuum of the bulk reflector states. By design, the effective refractive index of a core-guided-mode can be made
significantly smaller than that of the waveguide core material. (c) Upper part: solid curve shows loss of a waveguide core mode near the
phase matching point with a plasmon at which modal loss peaks. Dashed line shows shift of the modal loss curve when refractive index of
the analyte is varied. Lower part: dependence of the sensor amplitude sensitivity on wavelength.

approach, all the amplitude measurements are performed at  typical sensor length is L ~ 1cm. Detailed simulations also
a single wavelength near the center of a plasmonic peak. The ~ show that similarly to the case of resonant sensing using
advantage of this method is its simplicity and low cost, as  hollow core PBG fibers, sensitivity of a PBG waveguide-based
no spectral manipulation is required. The disadvantage isa  plasmonic sensor is only weakly dependent on the sensor
smaller dynamic range and lower sensitivity when compared  length. Particularly, by varying the number of reflector layers
to the wavelength interrogation approach, in which the  separating the waveguide core and gold layer one can vary
whole transmission spectra are taken and compared before  the overall sensor length from sub-mm to several cm without
and after the change in the analyte has occurred. We now  changing significantly the sensor sensitivity.

use expression (5) to define sensor amplitude sensitivity with In the rest of this section we present theoretical study of
respect to changes in the real part of an analyte refractive = SPR sensor designs based on photonic bandgap fibers, rather
index. In (5) the measurand ¢ is Re(An,), and a(d,1) is than planar waveguides. Advantages of fiber based sensors
propagation loss of a core-guided-mode presented at the  over their planar counterparts include lower manufacturing
top of Figure 7(c). At the bottom of Figure 7(c) we present  cost, possibility of distributed sensing, and incorporation
amplitude sensitivity of a PBG waveguide-based SPR sensor  of microfluidics into the fiber structure directly at the fiber
as a function of the wavelength of operation. Maximal  drawing step. In what follows we demonstrate an SPR sensor
sensitivity is achieved at 673 nm and is equal to 112RIU"'.  using solid core PBG Bragg fiber operating at 760 nm, as well
It is typically a safe assumption that 1% change in the  asan SPR sensor using honeycomb lattice photonic bandgap
transmitted intensity can be detected reliably, which leads  fiber operating at 1060 nm.

to a sensor resolution of 9 - 107> RIU. In the wavelength

interrogation mode, changes in the analyte refractive index ¢ 5 SpPR Sensors Using Photonic Bandgap Bragg Fibers. We
are detected by measuring displacqnent of a plasmonic  gar¢ by describing solid core Bragg fiber-based SPR sensor
peak center wavelength A, as a function of the value of an  fo; detection in aqueous analytes. In such a sensor a thin
analyte refractive index. Sensor sensitivity is then defined by gold layer is deposited on the outer surface of a Bragg fiber
expression (7), where § = Re(An,). We find that the spectral i, direct contact with an analyte. By tailoring the dispersion
sensitivity of a PBG waveguide-based sensor is 2300 nm - relation of the core-guided-mode of a Bragg fiber, phase
RIU™". Assuming that a 0.1 nm change in the position of a matching with a plasmon can be obtained at any wavelength
resonance peak can be detected reliably, sensor resolution of  ;, the visible and near-IR. The mode of operation in such a
4.3 - 107> RIU is obtained. sensor is a Gausian-like HE;; core mode. Effective refractive

Finally, sensor length is always in the range L ~ 1/a(8,4).  index of such a mode is matched with that of a plasmon by
In the vicinity of plasmonic peak shown in Figure7(c)  the proper choice of the fiber core size. The choice of an HEj,
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mode over the other modes is motivated by the ease of its
excitation using common Gaussian laser sources.

As an example we 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 combina-
tion [65]. In such fibers, a solid core of refractive index n; is
surrounded by N alternating high and low refractive index
reflector layers of thicknesses di, and dj, (see Figure 8(a)).
In a manner similar to the planar multilayer waveguides,
reflector layer thicknesses are given by the quarter wave
condition (16), where A. is an operating wavelength, and
nest(A¢) 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 A, of
a mode with effective refractive index n.g(A:), 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, A. also corresponds to the wavelength of
phase matching between plasmon and a core-guide mode.
Therefore, a good approximation to #eg(A.) 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 (17). With these choices of n.r(A;) and d. we are still
left with one free parameter, which is the number of layers
N in the Bragg reflector. In metalized 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 effects the core mode propagation
loss, and, consequently, sensor length. As was 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 Figure 8 we 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 Figure 8(a) we show
cross-section of a small-core Bragg fiber-based sensor, as
well as energy flux distributions in the HE;; core mode
and plasmonic mode. Reflector layer thicknesses are chosen
according to (16), where A = 760nm, n; = 1.42, n, =
1.6, and nes = 1.39, thus resulting in n; = 654nm,
n; = 240nm. Fiber core diameter is d. = 1.8um. The
total number of layers is N = 12. For the fundamental
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Gaussian-like mode, the amount of energy in the core is
78%. In Figure 8(b) we present the band diagram of the
modes of thus defined Bragg fiber sensor. 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 considerably 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 Figure 8(a)) and plasmonic mode (dashed curve in
Figure 8(a)) penetrate significantly into the reflector. Phase
matching between the core and plasmonic modes is achieved
at 758 nm. In the upper plot of Figure 8(c), 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 Figure 8(c), we present amplitude
sensitivity (5) of a solid core Bragg fiber-based SPR sensor
with respect to changes in the real part of the analyte
refractive index. Maximal sensitivity is achieved at 788 nm
and is equal to 293 RIU™'. Assuming that a 1% change in
the transmitted intensity can be detected reliably, this leads
to a sensor resolution of 3.4 - 107> RIU. Finally, we 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
0f 9.8 - 107° RIU. The sensor length in this case is ina 1 cm
range.

6.3. SPR Sensors Using Photonic Bandgap Honeycomb Fibers.
In the two previous subsections we have presented design
strategies for the SPR sensors based on a PBG Bragg
waveguide and a PBG Bragg fiber. In principle, any photonic
bandgap fiber can be used in place of a Bragg fiber to develop
such sensors. In this section we present an example of a SPR
sensor based on a solid core honeycomb PBG fiber.

In Figure 9(a) schematic of a honeycomb photonic
crystal fiber-based SPR sensor is presented. The design
parameters are chosen as follows, the center-to-center dis-
tance between adjacent holes is A = 0.77 um, the cladding
hole diameter is d = 0.55A, 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 ngl,s = 1.45, 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.



14 Journal of Sensors
1.46 7
= 6
h 1.45 g
6 n : 95
‘/ Gold layer 144 TE, T, 24
| : andg, = 3
5 l \ 'p P
Plasmon: 1.43 g2
Ncore = 1
’g S 141 ‘ l 0.7 072 074 0.76 0.78 0.8
= ] !
—~ 3 ~ [ S 1 —~
L4y - _Plasmon E ;88
2 1.39 —== Core mode = 100
1.38 eI y 0
1 o= 2 100
: 1y 122 R
. Y — L L L L L L L
0 1 2 3 4 5 6 0.7 072 074 0.76 0.78 0.8 <@ 0.7 072 074 0.76 0.78 0.8

A (pm)
(c)

A (pm)
(b)

F1GURE 8: Small solid core PBG Bragg fiber-based SPR sensor. (a) Schematic of a sensor. Low refractive index core is surrounded by the
concentric photonic crystal reflector. Reflector exterior is goldplated for plasmon excitation. Gold layer is bordered by aqueous analyte.
Energy flux distribution across the fiber cross-section is shown as a solid curve for the fundamental core mode, and as a dashed curve for
the plasmonic mode. (b) Band diagram of the sensor modes. Dispersion relation of the fundamental core mode (thick solid curve), and
plasmonic mode (dashed curve). TE, TM bandgap of a periodic planar reflector is shown as a clear region, while gray regions correspond
to the continuum of bulk reflector states. In a small core Bragg fiber, effective refractive index of the fundamental core mode can be much
smaller than refractive index of the core material. (c) Upper plot: solid curve shows loss of the fundamental core mode near the phase
matching point with plasmon. Modal loss reaches its maximum at the phase matching wavelength. Dashed line corresponds to the shifted
modal loss curve when the analyte refractive index is varied. Lower plot: sensor amplitude sensitivity as a function of wavelength.
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FIGURE 9: Solid core honeycomb photonic crystal fiber-based SPR sensor. (a) Schematic of a sensor. Solid fiber core having a small central
hole is surrounded with a honeycomb photonic crystal reflector. Two large channels are integrated to implement analyte access to the fiber
reflector region. The channels are goldplated for plasmon excitation. The gold layer is bordered by an aqueous analyte. (b) Band diagram
of sensor modes. Dispersion relation of the fundamental core mode (thick solid curve), analyte bound plasmonic mode (dashed curve with
circles), and cladding bound plasmonic mode (dashed curve). The bandgap of an infinitely periodic reflector is shown as a clear region. (c)
The energy flux distributions across the fiber cross-section are shown for the fundamental core mode (II) as well as the analyte and cladding
bound plasmon modes (LIII) outside of the phase matching region. The energy flux distribution is also shown for the fundamental core
mode at the phase matching point (IV) showing strong mixing of the fundamental core mode with plasmonic modes.

Moreover, as in the case of photonic crystal Bragg fibers,
radiation loss of a bandgap guided core mode can be reduced
by adding more layers into the honeycomb reflector. The
main reason why we chose a honeycomb structure of the fiber
reflector is because it enables a very large photonic bandgap
[66, 67], thus simplifying considerably phase matching of the
core-guided and plasmonic modes.

Unlike planar metal/dielectric interface that supports
a single plasmonic excitation, finite size, microstructured

metal layer separating two dielectrics can support multiple
plasmonic modes [51, 52]. 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
plasmonic modes. Particularly, one of the plasmonic 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
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changed to n, = 1.322. (b) Dependence of the sensor amplitude sensitivity on wavelength.

Bl PVDF

@ Teflon
O Air

(a)

0 200 400 600 800
(pm)
(b)

FIGURE 11: (a) Schematic of a porous THz fiber with a PVDF layer facing gaseous analyte. (b) Longitudinal energy flux distribution across
the fiber crossection for the core-guided-mode far from the phase matching point with a Pseudoplasmon (I), and in the vicinity of a phase

matching point with a Pseudoplasmon (II).

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 photonic crystal fiber-based
sensor we design the fiber so that two plasmonic peaks

are degenerate at 1009 nm with n, = 1.32. Figure 9(b)
shows the dispersion relations of the Gaussian-like core
mode (thick solid line), analyte bound plasmonic mode (thin
solid line with circles) and cladding bound plasmonic mode
(thick solid line). These dispersion relationes are positioned
well inside the bandgap of an infinite honeycomb reflector,
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FIGURE 12: (a) Avoided crossing of the dispersion relations of the fundamental core mode (dashed curve) and a THz plasmon-like excitation
(thin solid curve) in a porous fiber with a PVDF layer. (b) Losses of a core-guided-mode for two values of the gaseous analyte refractive
index (dashed curves). A corresponding amplitude sensitivity curve for a sensor of the refractive index of a gaseous analyte is presented as a

thick solid curve.

which can be confirmed by the plane wave method [67].
Corresponding flux distributions of the core-guided and
plasmonic modes are presented in Figure 9(c). The core
mode loss shows a single plasmonic peak (solid curve in
Figure 10(a). 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
refractive index than the cladding bound plasmonic mode.
As a result, degeneracy is lifted, and two closely spaced
plasmonic peaks appear in the core mode loss curve (dashed
curve in Figure 10(a)). For example, a 0.002 change in the
analyte 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
refractive index. By defining spectral sensitivity as

)Lpeakz(na +Ang) — )Lpeakl (1 + Ang)
An, ’

Sy = lim
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Ang —0 ( )

we find spectral sensitivity of 1.4 - 10*nm - RIU™'. Tt 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 - 10~° RIU, which is, to
our knowledge, the highest reported spectral sensitivity of an
aqueous fiber-based SPR sensor.

Finally, in Figure 10(b), we present the amplitude sen-
sitivity of the proposed honeycomb photonic crystal fiber-
based sensor as defined by (5). The maximal sensitivity is
achieved at 1009 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
resolution of 2.5 - 107> RIU. It is interesting to note that
for this sensor design, the sensitivity curve has a single

maximum, unlike the sensitivity curves associated with the
Bragg fiber designs reported in the preceding section. Sensor
length in this case is in 1 mm range.

7. Pseudoplasmon-Assisted Sensing Using
Highly Porous Microstructured Fibers
and Ferroelectric Layers in Terahertz
Spectral Range

In this final section we present an alternative approach to
phase matching (at any desirable wavelength) a core-guided
fiber mode with a plasmon. This approach is especially useful
in the case of very low refractive index analytes, such as
gases. As gaseous analytes have refractive index close to 1,
and as plasmon effective refractive index is generally close
to that of an analyte, it becomes especially challenging to
ensure that the effective refractive index of a core-guided-
mode is low enough to match that of a plasmon. One
way to lower the core mode effective refractive index is
to work with subwavelength fibers or highly porous fibers
that guide light while having a substantial fraction of their
modal field located in the gaseous cladding. Unfortunately,
subwavelength fibers in the visible and even in the mid-
IR spectral range are difficult to fabricate and work with
as their dimensions are smaller than a fraction of a ym.
However, in the terahertz (THz) spectral range (also known
as far-IR) that covers 30um-3000um wavelengths, the
subwavelength fiber size is in tens or even hundreds of ym,
thus making such fibers easy to manufacture and handle
[68].

An example of a subwavelength THz fiber that supports
a mode with very low effective refractive index is presented
in Figure 11(a). The fiber shown is a Teflon rod of 1480 ym
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TABLE 1

Amplitude sensitivity

Sensor resolution (1%

Spectral Sensor resolution (0.1 nm

Sensortype  operationd ¢ \pyiy-t) det. limit) Re(An,)[RIU]  sensitivity S [nm/RIU]  det. limit) Re(An,)[RIU]

Analyte-filled

hollow core anvwhere in

Bragg fiber YW 100 107* 5300 2-107°
the visible

(no metal).

Section 3.2.

Metalized

MOF. (63[? r)‘m 180 6-107°

Section 5. s

Metalized

planar PBG 673 nm 112 9107 2300 43-10°°

waveguide. (Vis)

Section 6.1

Metalized

solid core 788 nm _5 6

Bragg fiber. (Vis-IR) 293 3.4-10 10000 9.8 - 10

Section 6.2

Metalized

PBG photonic 1009 nm 5 6

crystal fiber. (IR) 400 2.5-10 14000 7.2-10

Section 6.3.

PVDE-

activated

highly porous 292 ym 4

subwave- (THz) 29 3.4-10

length fiber.

Section 7.

diameter having porous core in the form of 4 layers of
hexagonally arranged subwavelength holes filled with air.
The hole-to-hole distance (the pitch) is considered to be A =
86 ym, while the hole diameter is d = 76 ym. The refractive
indices of Teflon and air are 1.59 and 1.0 respectively. From
outside, the teflon fiber is covered with a 30 yum thick layer
of a ferroelectric plastic (Polyvinylidene fluoride (PVDF))
facing air. PVDF is a ferroelectric semicrystalline polymer
with a small absolute value of permittivity in the visible and
near-IR regions. However, in the THz region the dielectric
function of ferroelectric PVDF exhibits a resonance

2
(sdc - sopt)wTO

, 19
wio — W + iyw (19)

epypr(W) = Eopt +

where, according to [69], eopr = 2.0, &4 = 50.0, wro =
0.3THz, y = 0.1THz. In the wavelength range between
100 ym (3 THz) and 700 ym (~0.43 THz) the real part of the
refractive index of PVDF is less than one, while the imaginary
part is positive and mostly larger than one. Therefore, the
real part of the PVDF dielectric constant is negative and
by analogy with the behavior of metals in the visible range,
PVDF layer is expected to support a plasmon-like excitation,
which we call a Pseudoplasmon.

As detailed in [68], introduction of subwavelength
holes in the fiber core allows to lower dramatically the
effective refractive index of the core-guided-mode. This,
in turn, makes phase matching possible between the core-
guided-mode and a THz Pseudoplasmon propagating at the
PVDF/air interface [70]. Furthermore, outside of the phase
matching point, most energy in the Gaussian-like core mode
is guided in the subwavelength holes (as seen in the inset
(I) of Figure 11(b)), thus resulting in greatly reduced modal
absorption loss. In Figure 12 we present dispersion relation
and losses of a core-guided and Pseudoplasmon modes.
Particularly, Figure 12(a) presents the effective refractive
index of the core-guided and Pseudoplasmon modes as a
function of wavelength. Avoided mode crossing between the
two modes around the wavelength of 300 ym is clearly visible.
In the inset (II) of Figure 11(b) we show field distribution
in a hybrid mode in the vicinity of a phase matching point
(point (II) in Figure 12(a)). From the plot, contributions
from both the core-guided-mode and a Pseudoplasmon
are clearly visible. In Figure 12(b), losses of a core-guided-
mode near the point of avoided crossing are shown for
two values of the analyte refractive index n, = 1.0 and
ng = 1.01. Losses of a core-guided-mode peak (~25 dB/cm)
at the point of phase matching with a Pseudoplasmon,
while being much lower (<10dB/cm) outside of the phase
matching region. In these simulations Teflon material is
considered lossless compared to PVDE, which is justified as
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the bulk absorption loss of Teflon is reported to be as low as
~1.3 dB/cm.

Finally, in Figure 12(b) we present amplitude sensitivity
of the porous-core fiber-based sensor to changes in the
real part of the analyte refractive index (see definition (5)).
The maximal sensitivity is achieved at 292 ym and equals
to 29RIU™!. Assuming that 1% change in the transmitted
intensity can be reliably detected, sensor resolution of 3.4 -
10~*RIU is predicted. Sensor length in this case is in 1cm
range.

8. Discussions

First, we would like to comment on the limitations of
theoretical estimates of the sensor detection limits. Through-
out the paper we assumed, for example, that the spectral
detection method allows detection of 0.1 nm changes in the
position of resonant absorption peaks. If a resonant peak pre-
serves its shape when the refractive index of analyte changes,
then sensor resolution is only determined by the resolution
of a spectrometer. This is indeed the case in our theoretical
simulations. However, if noise is present, such as thermal
noise, nonhomogeneity in the analyte refractive index etc.,
then the peak shape at maxima could change unpredictably
between measurements, thus limiting the sensor resolution.
The same argument applies to amplitude sensing where
measurements are performed at the wavelength of strongest
change in the waveguide loss. In our theoretical estimates
we used spectral resolution of 0.1nm and an amplitude
resolution of 1% reflecting the available experimental body
of work in resonant sensors. We note that these optical
detection limits were achieved in real sensor systems of
moderate complexity and cost.

Another important question regarding proposed sensors
is about complexity of their practical implementation. As
most of the presented designs use nanothick metallic layers
deposited on the inner or outer surfaces of the fiber
microstructure the question is about experimental technique
that can allow such metallization. After the first paper on
resonant MOF-based plasmonic sensors [53] there have
been several reports of fabrication of the metal-coated and
metal-filled photonic crystal fibers. Particularly, in [71]
the authors reported deposition of thin metallic layers of
silver on the inner walls of micron-sized holes of a MOF
using chemical deposition via precipitation from a reduction
reaction. In [72] the same reduction reaction was used to
create silver nanoparticles on the microstructure walls. In
[73] the authors used high pressure chemical deposition
process to deposit nanoparticles and nanothick layers of
silver onto the inner walls of the microstructured fibers. In
[74] the authors have codrawn a copper rod sealed in a silica
tube, then inserted a thus drawn copper/silica wire into a
silica fiber preform and redraw it again to get a MOF with
selectively metalized holes. Finally, the first demonstration
of a photonic bandgap fiber-based plasmonic sensor was
presented in [75] where the authors deposited gold layer onto
the outer surface of a tapered Bragg fiber. A rapid progress
in the fabrication of metalized MOFs and POFs makes us
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to believe that various sensors presented in this work indeed
have a strong practical potential.

9. Conclusions

In conclusion, we have reviewed microstructured optical
fiber and photonic bandgap (PBG) fiber-based resonant
optical sensors of changes in the real part of the analyte
refractive index. Particularly, we have considered two sensors
types. One sensor type employed hollow core photonic
bandgap fibers where core-guided-mode is strongly confined
in the analyte-filled core. Another sensor type employed
metalized photonic bandgap waveguides and fibers, where
core-guided-mode was phase matched with a plasmon
propagating at the metalized fiber/analyte interface. All
the sensor types described in the paper showed strong
resonant dependence of the fiber absorption on the value
of the analyte refractive index, leading to the 107°~10~* RIU
resolution in the real part of the aqueous and gaseous
analyte refractive index (assuming amplitude or spectral
interrogation techniques). In both sensor types the length
is designable and can range from submillimeters to several
meters. Surprisingly, we have discovered that the maximal
sensor sensitivity is largely independent of the sensor length.
Finally, operational regions of the resonant sensors reviewed
in this work spanned a wide range of wavelengths from the
visible to terahertz.

To summarize the results of this paper, we also present
a table of performance parameters of all the resonant sensor
designs considered in this paper. In all but the last designs we
assume an aqueous analyte of n, =~ 1.32, while in the case of
THz sensor we assume a gaseous analyte n, = 1.
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1. Introduction

The projected market size of optical fiber sensors generally
is expected to exceed $US 1.6 billion in 2014, up from the
2007 figure of $US 235 million [1]. Grating technologies
are increasingly pervasive within this market finding appli-
cations ranging from biomedical, chemical, and cosmetic
[2—6] to structural health monitoring (SHM) of buildings,
vehicles, aircraft, bridges, trains, and windmills [7-19]. Two
important characteristics dominate the criteria of gratings
for sensing applications: temperature and strain/pressure
sensitivity, both of which are affected by the type of optical
fibre and the performance parameters not only of the grating
itself but also of the type of fibre and the required packaging.

Traditionally, the separation of the intertwined temper-
ature and strain response has been done using reference
grating elements to calibrate out one or the other parameter.
However, innovations in new fibre design, largely centred
on structured fibre technology [20], offer radically new
solutions that may circumvent the need for secondary
reference gratings. The ability to tailor the hole distribution
in general allows an incomparable flexibility in fibre design
and in parameter control, not just of temperature and strain
but of many others. For example, by adjusting the crystal
lattice parameters of a photonic crystal fibre appropriately,
unique composite system properties providing multiple

functions, such as dual dispersion compensation and Raman
amplification [21], are possible. By controlling the hole
distribution and size, mechanical (including acoustic and
pressure response) properties are altered as well as even more
basic properties such as strain optic coefficient. Inserting
material gives greater scope for adjusting composite system
properties such as the effective thermo-optic coefficient
of zero, ideal for zero temperature gratings [22, 23]. The
recent demonstration of microfilling a structured optical
fibre with three separated laser dyes around the core of
the fibre [24] reveals the full potential of structured fibres,
particularly bringing the speculative prospect of the “lab-
in-a-fibre” [25] closer to reality. Grating technology will
inevitably contribute to such functionality—it will, as noted,
also benefit the separation of temperature measurements
with the grating, the most immediate area where practical
progress using structured optical fibre gratings will likely be
seen.

2. Structured Optical Fibres and
the Evanescent Field

Figure 1 illustrates three contemporary examples of interest
to the sensing community: the first is a single mode “pho-
tonic crystal fibre” [27] (so-called because of the periodic lat-
tice although diffractive effects are clearly observed at short
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(b) (c)

FIGURE 1: Examples of common structured optical fibres into which gratings have been written: (a) low loss (<4 dB/km) 4-ring all-silica
photonic crystal optical fibre; (b) 12-ring photonic crystal fibre with triangular core and photosensitive, high NA step-index germanosilicate

centre; and (c) a simple Fresnel fibre.
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Figure 2: All-fibre add-drop acetylene reference cell using a
photonic crystal fibre (a). Spectra for both single pass and double
pass of the cell are shown (b) [26]. (EDF-erbium doped fibre source,
OSA-optical spectrum analyser, SMF-standard single mode fibre
smf 28, PCF-photonic crystal fibre: scanning electron microscope
image of cross-section shown above y-axis).

wavelengths—see, e.g., [28, 29]); the second is a photonic
crystal fibre with a highly nonlinear and photosensitive core
surrounding by a triangle of silica which supports an unusual
additional mode, and the latter is a Fresnel fibre [30], where
propagation is diffractive and the mode peak intensity is

(eV)
24 225 21 195 18 165 15 1.35 1.2

0.5 |

Absorption
(=1
O
o
T

700 800 900 1000

Wavelength (nm)

F1GURE 3: Absorption measurement of PCF containing a porphyrin
thin film deposited on the surfaces of its holes in DMF: (length =
50 cm, absorption rescaled to 25 cm) the typical Q-band (559 and
599 nm) is observed along with a new near-IR band (660-930) nm.
Numerical simulation is shown in red for a typical charge transfer
band. More details can be found in [5].

surprisingly well localised in the hole centre. Perhaps more
interesting still, light is partially focused at the output [30—
32], from which small phase zone plates can be fabricated
[33].

An important consideration for exploiting the structure
within these fibres is the penetration depth, and overlap
integral, of the evanescent field within the holes. Within a
conventional photonic crystal fibre (a structured fibre with
a regular periodic array of holes determining the cladding
without necessarily having significant diffractive effects at the
sensor probe wavelength), the evanescent field overlapping
with the holes is a key determinant of the effective interaction
lengths possible. A typical “endlessly single mode” fibre
usually has an overlap integral that is too low to be of
significant use so the air fraction tends to be increased.
Generally, a few per cent overlap at 1500 nm becomes useful;
the figure increases towards the red and decreases towards
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FIGURE 4: (a)—(f). Numerical simulation of (red) optical localisation in varying hole size within a bandgap Fresnel fibre and (blue) optical
localisation within the silica. As the hole size becomes smaller (a and b), a step-like discontinuity arising from the interface boundary is
observed [34]. There appears to be enhanced field localisation of the evanescent field in addition to that expected from the far-field phase

diffraction of the Fresnel structure.

the blue. Notably, the bulk of the evanescent field lies within
the first 60—100 nm from the surface—it is often not recog-
nised that the probing field is therefore highly concentrated
close to the near field regime, making it an ideal tool for
exploring interface effects but also a potentially problematic
issue when comparing to bulk references. On this scale what
sometimes appears to have no detectable interaction with a
silica surface in free space can sometimes be picked up over
long interaction lengths complicating any analysis that relies
on bulk sample, or indeed short path length, interactions.
Therefore, whilst for many species this is not a problem,
for others, particularly those associated with biodiagnostics
where surface interactions are not unexpected, the issue may
be both problematic and opportunistic. For example, to

highlight this point, an overlap of a few percent is sufficient
to perform numerous sensing and device experiments.
Figure 2 shows a double-pass add-drop all-fibre acetylene gas
reference cell made with a photonic crystal fibre, filled with
low pressure acetylene, and with a few percent field overlap
with the first ring of holes in the near IR [26]. A cross-
section of the fibre is shown for comparison with Figure 1(a).
In this case, there is no observable difference between these
measurements and bulk, consistent with the expectation that
acetylene does not react with the glass surface. On the other
hand, an identical fibre was also used to make the first
direct observation of charge transfer between porphyrins
and silica [5], a molecular interface effect which has not
been previously observed. This added effect generates a large
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FiGgure 5: Near field profile of the end of the Fresnel fibre shown
in Figure 1(c). The centre profile is the end face, and the other
profiles are imaged using an objective lens within and beyond the
fibre, respectively. Complex interfering supermodes are observed
including one with tight optical localisation within the hole.

near IR band (Figure 3) which needs to be considered if
porphyrins are to be used in biodiagnostics that operate in
this region, for example.

A solution for writing gratings is to introduce a pho-
tosensitive core, as in the second example illustrated in
Figure 1(b). This is often done by preparing a standard
optical preform using MCVD and then etching out the core
(typically close to Imm in diameter) before inserting into the
structured optical fibre preform. Whilst this process clearly
introduces a standard photosensitive core and makes grating
writing easy, the benefits of single-material fibres are lost
and the added complication of further confinement away
from the holes by a step index needs to be dealt with. This
latter problem can in part be handled by making the photo-
sensitive region much smaller than the effective mode field
diameter and, consequently, such fibres often have smaller
cores.

Numerical simulation of a Fresnel fibre with decreasing
hole size in the centre that showed a highly localised peak
intensity within the hole is possible once subwavelength
dimensions were reached [34]. This localisation arises as a
result of the impedance matching required at the interface
between two materials of different refractive indices and on
the lower index side the electric field, E, scales as the square
of the ratio of the index contrast, n;/n, (E proportional
(n1/n2)*. The higher the index contrast the more significant
the effect—in silicon photonic crystal waveguides this forms
the basis for very sensitive nanoparticles detection and
biosensing on a chip [35-38]. Figure 4 shows the simulation
for the Fresnel fibre. In any case, optical localisation over the
hole is observed experimentally at larger sizes attributed to
the diffractive properties of the Fresnel fibres [30-32]. Other
work also supported very tight optical localisation within a
silica structured photonic crystal fibre using a subwavelength
hole [39]. All these forms of optical localisation phenomena
have significant potential for enhancing sensitivity in many
applications that require small volumes and high interaction
with optical fields, such as biodiagnostics applications. For
example, localisation of light is central to developing metal
free optical microscopy both in the far and near fields [40].

Journal of Sensors

Figure 5 shows the near field profile of experimentally
observed localised light within a Fresnel fibre (Figure 1(c))
with a central air hole which is smaller than the effective
mode wavelength. Also observed is the ring mode associated
with the silica ring region around the central hole, as
expected from simulation. There is evidence that the two
localised propagating fields (modes) interfere every 80 ym
within this fibre sample. The localization of the evanescent
field within the central air hole is difficult to observe since
the resolution is diffraction limited. In contrast to so-called
“photonic bandgap” fibres, a key advantage of this type of
optical field is that there remains sufficient silica in the
surrounding ring into which useful gratings can be written
(shown later). (These “photonic bandgap” fibres are essen-
tially diffractive fibres with only a partial bandgap; the index
contrast is usually too small to have anything more than
a small angular stopgap, which is analogous to diffractive
fibres such as Bragg and Fresnel fibres.) These gratings can
therefore be used to perform additional spectrally selective
monitoring of samples probed by the high field within the
central hole (in contrast to the much poorer overlap in the
cladding holes). Quasicrystal fibres such as Fresnel fibres rely
on simplifying the design based on the circular nature of
the waveguide. Periodic lattices associated with 3D structures
are unnecessary—instead designs based on omnidirectional
filters allow much broader stopgaps. For example, the fibre
in Figure 1(c) has a bandgap over 1000 nm wide [41]. These
fibres also lead to significantly lower losses since the resonant
coupling between interstitial regions (both in terms of optical
field within and or at the interface of the glass regions,
perhaps as surface modes) is reduced, as discussed later.

From the few examples illustrated above, the potential
and challenges of structured optical fibres, which can
generate complex propagation, can clearly benefit by the
inscription of wavelength selective components such as
Bragg gratings. Grating writing, therefore, within nonpho-
tosensitive, pure silica, single material fibre becomes of
paramount importance if many of these unique features
are fully retained. In this particular paper, the focus is
on specific silica-based Bragg grating technologies that
address new directions in the temperature/strain challenge of
optical fibre sensor gratings in conventional and structured
optical fibres. This will serve to highlight the potential to
sensing.

3. Temperature and Strain

Grating sensors rely on a shift, Alg, in the resonance
wavelength, Ap, arising from either strain, ¢ = Al/,
and/or temperature, T. This is because ¢ affects a change
in resonance through both spatial changes in period, A,
and refractive index, n, whilst T largely affects a refractive
index change (although this is also affected by changes in
stress between the core and cladding as a result of different
thermal expansion coefficients, which in turn affects the
stress contribution to refractive index change). In general,
the relationship which binds strain and temperature with
the grating resonance wavelength can be described simply in
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one equation (see, e.g., [42]):

My _An A
W - 7 X =(1-p)e+x«T, (1)

where p is the elasto-optic coefficient of the fibre, and « is
the thermo-optic coefficient. The particular expression for
studying specific stain parameters introduced by pressure
can be obtained by noting Poisson’s ratio and expanding the
series if necessary. This expression forms the basis for nearly
all Bragg grating-based optical fibre sensor applications.

4. Conventional Step Index Fibres

For nearly all practical cases using conventional silicate-
based optical fibres, it is assumed that the fibre parameters
are approximately those of pure bulk silica, which are well
known (p ~ 0.22,k ~ 5x 107°). If the tolerable experimental
error bars are sufficiently large, or a self-calibration reference
is implemented for each sensor, then this is an acceptable
approximation. However, it is just that—in reality, the actual
response profiles that are obtained cannot be fitted so
nicely by such a simplification—estimates of both strain
optic and thermo-optic coefficients based on optical fibre
work therefore often vary noticeably not only from bulk
measurements but also between laboratories. This may come
as a surprise, but this variation cannot be readily calibrated
out using a universal standard—each fibre is genuinely
different depending on how it was fabricated, by whom (an
element of black magic sometimes comes into play!), what
dopants are employed, and sometimes by what lathe system
is used. In practice, there is an additional term that affects
the values to (1)—frozen in mechanical pressures and strains.
For instance, the axial strain generated by the fibre drawing
process alone can be described as [43, 44]

- B n. __E
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where F = drawing force/tension, h = viscosity, and E is the
Young’s modulus. This strain increases with drawing tension,
viscosity, or decreasing E. Consequently, the processing
history becomes important in determining the optical fibre’s
mechanical properties, which are in turn dependent on the
type and quantity of dopants used. These dopants also clearly
affect the local refractive index of the core and, therefore, the
confinement of the optical mode which in turn affects the
measurands.

For most normal optical fibres made from germanosil-
icate, for example, optical fibre drawing conditions are
selected that happen to produce a certain range of tensile
stresses arising from the fact that conventional fibres are
composite systems determined by two differing glass com-
positions between core and cladding. It is entirely possible
to obtain the reverse—mechanical stress can be of opposite
sign and exceed magnitude of thermal stress and lead to

compressive stress at the interface depending on preparation
conditions, impurities, and dopants [45, 46]. For example,
under very high drawing tensions, compressive stresses can
be generated.

Equally important to the frozen-in mechanical stresses
are the subsequent thermo-elastic stresses arising from
differences in thermal expansion coefficient between core
and cladding. The expansion coefficient for SiO, is typically
~ 0.55% 10~ but this can be changed substantially by adding
dopants. Adding 20 mol% of GeO; increases this to 2.8 x 10°°
whilst adding only 12 mol% of P,Os increases this to 2 x207°,
This changes the temperature dependence of the fibre and in
combination with the effects of frozen-in mechanical stresses
means even fibres with identical recipes can vary between
each other substantially. Table 1 summarises some of the
thermal expansion coefficients, «, per mol % of common
dopant added [47]. Interestingly enough, using materials
with large negative expansion coefficients in sufficient con-
centrations can open up pathways to designing glass hosts
that have reduced, zero or negative temperature dependence,
an alternative to subsequent mechanical tensile stress—
based packaging of optical fibre Bragg gratings currently
sold commercially. Not considering the frozen-in mechanical
stresses, only 5mol% of TiO, is required to cancel out
the positive temperature dependence of SiO,. Of course,
an important consideration is whether the dopant can be
readily introduced and whether it will impact on the desired
properties of the optical fibre, including photosensitivity.
For this latter case, the almost ubiquitous material chosen
is GeO, and often codoped with B,Os to facilitate better
mixing into the silica glass network and to lower the
refractive index step. Standard grating writing within these
fibres takes advantage of highly coherent frequency doubled
Ar* lasers to generate arbitrary grating profiles using a
computer controlled free space interferometer. This level of
sophistication was developed for the telecommunications
industry where alternative filters to etalon-based thin films
were needed to achieve superior performance. Inevitably,
such technology would find applications in chemical sensing
diagnostics since a filter designed to filter out a specific
molecular absorption or emission band can be readily made.
This has been particularly useful already for those species
with overlapping bands in existing telecoms windows, such
as OH a problematic source in spectroscopic studies of the
night sky. Fibre grating filters promise to displace current
thin film etalon filters [48], for example.

For active sensor devices based on rare earth ions,
it is often preferable to avoid these dopants since they
have a deleterious impact on the longevity of the upper
level lifetimes crucial for laser and amplifier performance,
particularly in codopeded systems such as Er**/Yb*" that are
more exposed to phonon decoupling. For these, preferable
dopants include P,Os for reduced decoupling of the upper
level excited states although at the expense of higher
scattering losses and lower fibre thermal tolerance. For higher
power laser operation and power handling generally, Al,O3
is the preferred dopant. Mixing and phase separation are
two important considerations when optimising optical fibre
functionality because the issue of loss is critical for most



TaBLE 1: Thermal expansion coefficients (per degree Celsius) for
common glass dopants used in conventional optical fibres.

Dopant a (x107%/mol%)
P,Os 1.3

GeO, 0.7

B,0s 0.7

F —-0.02

TiO, -1.0

functional applications, especially long distributed sensor
systems that consist of numerous components.

Another important dopant that has not been considered
in detail in the past (at least with respect to grating writing)
is OH impurities. OH impurities are known to give rise to
compressive stresses [45, 46]. It is almost certain that the
formation of OH acts to create an internal pressure within
the glass that can help offset tensile stresses, if not exceed
them. The ramifications for a well-known photosensitive
enhancing procedure—hydrogen loading—are significant.
OH formation is often a by-product of conventional grating
writing and its formation conveniently accounts for the
induced index changes through Kramers-Kronig analysis
[49]. The effect of mechanical stress within the fibre is
not widely considered. On the other hand, it seems highly
plausible that this mechanical effect contributes substantially
to the total index change possible by alleviating the stresses
that might otherwise restrict normal type I grating formation
(where stresses have been observed to increase directly at
the core-cladding interface [50, 51]). Furthermore, it seems
crucial that this effect takes place for type Ip (or type IA)
positive gratings [52]. There is no doubt that the complexity
and range of grating writing opportunities [52] across the
type I spectrum are dependent on all these processing
conditions and dopant properties. If this insight is correct, we
can actually begin to make predictions of additional effects
one might expect using other dopants, for example, Cl is
also known to reduce the thermal expansion coefficient of
the core [53, 54] and is a standard drying material used in
MCVD optical fibre fabrication. If used appropriately, axial
stress during fibre fabrication may be reduced. If standard
germanosilicate optical fibres are considered, by reducing the
total frozen-in stresses into the final fibre, it is likely that
the photosensitivity of type I gratings can be substantially
optimised, with potentially important outcomes such as
improved thermal stability. Likewise, the impact on higher
processed gratings such as negative index gratings and
regenerated gratings bears consideration.

Clearly, in addition to changing the mechanical and
thermal response parameters of a fibre Bragg grating, there
remains substantial scope for tailoring the photosensitive
response of conventional optical fibres. Conversely, there
has been considerable work in tailoring the grating writing
process itself to the medium—the advent of 193 nm laser
applied to optical fibre Bragg gratings, in particular, extends
the application to many other materials, including important
phosphosilicate and aluminosilicate systems that benefit fibre
lasers [59-61]. New lasers, especially femtosecond lasers
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FIGURe 6: Temperature performance of a regenerated grating
(10% T) in a telecom matched photosensitive germanosilicate core
optical fibre. Two full cycles from room temperature to 1295 °C are
shown [55].

that depend less on the dopants and more on the damage
threshold to affect index change [62, 63], promise to have a
similar impact. Below the damage threshold, the exploration
of photosensitivity into other materials for conventional fibre
Bragg gratings has meant that in parallel a large number of
new processing recipes allow the properties of Bragg gratings
themselves to be tailored substantially—for a review of these
photosensitive mechanisms see [52].

Most conventional fibres, therefore, have an inbuilt stress
(or pressure) that adds or detracts to the actual sensitivity
of the component. The strain and temperature curves as
a function of applied pressure will in all likelihood vary
across fibres from recipe to recipe and composition to
composition, a problem that raises interesting challenges
for the definition and measurement standards, international
bodies must eventually determine if there are to be universal
generic sensor elements. Differences between laboratories
are often attributed to arising from variable experimental
parameters rather than, potentially, from differences in the
mechanical and thermal parameters between fibres.

4.1. Extreme Gratings. As an illustration how conventional
optical fibres remain far from exhausted in terms of novel
research and direction for grating sensors, and how little is
still understood in terms of the underlying photosensitive
mechanism of even the most thoroughly investigated type
I gratings, it is worth examining recent reports of gratings
in conventional fibres that survive repeated cycling at
ultrahigh temperature (>1000°C) [55, 64, 65]. These so-
called regenerated gratings presently outperform all other
gratings—despite the expansive growth in new writing
recipes and formulations, these results were obtained by
taking ordinary type 1 gratings and thermally processing
them with an appropriate recipe where the temperature
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FiGure 7: Observed bend loss as function of bend radii for (a)
regular photonic crystal fibre and (b) “fractal” (or chirped Fresnel)
fibre [56].

is ramped to ~ 9000 °C and the regenerated grating allowed
to evolve. The final regenerated 5mm long grating can be
as strong as 25% transmission and can be cycled repeatedly
as high as a temperature of 1295°C with full recovery
at room temperature [55], as illustrated in Figure 6. The
grating can outlast the fibre itself, that is, whilst the fibre
becomes brittle at such temperatures and often breaks, no
observable impact on the grating spectra is noted. A simple
diffusion model alone, based on hydrogen bonding and
oscillating reactions, therefore, seems unlikely to suffice to
explain these results. H is crucial for any diffusive process,
particularly via OH transfer. One argument rests on the
formation of molecular water as a mean of displacing
oxygen, which would not normally be possible [64], based
on a modified oxygen diffusion model [66]. However, such
a transfer implies that substantive oxygen-deficient silica
is created, which would likely lead to a crystallisation of
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FIGURE 8: Grating in pure silica single material photonic crystal
fibre [57]. Some evidence of birefringence (< x107°) is observed
in this example.
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FIGURE 9: Reflection spectra of a 5dB strong grating within the
Fresnel fibre shown in Figure 1(c) [58]. The optical intensity of a
propagating mode peaks in the core hole.
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silicon or structural transformation to a larger bond angle
polymorph, both of which would give rise to large scattering
and large index changes. Alternatively, the seed grating with
hydrogen allows a different glass quenching and relaxation
to occur in the processed regions that give rise to, perhaps,
a crystallised or amorphous grating structure of similar
tetrahedral properties. This remains the subject of ongoing
work. Nevertheless, these gratings can now be applied to
ultrahigh temperature applications including temperature
monitoring of smelters, furnaces, and engines.

5. Single Material Structured Fibres

Equation (1), along with the discussion above, would suggest
that single material optical fibres will have much less vari-
ability to parameters and, in particular, the effective thermo-
optic coefficient should be lower. The possibility that such
fibres might form the basis for more reproducibility between
laboratories, amongst many other applications, makes the
idea of single material fibres especially attractive. This
reduced temperature dependence of such fibres has recently
been verified many times in many ways, not only with Bragg
gratings, but also for long period gratings in single material
photonic crystal fibres [67] and, particularly attractive,
linearly and spun birefringent photonic crystal fibres and
devices utilizing them [68-73]. Modal interferometers using
a short length of single material photonic crystal fibre [74]
have also been used as a temperature insensitive strain
sensor [75]. Specifically, structured optical fibres based on air
holes running along their entire length have one other key
advantage not possible with conventional fibre technology
based on dopants. Essentially, step index propagation can be
achieved by a reduced average cladding index determined by
the distribution of air holes.

The structured optical fibre is made up of so-called leaky
modes where the normal confinement boundaries defining
modes in convention step index fibres are less defined
because there is leakage between the holes. In perfectly
periodic lattices this leakage translates into coupling between
the interstitial regions, both in terms of optical field within
the region and the optical field at the interface (sometimes
described in terms of surface modes), and the surprising
possibility of having complex cladding supermodes with
close to equal or, in some cases, higher effective index than
the core mode. In fact, this problem is almost certainly the
reason why in terms of low loss fibres one would not use
a periodic structure. Bend loss in particular is significantly
worse for a periodic lattice fibre than even conventional
step-index fibre with substantially lower NA (this beggars
the explanation of what NA means in such fibres?). On the
other hand, by removing the periodic lattice and preventing
interstitial optical coupling of light, quasiperiodic or other
nonperiodic Fresnel and “Fractal” fibre designs have been
shown to reduce bend loss so effectively that they outperform
conventional fibres. Zero bend loss is possible [56], as shown
in Figure 7. For many sensor and other device applications
this is a highly desirable property and allows tight bending
of optical fibres. This net result also shows fundamentally
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the difference between higher-order modes and fundamental
modes within photonic crystal fibres—the loss differential
can be huge.

Given that, in the first instance, the fundamental leaky
mode of the structured fibre has a k vector along the fibre axis
and therefore the role of leakage loss is somewhat suppressed,
the fundamental mode may not be so distinctive in behavior
to that of the step index analog. This forms the justification
for the step-index approximation of simple structured fibres
where the cladding index is, on average, lower than the core
index. In contrast, when higher-order modes are present
they will be significantly affected by leakage loss and greater
access to the evanescent field within the holes—a property
which opens up new opportunities for sensing applications.
For example, because the difference between index and loss
is large between the fundamental and higher-order mode
of a two-mode structured optical fibre, it is possible to
exploit this to create an internal reference for a Bragg grating.
This was done using, instead, an active grating structure in
the form of a DFB fibre laser [76]. Equivalent intermodal
interference within photonic crystal fibres has also been
demonstrated [74], and this needs to be considered when
short devices are fabricated.

The ability to write gratings in single material fibres
was first demonstrated using 193 nm from an ArF laser
[57]. A key challenge that needed to be overcome was the
large attenuation of the writing beam through scattering of
the lattice structure—a comprehensive description of these
processes can be found in [77]. Figure 8 shows the first such
grating in a regular photonic crystal fibre (similar to that
in Figure 1(a)). An immediate advantage is the absence of
cladding modes since the index is not confined solely to
the core. For conventional fibre technology, a photosensitive
matched cladding needs to be custom designed to achieve
a similar result. Figure 9 also highlights another important
example—a 5 dB strong grating within a Fresnel fibre [58].
Although the optical mode has a large amount of optical
filed interacting within the hole, the fibre design is such that
there is sufficient propagation within the silica ring region
into which the grating is inscribed so as to see the grating. By
making the field smaller the optical localisation of evanescent
light into the hole can be exploited for extremely sensitive
biodiagnostics and chemical sensors.

5.1. Temperature Response

5.1.1. Fresnel Versus Photonic Crystal Fibre. Figure 10 shows
the relative wavelength shift of a Bragg grating written
by 2-photon excitation within a single material all-silica
Fresnel fibre (Figure 1(c) and Figure 8) and a similar single
material, single mode, all-silica 4-ring photonic crystal fibre
(Figure 1(a)) as a function of temperature [58]. Below
100°C the Fresnel fibre has a slightly higher temper-
ature dependence, or effective thermo-optic coefficient,
(1/n1efr1) (Onefr1 /OT) = 7.8 x 107%/°C compared to the
photonic crystal fibre of 6.5 x 107%/°C, although both are
very close to that of pure silica ~ 6 x 107%/°C [47]. There
is a quadratic dependence on this effective thermo-optic
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coefficient, which is particularly pronounced for the Fresnel
fibre. This is directly attributable to mode field confinement
by the air holes as the index of the glass changes and, hence,
great care must be taken when interpreting and comparing
the temperature dependence between structured optical
fibres. The apparent observation of a sharp transition within
the Fresnel fibre may characterize a cut-off condition for
propagation which is especially sensitive in the Fresnel fibre
given the larger dependence on diffractive propagation. As
noted previously, the role of surface optical field localization
also remains unclear.

The illustrated results reflect, overall, huge scope to
adjust both the fibre design and fibre parameters and control
properties such as the temperature dependence. This can
be applied to enhance various configurations of thermally
tunable devices using structured fibres, active or passive, and
gratings, for example. For sensing applications this control
over the temperature dependence can be used to help sep-
arateing the intertwined relationship between temperature
and strain. Single material fibres have other advantages, for
example, given that the index contrast with air is sufficiently
high, properties such as form birefringence can be readily
introduced into these fibres. Form birefringence within a
single material fibre is free of the temperature problem
associated with two materials of different thermal expansion
coefficient—fibre that has a zero temperature dependence of
birefringence from—20 to +800 °C has been demonstrated
[68]. These results were extended to a spun version of
this fibre [72] which has important applications, amongst
many, within electric field sensors and gyroscopes, where a
critical parameter is packaging to isolate the system from
temperature fluctuations. These two can be combined with
Bragg gratings for enhanced and multifunctional properties.

5.1.2. Fundamental versus Higher-Order Modes. The stronger
evanescent field interaction of the higher-order with the air
holes can allow the fundamental mode to be used as a relative
reference arm, an attractive all-in-one fibre solution. This
possibility was recently extended to DFB fibre laser operation
where lasing could be obtained on the fundamental mode
or the higher-order mode, using a doped aluminosilicate
core to further confine the fundamental mode away from
the holes [56]. Such active grating structures allow enhanced
resonance detection of many measurands, for example, it
is an important approach to make optical fibres sufficiently
sensitive for undersea acoustic detection [78, 79]. Below
the lasing threshold, such a structure was used to study
strain and temperature within structured optical fibres [80].
The effective indices of the two modes give rise to two
distinct grating peaks (Figure 11). The modes are determined
by the corresponding fractional powers (1) of each mode
within the higher index doped region (0.002) and in the
surrounding silica. Leakage phenomena play an important
part in determining and defining the mode field radius and,
therefore, the fractional distribution of light of the modes
either in the doped core or in the silica. Those modes
with large transverse vector components will be sensitive to
changes in the hole shape and stress between the holes in the

g e
o o

Normalised intensity
N
NS

o
o

0 ; . . ;
1530 1531 1532 1533 1534 1535 1536
Wavelength (nm)

FIGURE 11: Transmission spectrum of a two-photon written Bragg
gratings within a two-mode 4-ring photonic crystal fibre. (1)—
fundamental mode; (2)—higher-order mode and the dip in the
centre is some cross coupling between the two arises from some
asymmetry in transverse profile of the induced index change [80].

structure arising from, for example, tensile or compressive
stress applied along the fiber.

But it is also clear that this sensitivity will depend on
air fraction, the regularity of the lattice, the constituent
materials, and the type of index guidance. For example, the
Fresnel fibre described earlier has much less air fraction,
no regularity, is single material all-silica, and the mode
is largely determined by diffractive guidance even for the
fundamental mode rather than an average step-index like
effect. On the other hand, related diffractive coupling loss
is a characteristic of regular photonic crystal fibres with
the smallest microbends. Therefore, a comparison of both
temperature and strain effects of the fundamental mode
within a single material Fresnel fibre and a single-material
photonic crystal fibre will further illustrate just how much
flexibility in design exists by controlling structure alone.

From Figure 11, the transmission spectrum of a 4-
ring photonic crystal fiber with a fibre grating has two
reflection bands corresponding with the two modes it is
designed to support, one at longer wavelengths (1535.2 nm)
for the fundamental mode, and the other ~ 4nm at shorter
wavelengths for the higher-order mode. Figure 12 shows the
obtained temperature dependencies for each mode—both
grating transmission bands are found to have a similar linear
variation with temperature. These results are in accordance
with the material properties of the fiber, since the thermal
expansion coefficient, asioz, of the fiber (asion ~ 0.55 X 10°¢
for silica) is an order of magnitude smaller than the thermo-
optic coefficient—for germanium-doped silica core fiber this
is (1/71ef) (One/0T) ~ 8.6 X 107, which serves as a reference
value [81]. From the grating response as a function of tem-
perature, the fundamental mode wavelength dependence is
0Ap1/0T = 19.72pm/°C, and for 1535.2 nm of dAp,/0T =
20.14pm/°C. These correspond to (1/7ef)(0nem/0T) =
12.9x107°°C™", and (1/nem ) (0nem/9T) = 12.8x107°°C™'
which are nearly double that of pure silica although similar
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FiGure 12: Temperature dependence of the two modes of the fibre
described in Figure 11 [80].

to doped optical fibres. This larger value is due to the Er’*-
doped aluminosilicate core, and it is not surprising that the
higher-order mode, which sees more silica, has a slightly
lower value. Therefore, the composite system behavior is
expected on the basis of constituent component materials.

5.2. Strain Dependence. In contrast to the temperature
dependencies, there is a difference between the fundamental
mode and the higher-order mode of the previous Er’*
doped aluminosilicate photonic crystal fibre. The observed
shift with applied strain in the Bragg wavelength corre-
sponding to the fundamental mode (Figure 13) has a linear
behavior (dAg1/de = 1.2 pm/pe). However, the shorter Bragg
wavelength, corresponding to the higher-order mode, has
nonlinear behavior described by a quadratic dependence.
Unlike conventional fibers, the higher-order leaky modes (in
particular) of a photonic crystal fiber are sensitive to changes
in stress between the holes and both the hole size and shape
as well as the ratio of the hole diameter over the hole pitch,
d/A [82]. The compression of the first ring, in part arising
as the solid core resists the compressive force, leads to an
increase in d/A with positive strain (applied tension). This
problem is a well-known one that also contributes to hole
deformation of the first ring during fiber fabrication if not
addressed [83]. By increasing d/A, the modal confinement
loss decreases, leading to improved confinement of the mode.
This alters the fractions of power, #, in the center of the core
and in both the silica ring and cladding. Since the effective
index is dependent on this fraction, there is an additional
shift in the Bragg wavelength (A3 = 2n.rd) that deviates
the curve from linearity. Given that the changes are based
on circular confinement and therefore mode area, to first
approximation a quadratic dependence (A oc ae + be?) is
expected and observed [80]. The strain-optic coefficient,
therefore, reduces to dAzi/de = a + 2be. Further, the
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the Er’* doped, aluminosilicate dual mode photonic crystal fibre. A
quadratic dependence is observed for the higher-order mode [80,
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grating strength is also dependent on this fraction [k =
tanh*(m A vLy/A) and we expect to observe a change in
grating strength as a function of strain. The air structure itself
becomes integral to defining the material properties and in
this context is indistinguishable from a composite material.
Therefore, the whole medium can be considered a unique
super-structured material (SSM) with properties that can be
tailored by tailoring the refractive index in a way analogous
to tailoring the atomic distribution of constituents and their
fractions in composite systems.

In contrast to this fibre, and despite the large interaction
of the sensitive fundamental diffractive mode with the
structure given its reduced confinement and the absence of
an insulating step index core, the Fresnel fibre has a linear
dependence with strain, as shown in Figure 14 [58, 84]. This
is explained by the very low air fraction and the irregular
arrangement of holes that prevent a sponge-like structure
susceptible to compressive effects that sufficiently affect the
mode overlap with the holes.

The most obvious application of this work is to enable
a simple distinction between strain and temperature from
the perspective of controlling strain instead of temperature.
The ability to remove, or unravel, the strain contribution is
a key problem in fibre sensing with gratings generally and
structured optical fibres offer a unique pathway to resolving
this.

6. Refractive Index Measurements Using
Photonic Crystal Fibres

As a consequence of the high core-cladding index contrast,
the contribution to mode propagation from, for example,
a periodic arrangement of holes is negligible when the
wavelength of light is larger than the bridge thickness
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FiGure 15: Refractive index measurement of the water and ice 1 h
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between the holes but smaller than the core diameter. On the
other hand, for less confined modes or when the wavelength
of light is commensurate or smaller than the interstitial
hole spacing, as well as the core size itself, a periodic lattice
provides phase conditions that allow coherent scattering
of light and therefore diffractive confinement [85]. This
resonant phenomenon has been observed in bending loss
tests where light leaks out from the core and is launched into
the cladding, generating a short wavelength cutoff in the fibre
transmission band [28]. Given that this property is unique to
periodically structured optical fibres, it can be exploited in a
unique fashion to measure the properties of what is placed
into the holes.

The short wavelength cutoff is sensitive to the perturba-
tions applied to the fibre as well as the index of the material
within the hole. In fact, such regular coupling of light
between the interstitial regions of a regular lattice structured
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fibre plays a key role in high bend loss characteristic of such
fibres [56]. The best way to prevent this is therefore to remove
the crystalline regularity of this lattice thereby spoiling the
coupling—zero bend loss has been demonstrated using a
chirped Fresnel fibre (or fractal fibre) [56]. Such optical
fibres were also ideal as the basis for tapered structured
fibres for efficient metal free near field microscopy [86], an
important tool for diagnostic analysis which removes the
problems of plasmon coupling in metal coated tips.

A 1D variation of this diffractive scattering problem
was observed within air-clad optical fibres. It arose from
the regular corrugations of the surrounding air hole ring
[87]. These particular fibres are especially important for
astrophotonics and imaging applications because they can
have extraordinarily high numerical apertures as a result of
approaching the idealised air ring fibre. Recently, careful con-
sideration to the effect on focal ratio degradation (FRD) was
reported [88]—whilst no significant impact from diffractive
scattering was noted, scattering generally off the corrugated
surface was observed to give rise to degradation in FRD.

For the crystal lattice fibre, the corrugations associated
with densification gratings produce the necessary coupling
to the lattice through scattering [29]. The condition for the
wavelength dependence of this scattering will be sensitive to
what is in the air channels—in effect a diagnostic tool for
measuring refractive index is possible. The refractive index
of ice was measured this way, confirming how a simple
Bragg condition suffices to describe the processes at short
wavelengths. Therefore, the refractive index of the material
within the holes, 1y, is given by [29]

Hcore cOS[sin ™1 (Am/2nA)] — xsio, 1sio,

ny = (3)
Xn

where fdadding = Xnfh + XsioaMsioz, Xsio2 and xj are the
fractions of silica and holes that make up the cladding, m
is the grating order, A is the lattice pitch, and nsio, is the
index of SiO,. Figure 15 shows the calculated refractive index
of water determined from the transmission band edge shift
in the visible to longer wavelengths as a function of temper-
ature. Freezing is observed to occur at a lower temperature
than zero, ~ —3°C, consistent with very high pressures
induced within the microchannel. To lower the m.p. of ice
by such an amount requires a local pressure >30 Mpa [89],
giving an indication of the high effective pressures that can
be generated within micro-and nanocapillaries of ice 1h,
which has ~9% volume increase from the liquid state. This
has important implications for micro-and nanofluidics. The
calculated refractive index for the frozen ice is in agreement
within error with that of ice 1 h as expected.

It is also possible to determine the refractive index of
a material within the holes by monitoring the effective
temperature dependence of an inscribed grating—the index,
and its temperature dependence, can be extracted from the
effective thermo-optic coefficient (or dn/dT) of the fibre and
its effective overlap derived form reference samples used to
calibrate the sensor. Such a method was used to determine
the thermo-optic coefficient of perfluoroheptane, which was
not available in the literature [22]. Figure 16 shows the
measurement of effective index change as a function of
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FiGurk 16: Effective index determined from shift in Bragg wave-
length as a function of temperature. Heptane is used a reference to
determine the actual dn/dT of perfluoroheptane as [22].

temperature for both the unknown perfouroheptane and the
known heptane. Substituting H for F in heptane significantly
reduces the negative thermo-optic coefficient of the organic
molecular system.

7. Other Examples Based on
Filling Structured Optical Fibres

Filling of structured optical fibres has already produced
simple but interesting all-fibre results. These include the
demonstration of substantially enhanced stimulated Raman
scattering (SRS) within a photonic bandgap fibre using
hydrogen gas [90]. Simply using structured fibres as a cell
for direct optical detection of gases such as methane and
acetylene has also been demonstrated [91, 92]. For these
latter applications it is clear that side access of the fibre, either
by etching, laser ablation [93-96], or ion beam processing
[97] will become important. Straightforward functional
devices using liquid crystals have also been demonstrated,
some of which have already been described earlier. A critical
factor in taking this relatively straightforward approach to
device fabrication to another level that truly differentiates
structured optical fibres has been the development of
selective filling, initially by filling the core only of a diffractive
Fresnel fibre [98]. The techniques for allowing this to be done
laid the foundation for the first true material engineering
of an optical fibre by superposing the properties of three
different materials without mixing them [24], a critical step
to demonstrating the feasibility of lab-in-a-fibre technology
[25] where multiple functionality, perhaps using all the above
examples in the one fibre along with gratings and various
other components, becomes possible. Optical localisation
at the interface may play a critical role in condensing the
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feature sizes possible within a complex lab-in-a-fibre system,
including the incorporation of semiconductors, polymers,
and soft glasses to help raise the index contrast. A schematic
of the potential lab-in-a fibre system is shown in Figure 17.

8. Conclusions

The purpose of the paper was to highlight some of the
properties of the new generation optical fibres and grat-
ings that are coming to fruition whilst also showing that
conventional fibre technologies retain huge potential for
further development. Starting with step index structured
fibres [20], through to proposed Bragg bandgap fibres [99],
demonstrated in structured form [100], to the step-index
crystal lattices developed in a similar direction [101] and the
subsequent bandgap fiber experimental results [102] based
on theoretical designs [103], with later experimental results
more convincing [104], to the quasicrystal, zone plate Fresnel
fibres [30-34, 84, 105], structured fibres have the potential
for extending optical fibre capability well beyond conven-
tional technologies. Nevertheless, the literature database for
both conventional and structured optical fibres is now so
large and rapidly growing that it is impossible to do fair
justice to all examples developed. The select few chosen here,
largely air-structured fibres, are aligned with the perspective
of exploiting these new trends.

Material science is clearly an increasingly important
determinant for application specific devices and systems.
Given the wide exploration space into new materials,
especially soft glasses and polymers, the paper has focussed
specifically on silica-related technologies as these remain by
far the most mature and practical with regards to applica-
tions within the sensing industries. However, in some areas
these other materials (ranging from disposable and soluble
cellulose fibres for biodiagnostics [106] through arbitrary
structured fibre cross-section using polymer extrusion [107]
to soft glasses for infrared operation [108, 109] through to
semiconductor optical fibres [110] including new silicon core
silica-based fibres [111]) will have an important role to play.
In this respect, it is worth digressing and commenting briefly
on the next material system heralded for fibre Bragg gratings
sensor work: polymer fibres.

Grating writing in other materials is sometimes, in
relation to the work done in silica, contentious. Recent
demonstrations of gratings in polymer structured fibres, for
example, are shown in reflection only because they have been
virtually undetectable in transmission [112, 113], similar to
initial work in regenerated gratings [64]. Further, in addition
to the very large losses associated with these structured
polymer fibres, mostly made of polymethylmethacrylate
(PMMA), there is evidence that the gratings written into
them are made up of periodic UV oxidation of the polymer
in air along the fibre—in addition to observable coloration
with longer exposures, when nitrogen was used to displace
air no gratings were able to be inscribed [113]. In contrast,
however, some interesting results in solid polymer fibre with
a special photosensitiser such as trans-4-stilbenemethanol
[112-115] do promise potential applications in biomedicine
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where some organic compatibility is required. (The issue
of biocompatibility is a complex one that needs full peer
review within the medical community, particularly given the
increased range of materials, and dopants, being proposed
for biomedical applications that often involve invasive pro-
cedures within organic tissue.) This is significant progress
from the first results in polymer fibre [116] where high
propagation losses made implementation impossible. It is
clear, nonetheless, to anyone who has worked in this area
that there still remains enormous materials work to advance
polymer fibre gratings to applications. A key problem that
has to be investigated is deformation and the impact on
long-term performance—this is particularly problematic for
structured polymer optical fibres which have been proposed
by the author and others for LAN networks. On the
other hand, this detrimental aspect of polymer structured
optical fibres has been exploited to make effective point
sensors for the first force measurements within orthodontic
applications [3, 117]. The ability to incorporate polymer
(or other materials including silicon [111]) materials within
and around silica structured fibres, including photosensitive
systems, offers a simple interim solution for biocompatible
applications as well as a viable access route to the large
strain and thermo-optic coefficients of polymers (recall the
use of organic fluids within structured silica fibre for such
effects).

With regards to grating writing in soft glasses, this should
see relatively straightforward success, since index changes
should be easy to achieve using visible laser light to access
the band edge and/or specific defect sites, although little
work has yet been reported in fibre form. The question of
long-term stability, however, will likely pose further material
challenges.

The future of the silica fibre Bragg grating, therefore,
as the lynch pin for optical fibre sensing looks bright. New
writing technologies, such as femtosecond laser processing,
continue to be explored—these enable writing in almost
any material, for example, and the technologies have been
covered in greater detail within other reviews [52, 61-63,
76]. Meanwhile, a structured optical fibre potentially allows,
using both air holes and filled glass systems, unprecedented
custom tailoring of both a fibre and a gratings properties in
terms of genuine composite material engineering. Despite
all these new developments and promises, however, type
I grating writing within conventional fibres continues to
persist as an active starting point for new grating research.
Regenerated gratings that operate in excess of 1200 °C are
a novel highlight. These “conventional” gratings are par-
ticularly attractive as they retain many important practical
features of conventional fibres that the new generation of
fibres has yet to fulfil: low splice losses, low propagation
losses, no interior contamination with breaks, and general
overall simplicity and compatibility with existing mainte-
nance technology. Further, the grating writing process using
CW 244 nm light remains the most commercially accepted
and by far the most advanced, enabling any spectral filter
design for numerous applications. On the other hand, new
structured fibres offer alternative routes to solve many of
the problems of existing conventional fibres. The decision
of which technology to use will depend on whether the
maturity of practical conventional fibre technology can
be outweighed by new functionality that structured fibres
offer for a specific application. The optimistic longer-term
directions for sensing, epitomised by the potential of lab-
in-a-fibre technology, look promising indeed. On the other
hand, for many applications simplicity is central to a working
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design—a good example that also highlights the potential of
structured fibre technology is a simple hydrostatic pressure
sensor based on a grating written into a germanosilicate
core fibre with two large side holes [118]. Simply breaking
the symmetry of the fibre using holes breaks the isotropic
response to hydrostatic pressure and allows induced grating
birefringence to serve as direct, and effective, monitor of
pressure. The sensitivity can obviously be enhanced with a
passive or active resonant structure.
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1. Introduction

Optical interferometers have played an important role in
both fundamental and applied research during the past two
centuries. The famous Young’s double-slit experiment, for
example, provided experimental support to the wave theory
of light which had important consequences in physics, optics,
and science in general. On the other hand, Abraham Michel-
son demonstrated the high resolution of an interferometer
when it is used for metrology applications.

Fiber optics technology offers many degrees of freedom
and some advantages such as stability, compactness, and
no moving parts, for the construction of different types
of interferometers [1-3]. Different types of fibers exist
and can be used to build interferometers. Two different
approaches are commonly followed. One consists of splitting
and recombining two monochromatic optical beams that
propagate in different fibers. These two-arm interferometers
typically require several meters of optical fibers and one
or two couplers [1-3]. The other approach consists of
exploiting the relative phase displacement between two
modes, typically the first two modes like the LPy; and
LPy;, or the HE;; and HE,;. Interferometers based on
the latter approach are known as modal interferometers.
These have inherent advantages when compared to their
two-arm counterparts. Since the modes propagate in the

same path, the susceptibility to environmental fluctuations
is reduced. In addition, one requires controlling only two
or more modes. The compactness and simplicity of modal
interferometers have gained considerable attention in many
research groups. Here we review the different alternatives
reported so far to construct all-fiber modal interferometers
with photonic crystal fibers (PCFs). These fibers are char-
acterized by a complex pattern of microscopic air-holes in
the transverse plane that runs all over the fiber [4, 5]. The
holey structure gives PCFs unique guiding mechanisms and
modal properties that are not possible with conventional
optical fibers. For this reason we focus only on PCF modal
interferometers.

The unique properties of PCFs have intrigued the sensor
community. Many research groups around the world have
investigated different schemes which exploit the properties
or structure of PCFs with a view to developing new optical
sensors. Like a conventional optical fiber the propagation
properties of a PCF can be modulated by external parameters
such as strain, temperature, and pressure. However, they
can also be modulated with liquids or gases infiltrated into
the voids of the PCF, see for example [6]. It is, therefore,
desirable to investigate new schemes which exploit the
properties of PCFs with a view to developing new optical
sensors. The construction of PCF-based interferometers in
particular is interesting owing to their proven high sensitivity
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OSA

FIGUrE 1: The top figures show the cross-sections of polarization
maintaining PCF (top-left) or high birefringence PCF (top-right),
taken from [6]. The bottom drawing is a diagram of the Sagnac
interferometer. OSA stands for optical spectrum analyzer, SMF for
single mode fiber, and PCF for photonic crystal fiber.

and their broad range of applications. To the authors’ best
knowledge, the first attempt to construct an interferometer
with a PCF was reported in 2001 by MacPherson et al.
[7]. They used a dual-core photonic crystal fiber in which
the two cores played the role of arms of a Mach-Zehnder
interferometer. Since then other authors have reported a
variety of interferometers built with different types of PCFs
in which the relative phase displacement between two modes
is exploited.

Two modes can be excited in a short piece of PCF or
standard optical fiber under critical launching and polariza-
tion conditions which is impractical for optical sensing [8—
13]. To overcome these drawbacks, the microstructure of the
PCF can be designed to support only two modes [14], or
to use long period gratings, tapering, or splicing techniques.
The interesting features of PCF modal interferometers built
with the later techniques are compactness, low temperature
sensitivity, broad operation wavelength range, and high
stability over time. All these properties are important for
unambiguous measurement of the interferometer phase, and
hence the parameter being sensed. The different approaches
to build compact modal interferometers with PCFs will be
reviewed in the following paragraphs placing emphasis on
the characteristics that make them attractive for different
sensing applications.

2. PCFs in Fiber Loop Mirrors

One configuration that has been widely explored consists of
a structure where a relatively short length of polarization
maintaining (PM) or high birefringence (Hi-Bi) PCF is
inserted in a fiber loop mirror, see Figure 1. This configura-
tion is also known as Sagnac interferometer. Basically, in this
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FIGURE 2: (a) Theoretical transmission spectrum of a Sagnac
interferometer built with 500 mm of Hi-Bi PCF described in [15].
(b) Fringe spacing as a function of the length of fiber. The period of
a Sagnac interferometer built with PANDA fiber is also shown for
comparison.

interferometer the input wave is split into two by the 3-dB
coupler. The two modes counterpropagate through the same
waveguide and then they are subsequently recombined by the
same coupler. The resulting transmission spectrum is deter-
mined by the relative phase difference introduced to the two
orthogonal guided modes. The phase difference between the
modes depends on the wavelength, the group birefringence,
and the length of the HiBi or PM fiber. The interference
of the counterpropagating modes will be constructive or
destructive, depending principally on the birefringence of
the waveguide. The transmission spectrum of the Sagnac
interferometer is approximately a periodic function of the
wavelength. The average wavelength spacing (A1) between
consecutive transmission peaks is Al ~ A?/(AngL), being
A the wavelength, An, the group birefringence of the HiBi
fiber, and L the length of Hi-Bi or PM PCE An additional
advantage of the Sagnac interferometer is that it typically
exhibits high extinction ratio which is useful to track the
position of the interference peaks.

Figure 2 shows the theoretical transmission spectrum
over 20nm of a Sagnac interferometer built with 50 cm
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of commercially available Hi-Bi PCF which has An, =
8.65 x 107* for A = 1550nm, see [15]. The calculated
fringe spacing as a function of the length of PCF is also
shown. For comparison the corresponding A\ for a Sagnac
interferometer built with PM fiber, commercially known as
PANDA fiber (An, = 3.3 X 107 for A = 1550 nm), is also
given in the figure. Since the birefringence of Hi-Bi PCFs is
in general larger than that of conventional Hi-Bi fibers then
Sagnac interferometers will exhibit much shorter periods
than their counterparts built with standard optical fibers.
This property helps to construct more compact Sagnac
interferometers with PCFs.

Note that the two interfering modes in the Sagnac
interferometers are exposed to the same environment. This
makes the interferometer insensitive to ambient temperature.
Unlike conventional polarization maintaining fibers (bow-
tie, elliptical core, or PANDA), which contain at least two
different glasses each with a different thermal expansion
coefficient, thereby causing the polarization of the propaga-
tion wave to vary with temperature, the PCF birefringence
is highly insensitive to temperature because it is made of
a single material. Therefore temperature-insensitive Sagnac
interferometers built with PCFs are expected. The exper-
iments carried out independently by different researchers
confirmed low temperature sensitivity (~0.3 pm/°C) in this
type of interferometer [15, 16]. The studies carried out on
the thermal sensitivity of Sagnac interferometer revealed that
Hi-Bi and PM PCFs had, respectively, 30 and 45 times smaller
temperature dependence than that of their conventional fiber
counterparts [15, 16].

The development of temperature-insensitive sensors
based on PCF Sagnac interferometers was natural. So far
different sensors for physical parameters such as strain,
pressure or curvature had been demonstrated [15-20]. The
sensitivities of these sensors depend critically on the type
of PCE For example, strain sensors exhibit sensitivities
ranging from 0.23 to 1.2 pm/ue [16, 17] while their thermal
sensitivity is really low, of the order of 0.3 pm/°C. However,
when compared to other fiber-based strain sensors PCF
Sagnac interferometers probably are not really competitive.
They require several centimeters of PCE, from 8.6 to 56 cm,
which is nearly an order of magnitude longer than that
of the popular fiber Bragg grating strain sensors. Another
disadvantage is the high loss caused when splicing Hi-
Bi PCFs to standard optical fiber and the intrinsic losses
of the PCE The overall losses can be of the order of
10dB.

Recently, a novel Hi-Bi photonic crystal fiber consisting
of half region composed by large diameter holes and the
other half containing small diameter holes (see Figure 1) was
proposed for bend sensing in a Sagnac interferometer [20].
It was found that the sensor exhibited maximum sensitivity
when the large holes were compressed. Insensitivity to
temperature and longitudinal strain were also observed.
Also a photonic band gap PCF with elliptical core was
demonstrated in a Sagnac interferometer for strain and
temperature sensing [21]. These recent works reflect the
variety of possibilities that PCFs offer to construct Sagnac
interferometers.

LPG1 LPG2

SMF LPG

LPG Collapsed region

d

FIGURE 3: Micrograph of the cross-section of the typical PCF
employed to build interferometers with LPGs. Diagrams of inter-
ferometers based on two LPGs in series, a misaligned point end
together with an LPG, and an LPG together with a collapsed region
in the PCE The separation between the splitting gratings and
recombining element is denoted by d.

3. Interferometers Built with
Long Period Gratings

A long period grating (LPG) is a periodic modulation of
the core refractive index whose period is much larger than
the wavelength [22]. LPG are used to induce the mode
coupling between a codirectional propagating core mode
(LPy;) and cladding modes (LPy,,), where m = 2,3,4,... at
discrete wavelengths. The transmission spectrum of an LPG
exhibits dips at the wavelengths corresponding to resonances
with various cladding modes. The resonance wavelength A,
depends on the period of the LPG (usually denoted by A)
and the difference between the effective refractive indices of
the core and cladding modes. Since these modes propagate at
different phase velocities, therefore, in-fiber interferometers
can be implemented with a pair of LPGs—they were first
studied using conventional optical fibers, see for example
[23-30]. A popular configuration is to use two identical LPGs
in cascade, see Figure 3. The first LPG couples part of the
core mode power into a forward-propagating cladding mode
and the second LPG recombines the two modes. The two
LPGs function as beam-splitter/combiner and the core and
the cladding modes travel through two independent paths
along the same fiber. The resulting interference pattern of
an interferometer formed with two LPGs in series exhibits
sharp interference fringes. To a good approximation the
fringe spacing (A1) can be given as AL = A2/(Anegd),
where Aneg is the effective index difference between core and
cladding modes and d the separation between the gratings
[24].



The idea of constructing interferometers with LPGs has
been extrapolated to PCFs, but unlike conventional Ge-
doped single-mode fibers, in which UV-induced LPGs can
be fabricated, PCFs have no photosensitivity because they
are composed of pure silica. Therefore new ways to fabricate
interferometers with LPGs in PCFs had been explored. The
essential idea behind an LPG-based interferometer is that
half of the fundamental LPy; core mode should be coupled
to a cladding mode at the first LPG and half of the cladding
mode should be coupled back to the core mode at the second
LPG. Thus, for an all-PCF interferometer, one has to form
two 3-dB LPGs with identical transmission spectra. It is
difficult to form two identical 3-dB LPGs not only in PCF
but also in standard optical fiber.

One of the approaches to achieve LPGs in photonic
crystal fiber consists of pressing a section of the PCF with
a periodic grooved plate [31, 32]. The length and period
of the grooved plate as well as its width determines the
transverse pressure applied on the PCE. Periodic pressure on
the fiber surface induces periodic index changes in the fiber.
The efficiency of the mode coupling between the core mode
and a cladding mode varies with pressure. LPGs with proper
lengths and periods have to be selected such that mode
coupling occurs at the predetermined wavelength [31, 32].
The advantage of this type technique is that it is easy to
form two identical LPGs, and therefore, it is easy to control
the properties of the interferometer. However, the control
is manual which severely limits the reproducibility of the
devices.

As an alternative to the above approach a combination
of a misaligned splicing point (MSP) and an LPG was
proposed to form all-PCF interferometers [32]. The MSP can
be formed, for example, by using a commercial fusion splicer
in manual operation. The MSP acts as a light splitter which
couples a part of the core-mode power into the cladding
modes so that it may replace the first LPG in an LPG pair
to form an interferometer. In principle the formation of the
MSP is easier, moreover, it is permanent. Another alternative
that was proposed consists of combining a single LPG and a
short region of the PCF in which the airholes are collapsed
[33]. In this case the LPG was imprinted with the electric
arc discharge of a fusion splicer by using the point-by-
point technique. The air holes of the PCF collapsed over
a microscopic region behaves like a recombining element.
Since the LPG and the collapsed section are permanent very
sensitive interferometers can be effectively implemented.
By adjusting the separation between the collapsed region
and the LPG the spectral properties of the interferometer,
specifically the interference fringe spacing, can be easily
controlled. This type of interferometer was investigated for
strain sensing applications. A sensitivity of 1.8 pm/ue was
found which is slightly higher that the typical sensitivity of
an FBG (1.2 pm/ue) [33].

More recently the fabrication of LPG-based PCF inter-
ferometers was demonstrated in which the gratings are
inscribed by using a high-frequency CO, laser [34]. By
controlling the coupling coefficients of the two LPGs to
be 3 dB, sharp interference fringes due to coherent mixing
of the core and the cladding mode were obtained around
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the resonant wavelength of the LPGs. The temperature and
strain sensitivities for the interferometers were measured.
The former was found to be equal to 42.4 pm/°C per meter
which suggests that with a separation between the two
LPGs of 25mm the interferometer can exhibit sensitivity
of only 1.06 pm/°C. The strain sensitivity was found to
be ~2.6pm/ue which is higher than that of a Sagnac
interferometer or that of FBGs.

It should be pointed out that the type of PCF preferred
for LPG-based interferometers is the so called endlessly single
mode PCF whose cross-section is shown in Figure 3. In this
PCFs A#tefr =~ 3 X 1072 at 1550 nm which suggests that AA can
be in the range between 27 to 5.5 nm when the separation d
between the gratings varies from 3 to 15 cm. This means that
compact interferometers can be fabricated with LPGs with
the advantage that no coupler is required. Some drawbacks
of LPG-based PCF interferometers are the relatively high
insertion loss. The later originates from the loss caused by
the splicing of the PCF with the SMF, the deformation of the
PCF microstructure to inscribe the gratings, the misaligning
or collapsed point, and so forth. All these factors also give
rise to interferometers with slightly distorted interference
fringes. This may make difficult the positional tracking of
the interference peaks or dips which is crucial in sensing
applications.

4, Interferometers Built Tapered PCFs

PCF combined with tapering technology can result in
compact interferometers with interesting features. Tapering
basically consists of stretching the fiber while it is heated
over a localized zone. When tapering a PCF the diameter of
the fiber and the relative size of the airholes can be scaled
down, depending on the PCF design these variations have
multiple applications, see, for example, [35-39]. During the
tapering the voids of the PCF can be intentionally collapsed
around the heated zone which allows interferometers with
interesting features. This idea was demonstrated some years
ago by one of the present authors and collaborators [40—
45]. By collapsing the air holes, a short zone of the PCF
is transformed into a solid unclad multimode optical fiber,
see Figure 4. As a consequence, the fundamental mode of
the PCF is coupled to the modes of the solid fiber. The
beating between the modes makes the transmission of the
taper versus wavelength to exhibit an oscillatory pattern. By
controlling the taper diameter and its length one can tailor
the performance of the interferometer in a similar manner
than those based on tapered conventional fibers [46, 47].
Tapering dual core fiber or photonic bandgap PCF also
allows the development of interferometers [48, 49] but in
these cases the voids of the PCF are not collapsed.

The interference patterns observed in tapered PCFs with
collapsed airholes is a consequence of a phenomenon of
mode coupling and beating. The single-mode holey fiber is
gradually transformed into a solid unclad multimode fiber
of diameter p,, and length Ly (or viceversa), see Figure 4.
In the contracting zone of the taper the fundamental HE;
mode of the PCF couples to the HE;,, modes supported
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by the multimode fiber. The HE;,, modes have propagation
constants f31,,. In the region of the tapered PCF of constant
diameter the HE,,, modes beat or interfere but no coupling
occurs. After propagating such a beating length the modes
accumulate phase difference. The expanding zone of the
taper recombines the multiple modes of the solid fiber to
core modes of the PCE Therefore, a tapered PCF with
collapsed air-holes can be considered as an interferometer.
The contracting and expanding zones are equivalent to
couplers or beam splitters and the modes of the beating
region can be considered as arms of the interferometer.
The transmission spectra of these modal interferometers
also exhibit a series of maxima and minima, analogous to
those of the Sagnac interferometers or the LPGs-based ones.
However, for thick tapers (p,, > 15um) the interference
pattern does not vary sinusoidally with wavelength [40—44].
If the PCF is tapered down to diameters between 3 to 5
microns, then only two higher-order modes (HEqs and HEqs)
survive [45]. The fringe spacing (AA) in this case is ~ AL =
A2/(AnegLy), being A the wavelength of the source, Aneg the
effective index difference between the modes participating in
the interference and Ly can be taken as the length of the taper
waist. For two higher-order modes Ang is large; therefore,
the period of the interference pattern of a PCF microtaper
can be very short, even for compact devices.

In PCF microtapers Anes ~ 0.5 which is about two
orders or magnitude larger than Aneg or An, of LPG-based
or Sagnac PCF interferometers, as mentioned above.
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FiGuUre 5: Predicted period of the interferometers at 1550 nm as a
function of the diameter of the micro tapers for different lengths
of their waist. The inset shows the experimental transmission
spectrum of a 5pum-thick taper in which the average fringe
separation is 1.4 nm and the width of the fringes is around 0.9 nm.

Figure 5 shows the estimated period as a function of the
taper diameter for some values of Ly. It can be noted that
interferometers with nanometer and even sub-nanometer
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fringe spacing can be fabricated. The figure, for example,
shows the transmission spectrum observed in a 5ym-thick
device in which the fringe spacing is only 1.4 nm, that is, a
~ A/1100. At shorter wavelengths, the fringes are even closer.
These features are important for sensing applications since
narrow fringes or peaks help to improve the accuracy and
resolution of any sensor.

The modes in PCF tapers are sensitive to the external
medium. The interference pattern can be shifted if the
external refractive index changes which suggest that the
tapers can be used for refractometric applications [40]. In the
inset of Figure 6 we show the observed transmission spectra
of a 30 um-thick taper for different refractive indexes of the
external medium. The figure also shows the position of the
highest peak as a function of the index. It can be noted that
the device exhibits larger shifts as the index of the external
medium approaches that of the PCE In the 1.435-1.448
range the shift is ~50 nm which suggests that a resolution
of the order of 3 x 107> can be achieved (assuming that
a shift of 100 pm can be resolved). At longer wavelength
the resolution may be higher [40] but the advantage at
shorter wavelengths (around 850 nm) is that cost-effective
light sources and spectrometers are commercially available.
The results shown in Figure 6 demonstrate that PCF taper-
based refractive index sensors can compete with others based
on other technologies.

If a tapered PCF is subjected to strain the interference
pattern also shifts, thus making possible the development of
strain sensors [41]. The sensitivity of these strain sensors is
considerably high (~5.3 pm/ue) while the dynamic range is
really broad. Strain up 8000 ye was demonstrated in [41].
The temperature sensitivity was found to be of the order of
12pm/°C. A remarkable feature of PCF tapers is that they
can withstand ultra-high temperature, up to 1000°C, with
minimal degradation thus making possible the sensing of
high temperature [42].

In addition to physical parameters taper-based PCF
interferometers can also be exploited for gas and chemical

Journal of Sensors

Transmission (dB)

1546 1548 1550 1552 1554
Wavelength (nm)

FiGUure 7: Normalized transmission spectra of an interferometer
with diameter of 5um and waist of 5mm in length when the
external media were air (dotted line), vapor molecules of isopropyl
alcohol (red line), and vapor molecules of acetone (green line). The
arrows indicate the direction of the shift.

sensing since the evanescent waves of the modes reach
the external environment [43]. The solid region of the
taper can be coated with gas-permeable layers thus making
possible the detection of different gases. The detection of
low concentration of hydrogen at room temperature was
demonstrated in which a thin layer of Pd was deposited on
the taper waist. More recently it was demonstrated that if
a PCF consisting of 3 rings of air holes is tapered down
to 3 to 5 microns, the fiber becomes sensitive to some
chemical compounds without the need of any permeable
material [45]. Figure 7, for example, shows the response
of a 5um-thick taper in air and when it was exposed to
vapors of isopropyl alcohol and acetone. It can be observed
that the interference patterns shift to longer wavelengths.
A red shift was also observed when the taper was exposed
to vapors of ethyl and methyl alcohol, methylene chloride,
and chloroform [45]. In all cases the interference pattern
was returned to its original position when the VOCs were
removed.

5. Interferometers Built via
Micro-Holes Collapsing

More recently, new interferometers based on microhole
collapse have been demonstrated [50-55]. This technique is
really simple since it only involves cleaving and splicing, pro-
cesses that can be carried out in any fiber-optics laboratory.
The key element in these interferometers is a microscopic
region in which the voids of the PCF are fully collapsed.
Basically, the collapsed region is what allows the excitation
of two modes in the PCE. The appeal of the interferometers
fabricated with this approach is that the devices can be used
for a variety of applications ranging from sensing strain (and
all the parameters that can be translated to strain) or tem-
perature to refractive index (biosensing) and volatile organic
compounds (VOCs). In addition, the devices are compact,
robust, and highly stable over time. For their interrogation
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Figure 8: Diagrams of PCF interferometers built via microhole
collapsing. The bottom images are the cross section of some PCFs
employed in this type of interferometers. L is the length pf PCF or
length between the collapsed regions.

a light emitting diode (LED) and a conventional fiber Bragg
grating (FBG) interrogator or spectrum analyzer or a tunable
laser and a single photodetector can be employed.

It is known that when splicing together two PCFs, or
a PCF and a conventional optical fiber, with the standard
electric-arc method, the air-holes of the PCF collapse
completely in the vicinity of the splice [56, 57]. The length
of the collapsed region is typically less than 300 or 400 ym.
This is not a serious drawback of fusion splices since it may
introduce minimal losses. The collapsing of the voids in a
short region makes the fundamental PCF mode to spread
out since it reaches a piece of coreless fiber, see Figure 9. The
broadening of the fundamental mode can be estimated by
using a Gaussian beam approximation [56]. According to it
the fiber’s mode field diameter (MFD) at any z (the direction
of propagation) depends on the wavelength (1) of the guided
light, the refractive index n; of the medium (pure silica in
our case), and the light spot size (w) as

2\
MED = 2w |1 + <2> . (1)
ninwy

If we assume that the solid region starts at z = 0, see
Figure 9, then at the end of the solid region, let us say
at z; = 300um, according to (1), the MFD practically
quadruplicates when A = 1.55um and triplicates when
A = 0.85um. This means that the enlarged mode does
not reach the surface of the collapsed region and it is
therefore insensitive to the external medium. At z ~300 ym
the enlarged mode reaches a piece of PCF of length L in
which two modes can be excited. In Figure 9, for example,
we show the transverse component of the electric field of two
core modes. The calculations were performed using finite-
element method (COMSOL Multiphysics) applied to the

z=2 PCF

F1GURE 9: Diagram of SMF-PCF splice illustrating the broadening
of the fundamental mode. The bottom images are a micrograph of
the PCF in the vicinity of the splice and the transverse components
of the electric field of the LPy; - and LP;;-like modes of a real PCE.

index profile based on the 5-ring PCF shown in Figure 8.
The silica index was modeled using the known Sellmeier
equation whereas the index of the holes was equal to 1
(air) to 1.1. After the PCE the excited modes reach another
solid piece of glass, that is, the other collapsed end of PCFE.
They will thus further diffract and will be recombined into
core mode through the filtering of the subsequent SMF or
PCE. Since the modes propagate at different phase velocities,
thus in a certain length of PCF the modes accumulate a
differential phase shift. The phase velocities and the phase
difference are wavelength-dependent; therefore, the optical
power transmitted (or reflected) by the device will be
maximum at certain wavelengths and minimum at others.
The different configurations reported so far are illus-
trated in Figure 8. One of the first architectures that was
demonstrated consisted of a PCF with two collapsed regions
separated a few centimeters [50, 51]. Later on a short
section of PCF longitudinally sandwiched between standard
single mode fibers was proposed [52, 53]. The advantage
of this configuration is that the modal properties of the
PCF are exploited but the interrogation is carried out
with conventional optical fibers, thus leading to more cost-
effective interferometers. More recently, a stub of PCF with
cleaved end fusion spliced at the distal end of a single
mode fiber was demonstrated [54, 55]. In this case the
interferometer operates in reflection and a single circulator
or coupler is needed to interrogate the device. It is important
to point out that the properties, and consequently the
applications of the interferometer depend on the type of PCFE.
The interferometers fabricated via micro-holes collapsing
exhibit truly sinusoidal and stable interference spectra which
are observed over a broad wavelength range (~800nm).
Figure 10, for example, shows the interference patterns
observed in devices operating in transmission and reflection
mode. The period or fringe spacing (AA) of these inter-
ferometers is Al ~ A?/(Anegl), being Anes the effective
refractive index difference between the modes participating
in the interference. Such modes can be two core modes or a
core and a cladding mode, depending on the PCF employed.
L is the length of PCF or the length between collapsed
regions, see Figure 8. The period or fringe spacing in these
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FIGURE 10: (a) Fringe spacing as a function of the length of PCF
observed in interferometers operating in transmission mode. The
inset shows the spectrum of an interferometer with L = 75 mm. (b)
Period as a function of L observed in devices operating in reflection
mode. The inset shows the spectrum of a device with L = 26 mm.
In both cases the fringe spacing was measured at 1550 nm.

interferometers can be controlled easily with the length of
PCF between the two splices.

PCF interferometers fabricated via microhole collapsed
exhibit some important features that are important for
optical sensing. In general the performance, stability, and
temperature dependence of a modal interferometer depend
critically on the element that excites and recombines the
modes. In interferometers built via microhole collapsing the
excitation and recombination of modes is carried out with
permanent and stable splices. These do not degrade over
time or with temperature, thus interferometers with high
stability are achievable. Their thermal sensitivity depends on
the type of PCF one uses as well as the length of fiber. It is
low, it can go from ~5 to ~10 pm/°C. In some applications
no temperature compensation may be needed. For example,
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Figure 11: Shift of the interference pattern as a function of strain
observed at room temperature and 94°C. The measurements were
carried out at 1550 nm with a device with L = 10.53 mm.

in Figure 11 we show the shift as a function of the applied
strain observed in a device fabricated with 10.53 cm of 5-
ring PCF at different temperatures. Note that the behavior
of the interferometer is similar which demonstrates that no
temperature compensation is required. The strain sensitivity
of this device is 2.6 pm/ue which is higher than that of other
PCF interferometric strain sensors.

As mentioned before, the features of the interferometers
depend on the microstructure of the PCFE. For example, by
splicing a PCF consisting of seven rings of holes (LMA-
8 from Crystal Fibre), then core and cladding modes are
excited [53, 54]. Cladding modes, for example, are sensitive
to the external environment, thus making possible the
detection of samples present on the surface of the PCE
In this case the interaction is solely with the cladding
modes since the core mode is isolated from the external
environment. The interaction of the cladding modes with
the external index changes An.f, and consequently the phase
difference. As a result, the position of the interference
peaks and valleys change, or equivalently the interference
pattern shifts. Therefore by monitoring the interference
pattern wavelength shift one can infer the external refractive
index and its changes. For example, the inset of Figure 12
shows the transmission spectra over 30 nm observed in an
interferometer fabricated with L = 17 mm when it was
in air (refractive index of 1) and in a liquid with index
of 1.330. The figures also show the shifts measured as a
function the external index. It is worth noting that the range
of refractive indices that can be measured is quite broad,
from 1.33 (aqueous environments) to 1.44 (biomolecules).
The resolution of is estimated to be ~ 2.9 X 10™* in the 1.40—-
1.44 range [53].

When the interferometers operate in reflection mode
novel sensing applications are possible. For example, an
in-reflection interferometer fabricated by fusion splicing
a stub of 5-ring PCF (see Figure 8) at the distal end of
a standard optical fiber (Corning SMF-28) can be used
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to detect different volatile organic compounds at room
temperature. The key point here is to leave the voids of the
PCF open to allow infiltration of some gases, chemical vapor,
or molecules. The interaction of the compounds with the
interfering modes takes place in the first rings of voids which
have a total volume in the picolitters range [55]. Figure 13
for example shows the shift of an interferometer in which L
was 37 mm when exposed to vapor of acetone in closed and
open chamber. Figure 13(a) was collected by evaporating 5 ul
of acetone in a closed container. The shift increases owing to
the presence of the vapor. The fact that the curve plateaus
indicates that the chamber was properly sealed. Figure 13(b)
was collected by evaporating 75uL of acetone in an open
container. Note that the interferometer saturates owing to
the limited volume of the voids. They can house a maximum
number of molecules. The interferometer slowly returns to
its original position which indicates the reversibility of the
devices. The response time of the device is long because the
experiments were carried at normal conditions. In addition,
the infiltration of the acetone vapor into the microscopic
voids of the PCF is a diffusion process which is typically
slow.

We would like to point out that the combination of
different fibers to form interferometers has been investigated
during many years [58—61]. In these cases the splicing is crit-
ical since it determines the splitting and/or recombination of
the interfering beams or mores. The selection of the fiber in
which two modes are excited is also crucial.

6. Conclusions and Outlook

Photonic crystal fibers are at the forefront of fiber optics
technology. These fibers offer different possibilities for
the fiber optic sensing field as demonstrated by different
works reported in the past few years. PCFs offer different
alternatives for the fabrication of modal interferometers,
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FIGURE 13: Shift observed in a 37 mm-long interferometer when
exposed to acetone vapor in closed (LHS) and open container
(RHS). The measurements were carried out at 1310 nm.

Sagnac-, and Mach-Zehnder- or Michelson-like ones. Most
of them can also be implemented with standard optical
fiber but PCFs give them important advantages such as
low thermal sensitivity, broad operation wavelength range,
or high stability over time. However, other cases have no
counterparts in conventional fibers. Interferometers that
exploit the diffraction caused by a short region with collapsed
voids, for example, are completely new. In this case the holey
microstructure of the PCF is fully exploited. It will, therefore
be no surprise if some of the interferometers reviewed in this
paper end as innovative commercial products in the near
future or at least represent new solutions to old problems
(temperature compensation) in optical sensing.
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1. Introduction

Multicore optical fibers [1] find a great number of appli-
cations in sensing beyond endoscopy. Various measurands
have been monitored with the information extracted from
the propagation of light in different cores [2-7]. The close
proximity of the waveguides allows for equalizing thermal
perturbations, and the temperature dependence is nearly
eliminated by working with the difference between signals
traveling in neighboring cores. Multicore fibers used in bend
and torsion sensing can be employed in the determination
of the path taken by a moving fiber incorporating a number
of fiber Bragg gratings (FBGs), the reflected wavelengths
indicating the bend experienced by the fiber along its path
[8]. The input and output access to the individual cores,
however, pose a severe coupling limitation. It has not been
possible, so far, to splice individual fibers to the each
core and guarantee low loss coupling. Various ingenious
mounting schemes have been devised to make optical
coupling possible [9-11], but they are generally lossy and
costly, not particularly robust and ultimately far from ideal.
Coupling at the input and output ends is so problematic that
it significantly restricts the use of multicore fibers. In other
applications, such as in telecom and pumping fiber lasers,

independently drawn fibers are brought together in a ribbon
or with low index coating materials [12]. Here, accessing
the individual cores is straightforward, but the thermal and
mechanical contact between fibers that would be useful for
sensing is limited.

In the present letter, we describe a novel type of fiber
for sensing applications. A single fiber is drawn from a
number of individual fiber preforms and except for a
narrow connecting glass bridge, the original individual
circular cross-sections are maintained. A Gemini fiber is
then obtained that has Siamese character. Addressing the
individual cores at input and output ends thus becomes
easier, through splicing to stand-alone fibers. Although
thermal coupling is weaker than in a conventional multicore
fiber, the easier access to the cores is greatly advantageous,
and the structure is a good compromise for various sensing
applications. Fabrication, coupling and fiber Bragg grat-
ing (FBG) studies are discussed in the following. Other
advantages of this concept, including the possibility to make
monolithic fiber interferometers of nearly equal arm lengths
are also touched upon. The general name given for this
type of structure is the Gemini fiber, and complementing
information (e.g., G4) indicates the number of cores avail-
able.



FiGure 1: Preform of Gemini fiber G4, where four individual
standard telecom fiber preforms are mounted together and drawn
into a monolithic fiber with four easily accessed ports.

2. Fiber Fabrication

The fabrication of the Gemini fiber starts from the fixation
of a number of close proximity preforms, which can have
standard or special cross-section. Figure 1 shows one such
arrangement, in which four standard telecommunications
single-mode preforms are stacked. After drawing each pre-
form results in an individual single mode fiber barely in
contact with the neighboring fibers, as shown in Figure 1.
Drawing is carried out without pressure control, but the
furnace temperature (~1900°C) is slightly lower than in
standard fiber manufacture. The automatic diameter control
unit normally used while drawing is not used for feedback.
This is necessary, since the width of the Gemini fiber seen
from various angles varies, and the viewing angle changes
during fiber drawing. When necessary, the temperature of
the furnace is adjusted to prevent the dimensions of the fiber
from drifting.

Four Gemini fiber types are illustrated in Figures 2(a)—
2(d) with scanning electron microscope pictures. These are
(a) a Gemini fiber (G2), (b) a two-core Gemini fiber with
holes (G2H), (c¢) a Gemini fiber composed from four indi-
vidual preforms (G4) shown in Figure 1, and (d) a Gemini
fiber composed of four individual preforms and a middle
rod (G4M). All individual preforms have circular shape and
circular cores (except for the middle rod in Figure 2(d)
that is coreless). Some form alteration was observed while
drawing, in particular for the first Gemini fiber pulled G2
(Figure 2(a)). The measured distance between core centers
in the G2 fiber is 135um instead of the expected 125 um
(8% distortion). This can be attributed almost entirely to the
creation during drawing of the glass bridge connecting the
individual halves of the fiber. The four individual diameters
measured in G4 by fitting circles to the cross-section in
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Figure 2(d) are 71.8 ym, 72.7 ym, 72.5 ym, and 72.0 ym. The
distance between opposite core centers in two directions
is 102.7 ym and 101.5um. The four individual diameters
measured in G4M by fitting circles to the cross section in
Figure 2(d) are 81.4 ym, 80.0 ym, 82.6 ym, and 81.0 ym.

3. Accessing Individual Cores

Two approaches are used for accessing the individual cores
of the Gemini fibers. Here, work carried out with the
Gemini fiber G2 is described in more detail. Etching is the
first approach. From the cross-section seen in Figure 2(a)
it is clear that the thin bridge connecting the individual
waveguides is etched away relatively early if the fiber is
immersed in HE. Two independent fibers result from this
process, which can be spliced to standard fibers at both
ends for input and output coupling. The time taken for
separating two independent fibers was 18 minutes in a 40%
concentration HF solution. A photo illustrating an etched
Gemini fiber G2 is shown in Figure 3.

It is advantageous to strengthen the separation point,
and UV curing glue (Wellomer UV 2010) is appropriate for
this purpose. The two fiber sections can then be mounted,
cleaved and spliced individually. It is found, however, that the
cross-section of the two independent fibers resulting from
etching the G2 is not circular, but maintains an edged profile.
Even if the etching time is increased to 50 minutes, the two
independent fiber sections are not circular. Three splicing
options become available, those of automatically aligning the
fibers to be spliced by imaging the claddings, the cores, or
alternatively perform a manual splice. When the etched fiber
sections are automatically aligned to the standard fiber from
the cladding profile, a large mean loss of 1.7 dB is measured
for the splice with a large standard deviation (2.1 dB). The
lowest value obtained for the loss using this splice procedure
is 0.36 dB. Figure 4 illustrates one example of such a splice.

When the cores are automatically aligned, the minimum
loss obtained improves to 0.14 dB with a standard deviation
of 0.87 dB, but splicing was only successful in approximately
half of the cases. Finally, when a manual aligning procedure is
used, the mean loss is 0.53 dB, the standard deviation 0.56 dB
and the minimal loss measured is as low as 0.05 dB. All splices
carried out manually were successful. One disadvantage of
splicing individually the separated fiber sections to standard
fibers is the long length of unprotected fiber created. Besides,
whenever a fiber section breaks or a splice is unsuccessful, at
least one additional fiber needs to be recleaved to approx-
imately equalize the lengths, or in the worst case start the
etching procedure again. As a whole, the etching procedure
described for separating the individual waveguides gives
acceptable results. However, it involves many steps, including
coating removal, etching, fixing, cleaving, manual splicing
four times and final mounting. The total time estimated for
these operations carried out manually is at present in excess
of three hours.

The second approach developed for accessing the indi-
vidual cores of the Gemini fiber to independent standard
telecom fibers is to perform a single automated fusion splice
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FiGgure 2: SEM pictures of Gemini fibers. (a) Gemini fiber G2; (b) Gemini fiber with holes (G2H); (c) Fiber G4; and (d) Gemini fiber G4M

with a glass rod in the middle.

FIGURE 3: Gemini fiber G2 where etching is used to separate the
arms for splicing to standard telecom fiber. After separation, the
splitting point is reinforced with UV curing glue.

of various fibers in parallel. This procedure is also studied in
some detail for the Gemini fiber G2. With this procedure,
one exploits the ability to cleave well the Gemini fiber
with a conventional cleaver, producing a fiber with various
waveguides of equal length (as seen in Figure 2). Here, the
entire process of addressing the individual cores is reduced
to a couple of splices. The handling time is dramatically
reduced. The resulting component becomes rugged with the
use of conventional splice protectors. The main disadvantage
of a single splice to each side of the Gemini fiber is that no

FIGURE 4: One of the two waveguides of the Gemini fiber G2 spliced
to a standard telecom fiber through automatic alignment between
cladding images.

individual fiber adjustment becomes possible. While this is
easier when the core separation is exactly 125 ym because
the individual fibers are placed in contact with each other,
mounting individual standard telecom fibers in parallel
separated by a few microns requires a special fixture. For
splicing the Gemini fiber G2 available in this work where
the core center separation is 135um, an appropriate fiber
holder was fabricated with two grooves separated by 135 ym.
The result gives typically a loss below 1 dB per splice, but a
loss below 0.5 dB has also been achieved for each one of the
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FIGURE 5: (a) Two fiber Bragg gratings written one in each core of a Gemini G2 fiber. (b) Upon bending, one grating shifts to shorter

wavelengths while the other one shifts to longer wavelengths.

pair of fibers spliced to the Gemini G2 fiber. The total splice
procedure to each Gemini fiber end here takes ~15 minutes
if the loss is considered acceptable.

4. Sensing with Bragg Gratings

One of the most interesting applications of the Gemini fiber
concept involves writing Bragg gratings in the various cores.
Similarly to conventional multicore fibers, the sensitivity to
temperature of the various waveguides is similar, and if the
temperature varies all gratings shift equally in wavelength.
However, a bend around the neutral axis cause the FBG to
shift to longer wavelengths when the waveguide is elongated
and to shorter wavelengths when it is compressed [13-15]. It
is thus possible to determine optically the strain or stress to
which the fiber is subjected. By translating other measurands
such as pressure or acceleration to a bend, the Gemini fiber
can be employed in various sensing applications. Here, we
describe preliminary studies of Gemini fibers (G2) with fiber
Bragg gratings.

The qualitative behavior of the Gemini G2 fiber is
illustrated in Figure 5. A fiber Bragg grating is written in
each one of the (in this case two) cores. The process is done
sequentially, one grating at a time. The fiber is previously
H;-loaded at 150 atm for two weeks at room temperature.
UV exposure is carried out in an interferometer with 244 nm
radiation from a frequency doubled CW Ar* laser delivering
~23mW. In the particular example here, the 1.2-cm long
unchirped Hamming apodized FBGs are both centered at
~1550 nm, are ~0.5 nm broad and relatively strong (~25 dB)
after 7 identical exposures.

Upon bending around its own axis, one grating shifts to
longer wavelengths and the other one to shorter wavelengths,
as seen in Figure 5. In order to carry out a more quantitative
measurement, another pair of gratings was recorded in a
piece of Gemini fiber G2, which after recording was mounted

/ [ \ Displacement

E Core B

Core A

FIGURe 6: Schematic diagram of FBG bending set-up. Solid
drawings indicate compression and dashed stretching. The scheme
is not in scale.

with UV curing glue on a flexible beam [13-15]. The piece
of G2 fiber is displaced from the axis of the beam so as to
result in a large wavelength shift when the beam is bent. The
wavelengths of the two gratings are matched at 1555 nm at
room temperature with the beam straight.

Figure 6 shows the schematic set-up used to study the
response to a bend (displacement) of FBGs written in a
Gemini G2 fiber. The bend is introduced by displacing the
two extremes of the beam while keeping the center fixed as
seen in Figure 6. A 5 mm displacement here corresponds to a
bend radius of 25 cm. Negative values mean that the gratings
are elongated and positive displacements correspond to
compression.

Figure 7 illustrates the tuning of the Bragg wavelengths
for the two FBG of this device. The parabolic (black and
red) curves shown are the best fit to the data (squares for
core A and circles for core B) of the Bragg wavelength when
the beam is bent. A tuning range of 16 nm is covered with a
displacement D in the range —2mm < D < +10 mm, where
D is measured 5 cm from the center of the grating. Figure 7
also gives the difference in Bragg wavelengths for cores A
and B measured when the bend is increased. A well-behaved
and monotonic shift is observed (blue triangles), indicating
that this difference can be used as an optical measurement
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FIGURe 7: Bend tuning a Gemini S2 fiber with two FBGs. Both
Bragg wavelengths shift by >14 nm. Triangles show the difference
between the two waveguides. Measurements carried out at room
temperature.

of the displacement. This device broke before temperature
measurements could be carried out.

A third device was then manufactured in Gemini G2
fiber, where the two Bragg wavelengths do not overlap (A4 =
1533.3nm and Ag = 1535.5nm at 25°C). This device was
mounted as schematically shown in Figure 6 and heated with
a lamp. The temperature of the arrangement was monitored
with a thermocouple in close proximity to the FBGs. No
particular precaution was taken to equalize the temperature
at the waveguides, equalization relying only on the close
proximity of the cores. Figure 8(a) shows a plot of the Bragg
wavelengths for both cores at 25°C, 35°C and 45°C, where
D is measured 13.5cm from the center of the grating. The
solid curves are again parabolic fits to the data. In contrast
to the behavior in Figure 7, here the second derivative of
the solid lines is negative. The reason for this difference is
not understood at present, but is likely to be associated to
the exact position in relation to the axis of the beam at
which the Gemini device is glued, which is largely uncertain
and strongly affects the response of the gratings. It is clear
from Figure 8(a) that the peak wavelengths change both
with the bend (displacement) and with temperature. The
sensitivity to temperature measured is 32 pm/Kelvin. This
is approximately 3 times larger than expected for a free-
standing FBG, indicating that the plastic beam and glue
dominate the temperature dependence. A similar problem
is likely to be found in most applications where a Gemini
fiber G2 is to be used for sensing. The relative wavelength
shift, that is, the difference between the shifts for the two
cores is determined for various bends at three temperatures.
It is hoped that the temperature dependence can be cancelled
out exactly, and only the bend (displacement) remains.
Figure 8(b) illustrates the three curves obtained at 25°C,
35°Cand 45°C from the subtraction of the pair of blue curves
(triangles), red curves (circles) and black curves (squares).
A set of three monotonic curves is obtained, relating the
wavelength to the displacement. The curves nearly overlap,
indicating that the temperature effects can be cancelled from

the information from both cores. The maximum deviation
measured amounts to 0.5%. Thus, it is concluded that
the bend can be determined from the difference in Bragg
wavelengths for the two gratings. It should be remarked that
the Gemini G2 fiber tends to bend naturally in such a way
that both cores (FBGs) are affected equally much. In order to
have one core stretching more than the other when bending,
the fiber needs to be mounted on a beam and fixated (e.g., by
gluing). The G4 fiber, on the other hand, can be easily bent in
various directions and the fixation requirements are relaxed.

From these preliminary experiments it can be concluded
that the Gemini fibers can be used with fiber Bragg gratings
for sensing bends and displacement. Temperature effects can
be removed using the information acquired from both cores.

5. Interferometry with Gemini Fiber

One interesting potential application of the Gemini fiber
is in the embodiment of a monolithic fiber interferometer.
The structure of the fibers fabricated in the drawing tower
(cf. Figure 2) is well suited for the manufacture of fusion
couplers. Thus, the easy access to each core, the possibility
to taper a Gemini fiber locally to allow for coupling between
cores and the rigid structure which guarantees equal arm
lengths and minimizes polarization uncertainty provide for a
useful broadband fiber interferometer. Potential applications
include electrically driven fiber switches and modulators and
add-drop multiplexers [16-18].

A preliminary experiment was carried out to make a
coupler in Gemini G2 fiber. A Vytran LDS-1250 splic-
ing/tapering machine with a 3-mm tungsten element is
employed. The computer driven procedure consists first of
a fusion stage, when the heated zone is scanned over a
10 mm section of the G2 fiber so that the waveguides start
fusing together. This process takes 1500 seconds, and a fusion
coefficient [19, 20] 0.45 is obtained (i.e., the normalized
ratio of the structure reducing from 2 to 1.73). The fusion
stage is followed by tapering stage, when the fused zone
is simultaneously heated and pulled to become thinner.
The process takes 2000 seconds and generates an adiabatic
structure. Because of the nonoptimal coupler fabrication
process and in particular the metal oxide layer deposited
on the taper, the excess loss incurred is ~3.3dB. This is
unacceptably high for a commercial device, but still usable
for characterization of the Gemini fiber. The optical set-up
used is for monitoring the process is illustrated in Figure 9.

The fabrication of the coupler in a Gemini fiber implies
in the creation of a Michelson interferometer [21], where
the back reflection is obtained from the fiber cleave. If
the interferometer is probed with a white light source, the
bandwidth obtained indicates how well the two optical paths
match. Figure 10 illustrates the result of such a measurement.
The extinction measured is 14 dB. From the 50 nm FWHM
bandwidth, the optical path difference inferred for the 40-
cm long device is 12.8 ym (i.e., 32 ym/m). It is possible that
the path unbalance is created either at the coupler or at the
end cleave. However, if the unbalance is assigned entirely to
a difference in propagation constants between the two fiber
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FIGURE 10: Measurement of the optical bandwidth of a 40 cm long
fiber interferometer on a linear scale. The FWHM is ~50 nm.

cores, a mode index difference of 3 x 10~° is obtained. This
is an upper limit for the inequality of the two waveguides in
the Gemini fiber G2.

Other characterization measurements were carried out.
The differential group delay (DGD) of 2m long section
of Gemini G2 and G2H fiber is measured to be ~27fs
and ~74 fs, respectively, and the polarization dependent loss
(PDL) of G2 for the same length is 0.1 dB. These low values
are perhaps not surprising considering that the fibers are
made from standard telecommunication preforms.

6. Conclusions

A novel fiber configuration is introduced in this work, based
on a plurality of individual fiber preforms drawn together
but nearly maintaining their original shape. This concept can
be extended to the case where the preforms are unequal, for
instance, with one arm drawn from a single-mode and the
other from a microstructured, doped or multimode preform.
Coupling is studied in the present work and the possibility
to connect in a single splice more than one fiber to the
Gemini fiber is introduced as being highly advantageous.
A conventional splicer can be used, the loss is acceptable
and the operation takes minutes. Sensing with Gemini fibers
is discussed mainly with the incorporation of fiber Bragg
gratings. The temperature dependence of devices made from
this fiber type can be removed almost entirely by using
the information collected from both cores. Interferometry is
also briefly discussed, although it can be appreciated that a
large number of new options are opened by the monolithic
multicore fiber design, where access to individual cores is
straightforward.
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1. Introduction

Recently, there has been great interest in the development
of photonic crystal fibers (PCFs) and related devices and
sensors. PCFs are typically made of single silica material and
comprised of a solid or hollow core surrounded by a periodic
array of air holes running along their length [1]. PCFs
may be regarded as falling into two broad categories: the
index-guiding PCFs (IG-PCFs) and the photonic bandgap
fibers (PBFs). In IG-PCFs, the effective refractive index of
the microstructured cladding is reduced by the introduction
of the air columns to below the index of the central core,
and this makes it possible to guide light in the core by a
modified form of total internal reflection. Figures 1(a) and
1(b) show two examples of such IG-PCFs. They are endlessly
single-mode PCFs (Figure 1(a)) [2] that support only the
fundamental mode over the entire wavelength range, and
highly birefringent (Hi-Bi) PCFs (Figure 1(b)) [3] that have
a high birefringence and a low temperature dependence of
the birefringence. In PBFs, light is confined to a lower index
core by reflection from the photonic crystal cladding, which
possesses out of plane photonic bandgaps and does not
allow light signals with certain wavelengths and propagation
constants to escape from the central core. Figures 1(c) and
1(d) show, respectively, an air-silica PBF with an air core
[4] and an all solid PBF with a silica core and a cladding

comprising of an array of higher index rods (Ge-doped silica)
in a silica matrix [5].

The emergence of PCFs opens the door for new possi-
bilities in ultra-broadband transmission, high-power optical
fiber amplifiers and lasers, optical fiber sensors, and so forth.
PCF sensors in various forms have been demonstrated for the
measurement of strain [7], temperature [8], refractive index
[9], bending [10], and gas concentration [11]. In this paper,
we describe mainly two classes of PCFE-based sensors, that
is, in-fiber long-period grating (LPG) sensors and in-fiber
modal interferometric sensors; we discuss their applications
for strain and temperature measurement.

2. Long-Period Grating Sensors

An LPG is formed by periodical perturbing the refractive
index or waveguide geometry longitudinally along the length
of an optical fiber, with a typical period from several
hundreds micrometers to 1mm. An LPG couples light
resonantly from the fundamental core mode to forward
propagating cladding modes. The resonant wavelength A,s of
an LPG with period A is determined by the phase matching
condition [12]:

Ares = (nco - ncl,m)~Aa (1)

where n, and n , are the effective indices of the fundamen-
tal core mode and the mth cladding mode, respectively. The
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FIGURE 1: Scanning electron micrographs of different PCF cross-sections. (a) a large-mode-area air-silica endlessly single-mode PCE, (b) an
air-silica highly birefringent PCEF, (c) an air-silica air-core PBE. These PCFs are from Crystal Fiber A/S [6] (d) an all-solid PBF [5].

cladding modes have higher loss than the core mode, leading
to attenuation bands in the transmission spectrum.

Conventional single-mode fibers (SMFs) have Ge-doped
cores that are photosensitive and LPGs in such fibers can
be formed by periodical perturbing the core refractive
index by UV illumination through an amplitude mask or a
point-by-point writing technique. LPGs in SMFs have been
investigated extensively for applications such as wavelength
filters, gain flatteners for EDFAs, and sensors.

PCFs are typically made of a single material (silica)
which has no photosensitivity; inscription of PCFs by direct
UV irradiation is then difficult. However, LPGs in PCFs
have been made by use of nonphotochemical inscription
techniques such as CO, laser irradiation [7], electrical
arc discharge [8], external mechanical pressure [13], and
femtosecond laser radiation [14].

2.1. LPGs in IG-PCFs. Figure 2(b) shows the side view of
an LPG created on a large-mode-area endlessly single-mode
PCF (LMA-10) with its cross-section shown in Figure 2(a).
The LPG was fabricated by use of a pulsed CO, laser with a
setup described in [7]. Observable notches or grooves were
created along the surface of the PCF, indicating considerable
collapsing of the air-holes in the cladding region. The LPG
has 40 periodic notches along the fiber, and the period is
410 ym. The transmission spectrum of the LPG, as shown in
Figure 3, has double resonant peaks from 1200 to 1700 nm,
corresponding to coupling of two different cladding modes.
The resonant wavelengths of LPGs in such PCFs were found
to decrease with the grating period, which is contrary to that
in a conventional SME

LPGs with a similar transmission spectrum as shown in
Figure 3 can be made with no visible physical deformation
(notches) on the surface of the PCFs. The creation of such
LPGs requires lower CO; laser energy density, and in such a
LPG, the perturbation of the fiber geometry is negligible and
the index perturbation of the glass material is believed to play
a significant role in the formation of the LPGs.

The responses of the resonant wavelength to tensile strain
are very different for LPGs with and without visible notches
[7]. Figure 4 shows the strain and temperature responses
of the LPG (LPG;) shown in Figure 2 and a similar LPG
(LPG,) with the same grating length and pitch but no

FIGURE 2: (a) Scanning electron micrograph of the cross-section of
LMA-10 PCE, (b) photograph of the LPG with periodic notches [7].
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FIGURE 3: Transmission spectrum of a 40-notch LPG.

observable notches on the fiber surface. LPG, was fabricated
by use of the same CO; laser setup as for LPG; but a lower
dosage of CO, irradiation. The strain sensitivity of the LPG
with notches (—7.6 pm/ue) is about 25 times higher than
the LPG without physical deformation (—0.31 pm/ue). The
temperature sensitivities of the two LPGs are approximately
the same. The asymmetrical structure caused by the periodic
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notches introduces microbend when the LPG is axially
stretched, which effectively enhanced the refractive index
change of the LPGs with notches. The CO,-laser-notched
LPGs on PCFs also demonstrated very strong polarization
dependent loss (PDL) and can be used as in-fiber polarizers
with good temperature stability [15]. The large PDL may be
attributed to the side exposure of CO, laser, which introduces
asymmetrical index profile in the fiber cross-section.

Table 1 lists the strain and temperature sensitivities of
some PCF-based LPGs fabricated by CO; laser and electric
arc discharge techniques. The sensitivities of SMF-based
LPGs are also listed in the table for comparison. The
exceptional low temperature dependence of the LPG is
regarded as the results of single material used for PCFE. As
both the cladding and core modes are mostly distributed in
the silica, they show similar responses to the temperature
change. The very small temperature sensitivity makes them
useful for strain measurement with negligible temperature
cross-sensitivity.

2.2. LPGs in PBFs. LPGs were also fabricated in hollow-
core (HC) PBFs [19]. Figure 5(c) shows the side view of an
LPG made on an HC PBF (HC-1550-02) in which periodic
notches are created along the fiber. The cross-section, as
shown in Figure 5(b), of the PBF at the notched region is
asymmetric due to the collapse of air holes and the ablation
of glass on one side of the fiber. The outer rings of air holes in
the cladding, facing to the CO; laser irradiation, were largely
deformed; however, little or no deformation was observed in
the innermost ring of air-holes and in the hollow core.

Figure 5(d) shows the measured transmitted spectrum of
a 40-period LPG. The 3 dB bandwidth is ~5.6 nm, which is
much narrower than that of the LPGs with the same number
of grating periods in conventional SMFs and in IG-PCFs
[7, 16]. The insertion loss of the LPG is very low (<0.3 dB),
because most light is guided in the hollow-core where no
deformation was observed.

Both refractive index perturbation of the glass material
and the changes in air-hole sizes, shapes, and locations may

contribute to the formation of the LPG. However, as most
light power of the fundamental mode (>95%) is in the air
region, the effect of refractive index variation of the glass
material on the mode index is expected to be smaller than
that for conventional fibers and solid core IG-PCFs. On the
other hand, as shown in Figure 5(b), the deformation of
air-holes in the cladding is obvious, which changes the air-
filling fraction and the waveguide structure and perturbs
the mode fields and effective indexes of the core, surface,
and cladding modes. There could also be weak deformation
of the hollow-core, although it is not observable in our
experiments. We believe that the periodic perturbation of
the waveguide geometry is the dominant factor that causes
resonant mode coupling, although the induced refractive
index variation may also contribute a little.

A number of LPGs with different pitches and the same
number of grating periods were written in the PBG fiber and
the measured resonant wavelength as functions of the grating
pitch is shown in Figure 5(e), the resonant wavelength
decreases with the increase in grating pitch, which is opposite
to the LPGs in the conventional SMFs [16, 17]. For each
of the LPGs, two attenuation pits, as shown in Figure 5(e),
were observed within 1500 to 1680 nm, indicating that the
fundamental mode is coupled to two different higher-order
(surface-like) modes.

The responses of the LPG in the air-core PBF to
strain, temperature, bend, and external refractive index
are measured, and the results are shown in Figure 6. The
wavelength sensitivity to strain (—0.830 pm/ue) is similar to
that of LPGs in IG-PCFs or conventional SMFs (Table 1),
and the temperature sensitivity (~2.9pm/°C) is one to two
orders of magnitude less than those of the LPGs in the
conventional SMFs. In addition, the wavelength sensitivity
to bend is three to four orders of magnitude less than those
of the LPGs in the conventional SMFs, and it is insensitive
to the external refractive index changes. The LPG in HC-PBF
may be used as a strain sensor without cross-sensitivity to
temperature, curvature, and external refractive index.
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TABLE 1: Strain and temperature sensitivities of LPGs in IG-PCFs by different methods.

Inscriptionmethod Period (um) Length (mm) Wavelength (nm) dA/de (pm/ue) dA/dT (pm/°C) Reference
CO;, laser (with grooves) 410 16.4 1546.87 -7.6 391 [5]
CO;, laser (without grooves) 410 16.4 1548.38 -0.31 3.84 [5]
Arc discharge 400 37.6 1668 -2.5 34 [6]
Arc discharge 1000 19.0 1403 —2.08 2.2 [6]
CO; laser* 1526.5 —0.45 58 [16]
UV exposure* 320 1573.1 7.31 46 [17]
Arc discharge* 540 1580 ~1.5 66-73 [18]
*Conventional single-mode fiber-based LPG.
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FIGURE 5: Scanning electron micrographs of PBF cross-sections (a) before and (b) after CO, laser irradiation. (c) Periodic notches created
on the surface of the PBF. (d) The transmitted spectrum of LPG with 40 periods and a grating pitch of 430 um. (e) Variation of LPG resonant
wavelengths with grating pitch (upper panel) and the corresponding transmission spectrums (lower panel) [19].

LPGs were also inscribed in all-solid PBG PCF
(Figure 1(c)) by the UV exposure method [5]. The all-
solid PBG PCF has a solid central silica core region and
a microstructured cladding region where higher index Ge-
doped silica rods are embedded into silica background. The
resonant wavelength of the LPG experiences a red shift when
the temperature is increased, and the temperature sensitivity
is measured to be 19.1 pm/°C. This value is higher than those
of the PCFs made from a single material.

3. Modal Interferometric Sensors

Interferometric sensors have been explored in sensing largely
because of their high sensitivities to a broad range of parame-
ters. The modal interferometers in which the interferometric
phase difference is accumulated by considering the difference
in the effective refractive indices of different fiber modes
have been widely investigated. They are attractive for several
reasons, including small size, flexibility, as well as the reduced
thermal sensitivity in view of the small difference of the
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FIGURE 7: A typical MZI configuration.

thermo-optic coefficients of different modes as they travel
the same length of optical fibers. In this section, modal
interferometers based on different types of modes in IG-
PCFs will be described and their application to the strain and
temperature measurement will be discussed.

3.1. Core/Cladding Modal Interferometer. A core/cladding
modal interferometer utilizes the interference between a core
mode and a copropagating cladding mode, which is also
referred as in-fiber Mach-Zehnder interferometer (MZI). It
has been widely used for wavelength filtering and optical
sensing [20, 21]. In the typical MZI configuration as shown
in Figure 7, two cascaded LPGs are commonly used with
the first LPG couples part of the core mode power into a
forward-propagating cladding mode and the second LPG
combines the two modes, resulting in sharp interference
fringes. The two LPGs serve as beam-splitter/combiner
and the core and the cladding modes travel through two
independent paths along the same fiber.

A variety of PCF-based MZIs have been demonstrated
with modifications on the basic MZI configuration. The

first PCF-based MZI has two nearly identical LPGs which
are formed by applying periodic mechanical stress to the
PCF [22]. Alternatively, all-PCF MZIs can also be formed by
offset-splicing combined with partial collapsing of air-holes
[23], or by using a single LPG in combination with a short
section of PCF where air-holes are fully collapsed [24]. With
the advancement of LPG writing technique by using pulsed
CO;, laser, the resonant wavelength and attenuation of the
LPG can be precisely controlled, which allows compact in-
fiber MZI with low insertion loss to be developed on PCF
[25].

Figure 8 shows the wavelength domain interference
fringes of an in-fiber MZI formed by a pair of LPGs
fabricated directly on PCF by use of a pulsed CO, laser.
The measured strain and temperature responses of the
interference peak wavelength at 1646 nm are shown in
Figure 9. The strain sensitivity is —2.6 pm/ue, which agrees
with the results reported in elsewhere (—2.28 pm/ue at
1560 nm in [23], and —2.80 pm/pe at 1550 nm in [24]) and
is about 5 times higher than that for an MZI fabricated on
a standard SMF (+0.445 pm/ue, Figure 9(b)) with the same
CO; laser technique and two times higher than that of a
typical fiber Bragg grating (FBG) sensor. The temperature
sensitivity of the MZI is measured to be 42.4 pm/°C-m,
which is almost 30 times lower than that of the MZI
in the SMF (1215.56 pm/°C-m, Figure 9(a)) [25].The very
small temperature sensitivity may be attributed to the single
material property of the PCE, which results in similar
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response of the core and cladding modes to temperature.
The MZI on PCF may be potentially used as a temperature-
insensitive strain sensor and as stable multichannel filter with
low temperature dependence.

3.2. Two-Mode PCF Interferometer. It is possible to make in-
fiber devices based in the interference between the two core
modes. This however requires the use of a two-mode fiber,
that is, a fiber that supports only two core modes, to avoid
interference with other core modes. Conventional step-index
two-mode optical fibers have been investigated for various
device applications such as wavelength filters, frequency
shifters, switches, interferometric strain, and temperature
measurement. However, the wavelength range of the two-
mode operation for conventional fibers is typically less than
150 nm [26], which limit the potential applications of the
two-mode devices.

It has been shown that an air-silica IG-PCF with a cross-
section similar to Figure 1(b) can be designed to operate
as a two-mode fiber over the entire low-loss transmission
window of the silica glass [27]. This would allow the creation
of extremely broadband two-mode fiber devices and sensors.

We investigated theoretically and experimentally the
modal properties of the commercial high birefringent (Hi-
Bi) PCF as shown in Figure 1(b) (PM-1550, Crystal Fiber A/S
[6]) and found it operating as a two-mode fiber over wave-
length range from below 543 to 1400 nm, although it guides
only the fundamental mode at 1550 nm. Figure 10 shows the
transverse mode field patterns of the four nondegenerate
approximately linearly polarized (LP) modes at 1330 nm,
which were calculated by using a full-vector finite element
method (FEM). By analogy to the elliptical core fiber, these
four modes are labeled as LPy;*, LPy;”, LP11*(even), and
LP;;”(even) modes. The superscripts x and y correspond
to the x- and y-polarizations, respectively. It is interesting
to notice that this Hi-Bi PCF is capable to suppress the
LP;;(odd) modes. The wide two-mode wavelength range
and the stable lobe orientation make it possible to built

Journal of Sensors

stable two-mode devices and interferometric sensors with
long length of fibers.

A two-mode fiber sensor uses a differential interfero-
metric scheme where the interference between the LPy; and
the LP;;(even) modes of the fiber leads to a varying two-
lobe pattern in the output. When the LPy; and LP;;(even)
modes with the same polarization state are excited equally
in the Hi-Bi PCE, the output radiation pattern will be a
superposition of the contribution from the two modes and
will be a function of the relative phase difference ¢ between
them. For a change in ¢ of 27 there will be one complete
oscillation of the intensity pattern.

An external disturbance, for example, strain or tempera-
ture, applied on the PCF two-mode interferometer leads to a
differential phase shift between these two modes, resulting in
an oscillation of the two-lobe pattern. A spatial demodulator
monitoring one of the two-lobe patterns converts this
oscillation into an intensity variation. When only the x- or
y-polarization of LPy; and LP;; modes was excited at the
entrance, a quasisinusoidal intensity waveform is obtained
after the spatial demodulator.

3.2.1. Two-Mode PCF Strain Sensor. Figure 11 is a schematic
of the experimental setup used to study the strain response
of the two-mode PCF interferometer. Light from a laser was
coupled into a piece of Hi-Bi PCF (PM-1550, Crystal Fiber
A/S) with an alignment system consisting of a pair of lenses,
a polarizer, a fiber holder, and a 5-dimensional translation
stage. The PCF has a total length of ~1 meter and is epoxy-
bounded to a fixed stage and a translation stage. The 50 cm
PCF in between the two stages can be axially strained through
a computer controlled translation stage. An infrared TV
camera with lens removed is placed near the output of the
fiber to monitor one of two lobes of the far-field intensity
patterns, as indicated in the rectangular region in the right
panel of Figure 11. Alternatively, it is possible to use a lead-
out fiber which is offset from the two-mode PCF to pick up
the maximum contrast ratio in the intensity of the two-lobe
output.

Experiments were conducted with different semicon-
ductor lasers with wavelengths of 650, 780, 850, 980, and
1310 nm. Figure 12 shows the measured intensity variation
at one of the lobes at 1310 nm when the PCF was elongated
from 0 to 2 mm. The curves from top to bottom correspond,
respectively, to polarizer set to 0°, 90°, and 45°, in respect to
the x-axis as shown in the right panel of Figure 11. At 0° and
90°, the intensity variation is due to the interference of LPy,
and LP;; (even) modes for the x- and y-polarizations, respec-
tively. At a launch angle of 45° respective to the principle axis
of PCEF, the two sets of interference patterns, corresponding
to two orthogonal polarizations, are superimposed, resulting
in an amplitude-modulated wave as shown in the lower
graph of Figure 12.

The strain sensitivities for orthogonal polarizations,
which are defined as the rate of change of the phase difference
between the two modes with respect to strain, are shown
in Figure 13. The strain sensitivities have linear relationship



Journal of Sensors

0

10
) -5
£
g 8r
< —10
5
ol
L
o) 1500 1550 1600 1650,
z
S 4t
o
3
2

2_
g
o
z

of o o—e——oO—5 O

20 30 40 50 60 70 8 90 100 110

Temperature (°C)

()

Peak wavelength (nm)

7
1655 1555
1650 1550
1645 1545
1640 1540
1635 E 1535
1630 - 1530
1 1 1 1 1

0 500 1000

Strain (ym)

(®)

1500

FIGURE 9: (a) Temperature responses of the PCF-MZI with transmission spectrum in Figure 8 (circular points) and an SMF-MZI with output
spectrum shown in the inset (rectangular points). Solid lines: linear fits. (b) Strain responses of the interference peaks as functions of strain
(PCF-MZI: left axis, filled circles, SMF-MZI: right axis, open squares). The solid and dash lines are the corresponding linear fits for the

PCFE-MZI and SME-MZI [25].

with the optical wavelength, and higher sensitivity is achieved
at longer wavelength.

3.2.2. Two-Mode PCF Temperature Sensor. The experimental
setup used for studying the temperature response is similar
to that shown in Figure 11, except that a section of PCF
(~1.8 meters) was heated by putting it inside an oven.
Measurements were performed for both the x- and y-
polarizations. Figure 14 shows an example of the output
intensity of the two-mode interferometer at 1310nm as a
function of oven temperature when the input polarization
is aligned to the x-axis. One complete cycle in the intensity
variation corresponds to a 27 change in the phase difference
between the LPy; and LP;;(even) modes. We noticed that
the period of the intensity oscillation is not constant
during the temperature range from 20°C to 120°C, and the
period is obviously larger at lower temperatures, indicating
that the interferometer shows a nonlinear response to the
temperature changes. The temperature sensitivity #, defined
as the rate of change of phase difference A¢ between the
two modes with respect to temperature T per unit length of
sensing fiber, is given by

1 A9
T=1 ar
where L is the fiber length placed inside the oven. The
measured average temperature sensitivities as functions of
wavelength within the temperature range from 20°C to
120°C are shown in Figure 15. The temperature sensitivities
of two-mode PCF sensor are slightly different for the x-
and y-polarizations. And the values are in general smaller
than those of the conventional elliptical core two-mode fibers
[29].
The extremely broad two-mode wavelength range and
the unusual wavelength-dependent temperature sensitivity
of the two-mode PCF sensor provide a useful means

2

for strain and temperature discrimination. As shown in
Figure 13, the strain sensitivities increase linearly with
wavelength and are significantly different (~15%) for the
two orthogonal polarizations. The temperature sensitivities
have nonmonotonic dependence on wavelength (Figure 15)
and are similar for both polarizations. A temperature-
independent strain measurement can then be realized by
operating the interferometer at two wavelengths where
the temperature sensitivities are the same, and taking a
differential measurement. On the other hand, it is possible to
use the two-mode sensor for simultaneous measurement of
strain and temperature by operating at two properly chosen
optical wavelengths.

4. Conclusions

In conclusion, PCF provides a new platform for the devel-
opment of optical fiber sensors. It allows for LPGs with
exceptional low temperature coefficient to be created, while
the strain sensitivity can be significantly enhanced by carving
visible grooves on the surface of the fiber. The LPG fabricated
in the HC-PBF has many advantages compared with those
in conventional SMFs and index-guiding PCFs such as
insensitivity to temperature, bending, and external refractive
index. It is also possible to construct an interferometric strain
or temperature sensor by utilizing the interference between
the fundamental core mode and cladding mode or a higher-
order core mode. The core/cladding mode interferometric
sensor based on PCF has higher strain sensitivity and
lower temperature sensitivity than its SMF counterpart. The
interference between two core modes of PCF can be operated
over a broader wavelength range than conventional two-
mode fibers. The strain sensitivity of two-mode PCF sensor
is comparable to that of the conventional two-mode sensors
and shows a linear relationship with optical wavelength. The
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FIGURE 12: Experimental results for different launch angles of 0°,
90°, and 45° (from top to bottom) [28].
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temperature sensitivity of the two-mode PCF sensor is in
general smaller than that of the conventional elliptical core
two-mode fiber sensors and has a nonmonotonic relation-
ship with optical wavelength, which may be employed for
temperature-independent strain sensing by operating at two
wavelengths with similar temperature coefficients.
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-0.07
A\
—0.08

—0.09

|
o
—

—0.11

Temperature sensitivity (rad/°C-m)

| | | | |

SO e e i
- = = =
[ Y I R SV )

0.5 06 07 0.8 0.9 1 1.1 1.2 1.3 1.4
Wavelength (ym)

—— x-polarization
--- y-polarization

FIGURE 15: Measured temperature sensitivity for x-polarization
(circle) and y-polarization (star) as a function of optical wavelength.
Solid and dashed lines are curve fitting results of the measured data

[30].

Acknowledgments

The research work was partially supported by NSF of
China through Grant 60629401, and the Hong Kong SAR
Government through GRF Grants PolyU 5182/07E.

References

[1] P. Russell, “Photonic crystal fibers,” Science, vol. 229, pp. 258—
362, 2003.

[2] T. A. Birks, J. C. Knight, and P. St. J. Russell, “Endlessly single-
mode photonic crystal fiber,” Optics Letters, vol. 22, no. 13, pp.
961-963, 1997.

[3] K. Suzuki, H. Kubota, S. Kawanishi, M. Tanaka, and M. Fujita,



10

(5]

(6]
(7]

(13]

“Optical properties of a low-loss polarization-maintaining
photonic crystal fiber,” Optics Express, vol. 9, no. 13, pp. 676—
680, 2001.

R. E Cregan, B. J. Mangan, J. C. Knight, et al., “Single-mode
photonic band gap guidance of light in air,” Science, vol. 285,
no. 5433, pp. 1537-1539, 1999.

L. Jin, Z. Wang, Y. Liu, G. Kai, and X. Dong, “Ultraviolet-
inscribed long period gratings in all-solidnphotonic bandgap
fibers,” Optics Express, vol. 16, no. 25, pp. 21119-21131, 2008.
http://www.nktphotonics.com.

Y.-P. Wang, L. Xiao, D. N. Wang, and W. Jin, “Highly sensitive
long-period fiber-grating strain sensor with low temperature
sensitivity,” Optics Letters, vol. 31, no. 23, pp. 3414-3416, 2006.
H. Dobb, K. Kalli, and D. J. Webb, “Measured sensitivity of arc-
induced long-period grating sensors in photonic crystal fibre,”
Optics Communications, vol. 260, no. 1, pp. 184-191, 2006.

Y. Zhu, Z. He, and H. Du, “Detection of external refractive
index change with high sensitivity using long-period gratings
in photonic crystal fiber,” Sensors and Actuators B, vol. 131, no.
1, pp. 265-269, 2008.

Z. He, Y. Zhu, and H. Du, “Effect of macro-bending on
resonant wavelength and intensity of long-period gratings in
photonic crystal fiber,” Optics Express, vol. 15, no. 4, pp. 1804—
1810, 2007.

Y. L. Hoo, W. Jin, C. Shi, H. L. Ho, D. N. Wang, and S. C. Ruan,
“Design and modeling of a photonic crystal fiber gas sensor,”
Applied Optics, vol. 42, no. 18, pp. 3509-3515, 2003.

A. M. Vengsarkar, P. J. Lemaire, J. B. Judkins, V. Bhatia, T.
Erdogan, and J. E. Sipe, “Long-period fiber gratings as band-
rejection filters,” Journal of Lightwave Technology, vol. 14, no.
1, pp. 58—64, 1996.

J. H. Lim, K. S. Lee, J. C. Kim, and B. H. Lee, “Tunable
fiber gratings fabricated in photonic crystal fiber by use of
mechanical pressure,” Optics Letters, vol. 29, no. 4, pp. 331-
333, 2004.

A. A. Fotiadi, G. Brambilla, T. Ernst, S. A. Slattery, and D. N.
Nikogosyan, “TPA-induced long-period gratings in a photonic
crystal fiber: inscription and temperature sensing properties,”
Journal of the Optical Society of America B, vol. 24, no. 7, pp.
1475-1481, 2007.

Y.-P. Wang, L. Xiao, D. N. Wang, and W. Jin, “In-fiber polarizer
based on a long-period fiber grating written on photonic
crystal fiber;” Optics Letters, vol. 32, no. 9, pp. 1035-1037,
2007.

Y.-J. Rao, Y.-P. Wang, Z.-L. Ran, and T. Zhu, “Novel fiber-optic
sensors based on long-period fiber gratings written by high-
frequency CO; laser pulses,” Journal of Lightwave Technology,
vol. 21, no. 5, pp. 1320-1327, 2003.

V. Bhatia and A. M. Vengsarkar, “Optical fiber long-period
grating sensors,” Optics Letters, vol. 21, no. 9, pp. 692—-694,
1996.

G. Rego, R. Falate, O. Ivanov, and J. L. Santos, “Simultane-
ous temperature and strain measurements performed by a
step-changed arc-induced long-period fiber grating,” Applied
Optics, vol. 46, no. 9, pp. 1392-1396, 2007.

Y.-P. Wang, W. Jin, J. Ju, et al., “Long period gratings in air-
core photonic bandgap fibers,” Optics Express, vol. 16, no. 4,
pp. 2784-2790, 2008.

X. J. Gu, “Wavelength-division multiplexing isolation fiber
filter and light source using cascaded long-period fiber
gratings,” Optics Letters, vol. 23, no. 7, pp. 509510, 1998.

K. T. V. Grattan and B. T. Meggitt, Optical Fiber Sensor
Technology; Vol. 2: Devices and Technology, Chapman & Hall,

(22]

(30]

Journal of Sensors

London, UK, 1998.

J. H. Lim, H. S. Jang, K. S. Lee, J. C. Kim, and B. H. Lee,
“Mach-Zehnder interferometer formed in a photonic crystal
fiber based on a pair of long-period fiber gratings,” Optics
Letters, vol. 29, no. 4, pp. 346-348, 2004.

H. Y. Choi, M. J. Kim, and B. H. Lee, “All-fiber Mach-Zehnder
type interferometers formed in photonic crystal fiber,” Optics
Express, vol. 15, no. 9, pp. 5711-5720, 2007.

H. Y. Choi, K. S. Park, and B. H. Lee, “Photonic crystal fiber
interferometer composed of a long period fiber grating and
one point collapsing of air holes,” Optics Letters, vol. 33, no. 8,
pp. 812-814, 2008.

J. Ju, W. Jin, and H. L. Ho, “Compact in-fiber interferometer
formed by long-period gratings in photonic crystal fiber,”
IEEE Photonics Technology Letters, vol. 20, no. 23, pp. 1899—
1901, 2008.

B. Y. Kim, J. N. Blake, S. Y. Huang, and H. J. Shaw, “Use of
highly elliptical core fibers for two-mode fiber devices,” Optics
Letters, vol. 12, pp. 729-731, 1987.

W.Jin, Z. Wang, and J. Ju, “Two-mode photonic crystal fibers,”
Optics Express, vol. 13, no. 6, pp. 2082-2088, 2005.

J. Ju, W. Jin, and M. S. Demokan, “Two-mode operation
in highly birefringent photonic crystal fiber,” IEEE Photonics
Technology Letters, vol. 16, no. 11, pp. 2472-2474, 2004.

S.-Y. Huang, J. N. Blake, and B. Y. Kim, “Perturbation effects
on mode propagation in highly elliptical core two-mode
fibers,” Journal of Lightwave Technology, vol. 8, no. 1, pp. 23—
33, 1990.

J. Ju, Z. Wang, W. Jin, and M. S. Demokan, “Temperature sen-
sitivity of a two-mode photonic crystal fiber interferometric
sensor,” IEEE Photonics Technology Letters, vol. 18, no. 20, pp.
2168-2170, 2006.



Hindawi Publishing Corporation
Journal of Sensors

Volume 2009, Article ID 932471, 6 pages
doi:10.1155/2009/932471

Research Article

Photonic Crystal Fiber Temperature Sensor
Based on Quantum Dot Nanocoatings

Beatriz Larrion, Miguel Hernaez, Francisco J. Arregui, Javier Goicoechea,

Javier Bravo, and Ignacio R. Matias

Electrical and Electronic Engineering Department, Public University of Navarre, Campus Arrosadia s/n, 31006 Pamplona, Spain

Correspondence should be addressed to Beatriz Larrion, beatriz.larrion@unavarra.es

Received 3 March 2009; Accepted 16 April 2009

Recommended by Valerio Pruneri

Quantum dot nanocoatings have been deposited by means of the Layer-by-Layer technique on the inner holes of Photonic Crystal
Fibers (PCFs) for the fabrication of temperature sensors. The optical properties of these sensors including absorbance, intensity
emission, wavelength of the emission band, and the full width at half maximum (FWHM) have been experimentally studied for a

temperature range from —40 to 70°C.

Copyright © 2009 Beatriz Larrion et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

1. Introduction

In the past few years, new optical fibers have been developed
in order to get lower nonlinearity, lower attenuation, and
unique waveguiding properties. This is the case of Photonic
Crystal Fibers (PCFs), also called holey fibers, which contain
arrays of tiny air holes along their structure and allow, among
other new applications, the fabrication of new optical fiber
sensors. In 1995, Birks et al. proposed a fiber with air holes
along its length that could guide light through this structure
with interesting properties [1, 2]. Nowadays the PCF has
become a subject of extensive research and has opened a new
range of possible applications.

The structure of the PCF enables to have different
types of fibers such as endless single mode, double clad,
germanium or rare earth doped, high birefringence, and
many others with particular features due to its manufac-
turing flexibility. This variety of choices permits the use
of PCF in numerous applications such as sensors which
measure physical parameters (temperature, pressure, force,
etc.), chemical compounds in gas and liquids, and even
biosensors [3-7]. In a PCF a fraction of the modal field
is located within the holes of the fiber. This allows, by
means of the evanescent field interaction, the measurement
of different gases, liquids, or biological samples, only if these
materials to be measured are placed in the holes of the PCFs.
The possibility of coating the holes with sensing materials

also exists. However, due to the technical challenge that
implies the deposition of thin films on the inner part of the
air holes, there is only a small number of works about sensors
with this type of sensing coatings [8, 9]. One of the main
contributions presented in this paper is the deposition of a
sensing thin film with a thickness of few nanometers inside
the holes of a PFC, instead of the classical approach, which
consists of filling these holes with the liquid or gas.

More specifically, a PCF temperature sensor based on
QD has been fabricated by means of the Layer-by-Layer
(LbL) technique for the first time. An experimental study
of the optical properties of these QD-based sensors has
been performed focused in the optical absorbance, emission
intensity, emission peak wavelength, and a feature which had
not been studied before in literature, the dependence of the
full width at half maximum (FWHM) of QD emission bands
with the temperature.

2. Experimental

The deposition technique proposed here is the LbL method,
technique which enables the building of nanostructured
films in surfaces with complex shapes such as, in this case,
the walls of the small cylindrical holes of the PCE The
technique is based on the attraction between oppositely
charged polyelectrolytes. Its main advantage is the possibility



of controling the thickness of the coating on the nanometer
scale, building the film by creating bilayers of both cationic
and anionic solutions consecutively [10-14]. More specif-
ically, in order to fabricate temperature sensing nanofilms
inside the holes of the PCF, quantum dots (QDs) have been
used as one of the colloids of the deposition process.

QDs are semiconductor nanocrystals with particle diam-
eters typically from 1 to 12 nm, which have also attracted
great interest in the last years due to their very appealing
optical properties. QDs can be excited in a broad range of
wavelengths and, at the same time, have a narrow emission
spectrum. Moreover, the center wavelength of the emission
peak depends on the geometrical size of the QDj; therefore,
the emission wavelength can be tuned by changing the size
of the nanocrystals. This gives a large choice of emission
wavelengths [12, 15, 16]. In fact, QDs have been already
proposed for diverse applications such as biological labels,
optical sensors, solar cells, photodetectors, lasers, and many
other uses [17-24]. In addition, the emission spectrum of
QDs changes gradually depending on temperature [25]. The
emission intensity decreases, and the emission bands move
to higher wavelengths when temperature increases. Due to
these features, QDs are an excellent material for temperature
sensing [25-28].

2.1. Materials. The polymeric materials used to build the
nanostructured coatings were poly(diallyl dimethylammo-
nium chloride) (PDDA) and poly(acrylic acid) (PAA), both
purchased from Sigma-Aldrich. Water-based solutions of
these materials were prepared at a concentration of 1%wt.,
and their pHs were adjusted to 8.0 and 6.0, respectively.
These solutions were filtered using 0.45 ym pore size syringe
filters before starting the film deposition.

The CdSe quantum dots (QDs) used in these experi-
ments have a 5nm diameter and emit in the red region of
the visible spectrum (620 nm approximately). These water
soluble QDs were supplied by the American Dye Source
Inc. and are functionalized with carboxylic groups. The
concentration of the QD aqueous solutions was 0.025%wt,
and the pH was adjusted to 8.0. These solutions were also
filtered with a 0.45 ym pore diameter filter.

All the solutions were prepared with 18.2 MQ-cm deion-
ized (DI) water from a Barnstead Diamond system.

2.2. Sensor Fabrication. The sensing nanofilms were de-
posited on the inner air holes of a PCF LMA-20 purchased
from Thorlabs Inc. This fiber has a 229 ym diameter, and it
is optimized for a single mode operation in the 600-1000 nm
wavelength range. The fiber microstructure with the air holes
can be observed in the cross section image shown in Figure 1.
The diameter of the holes is 6.4 ym, and the separation
between the centers of adjacent holes is 13.2 ym.

As mentioned in the introduction the LbL technique is
used to fabricate the nanofilms on the inner part of the PCF
holes. This method is based on the consecutive exposure of
the substrate to cationic and anionic solutions in a repetitive
sequence. The different charged particles are adsorbed by
electrostatic attraction.
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Ficure 1: PCF LMA-20 cross section.

The sensing film has to be coated on the inner part of
the PCEF, and in order to achieve this, a segment of PCF has
to be fixed to a 5mL syringe with a 0.5 mm diameter needle
using an epoxy resin. This helps the fluids flow through the
segment of fiber and removes the solutions from it. The
length of the fiber piece is nearly 6 cm.

To begin the LbL process, a previous bilayer of PDDA and
PAA is created on the substrate to enhance the adhesion of
the successive layers to the fiber. The segment of the PCF is
filled with the cationic PDDA solution with the help of the
syringe, and during 3 minutes the solution is left inside the
fiber to let the molecules be adsorbed by the inner surface of
the microtubes. After the liquid is removed from the fiber,
then, the PCF is filled with DI water which removes any rest
of the previous solution that could remain still inside the
fiber. Once this cleaning process is made, the same procedure
is repeated with the PAA solution, which corresponds to the
anionic layer.

After the first bilayer, PAA is replaced with QD, and the
previously explained process is repeated. The final sensing
nanofilm consists of 20 bilayers of PDDA and QD. More
details of the LbL process can be found in literature [10, 12—
14, 26, 27, 29].

When the coating process is finished, the PCF segment
is left into a vacuum oven during 15 minutes at 90°C in
a nitrogen atmosphere. The fiber is then cleaved using a
VYTRAN automatic cleaver to obtain smooth cut surfaces in
both extremes. A PCF segment of 2.5 cm with the QD coating
is the piece used to make the temperature sensors.

In order to encapsulate the QD film inside the holes of
the PCEF, the sensor is created by splicing two multimode
fibers (MMFs) (200 ym diameter core and 230 ym diameter
cladding) to the PCF segment. The end of each MMFs is
also cut using a Fujikura CT-20 cleaver. An Ericsson FSU-
905 splicing unit is then used to splice both MMF to the
PFC segment. The fusion process with this unit is divided in
three parts. The fusion parameters are conveniently selected
in order to get a robust fusion between the MMF and the
PCF without collapsing the holes of the PCEF. Figure 2 shows
a microscope picture of the splice between the PCF and the
MME

Consequently, the QD films deposited on the inner
surfaces of the holes are encapsulated as long as they are
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FIGURE 2: Microscope image of the PCF-MMEF splices.

FIGURE 3: Picture of the LMA20 segment spliced to the MMF fibers
under UV illumination. In the middle region the red quantum dots’
fluorescence from the PCF inner holes can be seen.

protected against the exterior media and environmental
agents such as oxygen. When the sensor fabrication is
completed, the fluorescence of QD can be clearly observed
by illuminating it with a simple UV-light, as it can be seen in
Figure 3.

3. Results

In order to study the behavior of the sensors with the
temperature, two different sets of experiments have been
performed. The first one is intended for the QD absorption
spectrum observation and the other one for the study of the
emission properties. The setup depicted in Figure 4 was used
to perform all the tests. The type of the light source to be used
depends on the experiment: a broadband light source is used
for the absorption experiments, and a laser is utilized for the
emission studies. This light source is connected to a mode
scrambler which is used to achieve a stable power by means
of avoiding intermodal interference. Then, the PCF sensor is
connected in line to this optical fiber. Light from the source
passes through the mode scrambler and excites the quantum
dots deposited into the sensor. The optical signal from the
sensor (the excitation light and the emission light as well) is
collected in a spectrometer (USB-2000 FLG, Oceanoptics).
Between the sensor and the spectrometer, a high-pass filter is
used to limit the excitation signal from the light source which
can mask the emission light from the QD.

3.1. Absorption Study. Surprisingly, although optical absorp-
tion spectrum is an important QD feature which can also
be used for sensing temperature, as was proposed in earliers
publications [30], there are few works related to temperature
sensors based on QD which study the variation of optical

Mode
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6 B9 000 a

Spectrometer Optical

filter

FIGURE 4: Experimental setup used to collect the optical response
from the sensor.

0.8
0.6

0.4

Absorbance (a.u.)

0.2

0_

-0.2 T T T T T T T T T T T T T T T 1
440 460 480 500 520 540 560 580 600
Wavelength (nm)

— —40°C — 0°C — 40°C
— =30°C — 10°C — 50°C
— =20°C — 20°C — 60°C
— —10°C — 30°C — 70°C

FIGURE 5: Absorption spectra at different temperatures (—40 to
+70°C).

absorption for temperature sensing [31]. In order to measure
this parameter, a lowpass optical filter and a deuterium and
halogen white light source (Oceanoptics DH 2000) were used
in the Figure 4 setup. This source supplies a stable spectrum
in the wavelength range from 215 to 1700 nm. The sensor
was introduced into a climatic chamber (Angelantoni), and
the temperature was varied from —40 to 70°C. Absorption
spectra at different temperatures are shown in Figure 5.

As can be seen in Figure 5, absorbance decreases when
temperature rises. In Figure 6, the average absorbance
between 500 and 520 nm at different temperatures is shown.

The experimental data of Figure6 can be fitted to
an exponential curve with a correlation factor of R? =
0.985. The average sensibility of this measurement method
is 0.0027a.u./°C, and its value in the worst case is
0.0004 a.u./°C for the range of higher temperatures.
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3.2. Emission Study. As it was previously commented, dif-
ferent emission properties of the sensor have been studied.
With this aim, the QDs were excited using an Omnichrome
Laser tuned at 470 nm. The spectrometer registers the QD
emission peak which, due to their quantum confinement
properties, decreases in intensity when the temperature rises.
This feature is shown in Figure 7, where each curve has
been taken at different temperatures from —40 to 70°C. It
is important to realize that not only the maximum peak of
the curve changes with the temperature. The wavelength and
the width of this peak are increased as far as the temperature
rises. Therefore, there are three features of the quantum dots
emission peak which could be used to detect temperature
variations: maximum values of each emission peak, wave-
length of these values, and bandwidth of these peaks.

To study the maximum of the quantum dots emission
peaks, a normalization method applied by Jorge et al. in
a previous study [28] was utilized. It is based on taking
two intensity signals (S; and S,) corresponding to two 5m
spectral windows on opposite sides of the emission peak
and applying a normalization according to ($; — S2)/(S1 +
S2). The result of this normalization is proportional to the
temperature and independent of the power fluctuations of
the light source. In Figure 8, the evolution of this normalized
maximum with temperature can be seen. These data can be
approximated by an exponential signal with a correlation fac-
tor of R? = 0.998, rather better than the obtained absorption
spectra measured in the precedent section. In some previous
works [26-28, 30], the sensors apparently showed a linear
behavior due to the narrower temperature range used. The
average sensitivity of this sensor is 0.00465°C™', and the
sensitivity in the worst case is 0.001732°C™"! corresponding
to the lower temperature values.

Another method to measure temperature with this sensor
is based on monitoring the emission peak wavelength. The
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emission peak shifts to higher wavelengths when the temper-
ature rises, as is seen in Figure 7. Since the emission band
does not provide a narrow peak to measure, it is necessary to
develop a systematic method to calculate the emission peak
wavelength, which matches with the maximum intensity. To
reach this goal, a simple method based on the first derivative
to detect the maxima of the emission curves is performed.
Firstly, the derivative curves shown in Figure 9 are obtained
from the graph in Figure 7. The first derivative curves reach
the value of zero at the wavelengths which correspond
to the maximum values of each emission spectrum as
demonstrated in Figure 9. These wavelengths are plotted
in Figure 10, having again an exponential fit with a good
correlation factor of R = 0.99732. The average sensitivity
of this method is 0.1451 nm/°C, and the worst sensitivity is
0.0195 nm/°C for the lower temperature range. The emission
intensity and the emission peak wavelength give a lower sen-
sitivity at lower temperatures whereas the absorption has the
opposite behavior (higher sensitivity at lower temperatures).
Combining the absorption with either the emission intensity
or the peak wavelength, the sensitivity of these devices could
be balanced in the whole range of temperatures.

In addition, a new emission feature was observed: the
spectral width of the emission band shows temperature
dependence. Taking advantage of this, the Full Width at
Half Maximum (FWHM) of the emission band, a very
popular parameter for the characterization of lasers, can
be used as a sensing magnitude. The FWHM variation
with temperature and its exponential approximation can
be seen in Figure 10. The sensitivity of this method has
an average value of 0.1636 nm/°C, and its minimum value
of 0.05nm/°C corresponds to low temperatures. To our
knowledge, this is the first time that the FWHM is used as
a sensing parameter in QD-based sensors.

Finally, in order to verify for the dynamic behavior of
the devices, the temperature sensor is subjected to sharp
temperature changes between 25 and 45°C. The QD sensor
and a commercial sensor (a K thermocouple based device)
are placed together and monitored at the same time to
compare both responses. The QD emission magnitude
measured is the average of the maximum intensity values
between 600 and 640 nm. In Figure 12 the responses of the
QD sensor and the thermocouple are shown. The rise time
and fall time of both devices are similar, as seen in the graph.
They are also similar to the times observed in previous works
by Bravo et al. [26].

4, Conclusion

In this work a temperature sensor has been fabricated
by the deposition of quantum dot films inside the holes
of a Photonic Crystal Fiber by means of the Layer-by-
Layer technique for the first time. The optical absorption,
the emission intensity, and emission peak wavelength have
shown a clear exponential behavior in the range from —40 to
+70°C. It was observed that the measurement of the optical
absorption can be used as a complementary method to
improve the sensitivity at lower temperatures of the methods
based on the emission properties. In addition, it has been



proposed, for the first time in literature, the utilization of a
parameter based on the spectral width of the emission band,
the FWHM, in QD-based sensors.
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1. Introduction

A number of different approaches have been investigated
along the last decades for the measurement of temperature
using fiber-optics: Optical-scattering, fluorescence, interfer-
ometry, optical absorption, and so forth [1, 2]. In-fiber Bragg
gratings (FBGs) have been extensively investigated because
they present several potential advantages: the robustness of
wavelength codification, easy multiplexing, small size, and
low cost [3]. The typical temperature sensitivity of FBG is
13 pm/°C at 1550 nm, and it can be increased significantly
by coating the FBG with other materials. A sensitivity of
108 pm/°C has been reported by coating the FBG with
a polymer [4]. Using long period gratings (LPGs) larger
sensitivities can be obtained (310 pm/°C was reported in
(5]).

Other wavelength-encoded temperature sensors, that
exhibit larger sensitivities than standard FBG, have been
reported. The resonant coupling between the core-mode
and the cladding modes in a special fiber with a multi-
cladding structure has been used to make a temperature
sensor, reporting a sensitivity of 240 pm/°C [6]. The tem-
perature dependence of coupling coefficients in an optical
fiber coupler with a special coating permitted to achieve
170 pm/°C sensitivity [7]. Finally, higher sensitivities, as high
as 3.2nm/°C, have been reported using short multimode
fiber interferometers [8, 9].

Microstructured optical fibers open new opportunities to
develop fiber sensors. Theoretical analysis of photonic crystal
fiber sensors based on FBG and LPG predicts temperature
sensitivities up to 60 pm/°C [10]. Specially designed Fabry-
Perot cavities formed with photonic crystal fibers have
demonstrated sensitivities as high as 170 pm/°C [11].

Here we develop some details on the exploitation of
a new concept, recently presented, of wavelength-encoded
temperature sensor based on the temperature dependence
of the cutoff wavelength of the fundamental mode in a
liquid-filled Ge-doped microstructured fiber [12]. Photonic
crystal fibers with a Ge-doped core have some appealing
properties: (i) low-loss splicing to standard fibers, (ii)
easy photoinscription of fiber gratings using conventional
techniques, and (iii) good guidance when the holes are
collapsed to build in-fiber gas o liquid cells. In addition,
cutoff of the fundamental mode is produced when the holes
are filled with liquids, as if it were a conventional depressed-
index fiber [13]. Modifications of the characteristics of the
liquids lead to changes of the guidance properties of the fiber,
in particular, the cutoft wavelength shifts.

In our experiments, a sensitivity as high as 25nm/°C
is achieved, which is about three orders of magnitude
higher than the sensitivity of standard FBG, two orders
of magnitude higher than the sensitivity of the best fiber
gratings, and about one order of magnitude higher the values
reported for multimode fiber interferometers. In addition
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FIGURE 1: SEM images of fiber 1 (a) and (b) and fiber 2 (¢) and (d).

to the wavelength-encoded configuration of the temperature
sensor, we report here the amplitude interrogation of these
devices. In this case, very simple experimental arrangements
are required, preserving a high resolution.

2. Principle

The fiber that was used in our experiments is a Y-shaped Ge-
doped microstructured fiber. This fiber has three big holes,
which makes straightforward the procedure to fill the fiber
with a liquid. In addition, the Y-shaped fiber can be designed
to have rather small core, hence, a strong interaction with
the liquids filling the fiber due to the presence of intense
evanescent fields in the holes. The fiber was fabricated in
our laboratory with a Ge-doped core using the conventional
stack and draw technique [12]. Figure 1 shows the scanning
electron microscope (SEM) images of the two fibers reported
here, with a detail of the core region. In the case of fiber
1, two circles have been drawn on the image. The small
circle is adjusted to have the same area that the triangular
shaped Ge-doped region at the centre of the fiber, while the
second circle is tangent to the three holes and defines what
we call the first effective cladding of the fiber. The doped
core had a Ge concentration to raise a step-index profile
with a numerical aperture (NA) of 0.29. The first cladding
surrounding the core was pure silica. Table 1 summarizes the

TaBLE 1: Basic parameters of the fibers.

d(pm) D (um) OD(um) Ay (um?) dp (um)
Fiber1 3.3 8 110 1000 4.4
Fiber2 3.3 6 136 3570 2

basic parameters of the two fibers used in our experiments:
the diameter of the circle that corresponds to the Ge-doped
core (d), the diameter of the first effective cladding (D),
the outer diameter of the fiber (OD), the holes’ area (Ay),
and the silica bridges thickness (dg). The two fibers were
singlemode when filled with liquids with a refractive index
around 1.44.

The liquids that we used for these experiments were
provided by Cargille (series A) and have a nominal refractive
index (RI) value of 1.46, 1.47, and 1.48, measured at 589 nm
and 25°C. The temperature coefficient of these liquids,
provided by the manufacturer, is about —4x 10~* °C™". Thus,
when one fiber is filled with one of these liquids, the cutoff
of the fundamental mode takes place at a given wavelength,
as a function of the refractive index value. Figure 2 shows the
typical transmission spectra for four devices with different
lengths: 2, 18, 22, and 35cm. They have been measured
with a broadband unpolarized light source and an optical
spectrum analyzer (OSA). The devices of 2 and 22 cm length
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FiGure 2: Transmission spectra of four sensor heads with different
lengths, from left to right: 22, 2, 35, and 18 cm.

were prepared with fiber 2 (see Table 1) and filled with a
liquid of RI = 1.475 (a mixture of two liquids: 50% of
1.47 and 50% of 1.48), while the devices of 18 and 35cm
length were filled with RI = 1.47, and they were prepared
with fiber 2 and fiber 1, respectively. After filling the holes,
both ends of the fiber were spliced to standard singlemode
fiber. We can see that the losses increase dramatically beyond
the cutoff wavelength, even in the case of the short sensor.
Though most of the results that we will present here have
been obtained with devices that were about 20cm long,
this figure demonstrates that sensor heads ten times shorter
can be used if it is required. At present, the optimiza-
tion of the short sensor heads has not been concluded
yet.

The operation principle of the temperature sensor was
discussed in a previous publication [12]. The cutoff is
produced when the dispersion curve of the fundamental
mode intersects the dispersion curve of the liquid, that
has a refractive index between the refractive index of silica
and the refractive index of the Ge-doped silica. When the
temperature changes, the thermo-optic coefficient of the
liquid dominates the properties of the device, since silica
has a coefficient 40 times smaller. A small change of the
refractive index of the liquid shifts the point of intersection
and produces a large change of the cutoff wavelength.
The calculations of the cutoff wavelength as a function of
temperature, using the step-index model, predict a linear
response within the temperature range of our experiments,
[~10,60]°C.

3. Experimental Results and Discussion

In order to illustrate the basic characteristics of these devices
as temperature sensors, Figure 3(a) shows the transmission
spectra of a sensor head that was prepared by filling 18 cm
of fiber 2 (see Table 1) with liquid of RI 1.47. In this
experiment the temperature was adjusted from 15°C to
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FiGure 3: (a) Transmission spectra of a sensor head, with 18 cm
length, at different temperatures, from left to right: 17.8, 20.2, 22.6,
25.8, 27.9, 30.2, 33.0, and 36.8°C. (b) Calibration of this sensor
head: cutoff wavelength as a function of temperature.

35°C and the cutoff wavelength shifted from 1.2um to
1.65 um. This sensor head is the shortest that we have fully
calibrated. Figure 3(b) gives the result of the calibration of
the temperature response of this sensor head, taking the
cutoff wavelength at the point the transmission drops 10 dB.
The sensitivity is ~25 nm/°C, the same that was reported in
[12] for longer devices.

Since the sensitivity is very high, one can preserve a good
detection limit while using low resolution OSA. According
to the 25 nm/°C slope, a low-cost OSA with a resolution of
1 nm would permit to achieve a detection limit of 0.04°C,
while the use of an OSA with 20 pm resolution would
push the detection limit down to 0.001°C. The use of
liquids with higher thermo-optic coefficients could increase
the sensitivity. Transparent polymers are, as well, good
candidates to implement compact and stable sensor heads
with even higher sensitivity.
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FIGURE 4: Schematic diagram of the sensor arrangement for amplitude interrogation. Optical spectrum of the LED and spectral response of

the photodiode.

4. Amplitude Interrogation

One of the valuable characteristics of the previously reported
temperature sensors is the wavelength codification of the
sensor information. However, in some cases, one might be
interested in using the simplest as possible interrogation
technique. In such a case, our sensor heads permit the imple-
mentation of simple amplitude interrogation techniques.
Figure 4 is a schematic diagram of the sensor arrangement
that we have implemented to study the amplitude response
of the sensors. A broadband source, either a light emitting
diode (LED) or a halogen lamp (HL), was used to illuminate
the sensor heads, and a photodiode was used to measure the
transmitted power. Figure 4 includes the optical spectrum of
the LED and the spectral response of the photodiode.

The amplitude response of the sensor is determined by
the combination of the transmission characteristics of the
sensor head as a function of temperature, the spectrum of
the broadband light source, and the spectral response of the
photodiode. Figure 5 gives two examples: (a) using a LED
and (b) using an HL. In both cases, the sensor head was
implemented using a section of fiber 2 and filling 31 cm with
a liquid of RI = 1.47. The smaller bandwidth of the LED
makes the response to exhibit saturation, with a maximum
slope of 0.127°C™!, while in the case of the HL the response
is approximately linear (~0.022°C™!). If we assume that the
minimum relative amplitude change that we can detect is
one thousandth, then the detection limit will be lower than
0.05°C.

Figure 6 is a simulation of the response that should
be obtained using the sensor reported in Figure3 and
measuring the transmission of a laser centred at 1510.25 nm.
The slope at 28.5°C is 0.353°C~!. Thus, if we assume that
the transmittance can be measured with a resolution of one
thousandth, then the detection limit would be 0.003°C. The
characteristics of this sensor configuration could be used for
temperature stabilization. Changing the wavelength of the
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FiGure 5: Calibration of the relative amplitude response of a sensor:
(a) using a LED and (b) using a halogen lamp.
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laser, one could select the temperature of stabilization of the
system.

5. Conclusion

Photonic crystal fibers open new opportunities by exploiting
the unique properties that these fibers exhibit. Here we have
exploited new possibilities based on the cutoff properties of
the fundamental mode of Ge-doped photonic crystal fibers.
Our experiments have been carried out using different Ge-
doped Y-shaped microstructured fibers, and sensor heads of
different lengths and filled with different liquids have been
implemented. The sensitivity is mainly determined by the
thermo-optic coefficient of the liquids that fill the fibers.
A sensitivity of 25nm/°C is reported, and a detection limit
of about 0.001°C is estimated, when using the wavelength-
encoded configuration. The sensor heads permit simple
amplitude interrogation techniques to be implemented with
high sensitivities and low detection limits.
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1. Introduction

Wavelength-tunable lasers are versatile both in telecom and
sensing applications. For the sensing applications, wide
tuning range is needed to improve the spatial resolution
and/or measurement range, and fast tuning (sweep) is
required to enhance the measurement speed for dynamic
sensing. Figure 1 shows two examples of wavelength-swept
laser-based sensing systems, fiber Bragg grating (FBG) sensor
system (Figure 1(a)) [1] and optical coherence tomography
(OCT) system (Figure 1(b)) [2]. In the FBG sensor system,
the strain or temperature change is decoded as the shift
of the Bragg wavelength of the FBG in the position. Since
multipoint sensing is achieved by multiplexing FBGs in
wavelength, the tuning range determines the number of
FBGs (oc measurement range). In case of dynamic FBG
sensing, such as vibrations, the tuning speed has to be faster
than the vibration. For the FBG sensor system, 1550 nm
wavelength region is mostly used because the fiber loss is
minimum and telecom components are readily available.
In the OCT system, scattered and reflected light from the
object under test, typically a living tissue, is resolved in
the frequency domain by interference with the reference

light, whose spatial resolution is inversely proportional to
the tuning range. For the three-dimensional (3D) OCT
measurement, the laser beam has to be deflected and scanned
spatially. Thus, the dynamic and high-resolution 3D-OCT
measurement requires extremely wide tuning range over
100 nm, and extremely fast sweep rate over 100 kHz. For
the retinal OCT, 1300 nm wavelength region is mostly
chosen in order to compromise the scattering (strong at
shorter wavelength) and water absorption (large at longer
wavelength). It should be noted that such swept lasers do not
have to be CW ones, but can be the pulsed ones as long as the
interference is assured.

Many kinds of wavelength-swept lasers, either laser
diode- (LD-) based or fiber laser-based, have been proposed
so far. External cavity tunable LDs are commercially available
at several wavelength bands and has wide tuning range
over 100nm [3], but the tuning speed is not fast because
the tuning is achieved by the rotation of the bulk grating.
The most widely used wavelength-swept lasers consist of
a wide gain medium, and a fast tunable optical filter, as
illustrated in Figure 2(a). The wide gain medium is typically
a semiconductor optical amplifier (SOA) or an erbium-
doped fiber amplifier (EDFA). EDFAs can output high
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power and EDFA-based lasers can be tunable over 80 nm
[4], but its wavelength band is limited to 1550 nm. So
the more preferred gain medium for sensing applications
is the SOA, which can work at many wavelength bands
(1550 nm, 1300 nm, 1000 nm, and 800 nm) with wide gain
bandwidth over 100nm. As for sweep speed, there are
two limiting factors, one is the sweep speed of the optical
filters, and the other is the photon lifetime in the laser
cavity, which is inversely proportional to the cavity length.
There have been several fast tunable optical filters, such as
piezo-transducer- (PZT-) based tunable Fabry-Perot filters
(FEP) [5], and polygonal mirror scanners [6]. They are
basically mechanically tunable filters, in which the sweep
speed is normally limited below a few tens of kHz by the
mechanical movements. FFPs have been shown to be able to
be swept much faster, a few hundreds of kHz, by utilizing the
resonance of specially-designed PZT [7], but the endurance
of the PZT in the resonant mode is not clear. In terms of
the second limiting factor, the cavity length, the SOA-based
lasers are more advantageous than the EDFA-based lasers
since the cavity can be shorter. As a different approach to
this issue, so-called Fourier-domain mode locking (FDML)
has been proposed recently, in which the sweep time is set to
be equal to one round trip time of the cavity [7]. With the
FDML, 105nm tuning range and 290 kHz sweep rate have
been achieved, but the endurance of the FFP in such high
speed is still in question.

In this review paper, we present our proposed novel and
different type of wide and fast wavelength-tunable fiber laser
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[8]. It uses the same gain medium with the conventional
swept fiber lasers, but does not use any tunable filters. The
tuning mechanism of our swept laser is so-called “dispersion
tuning” technique, which simply modulates the loss/gain
in the dispersive laser cavity, as illustrated in Figure 2(b).
By using wideband SOAs, the sweep range could be as
large as ~180 nm. Since the cavity contains no mechanical
components, such as tunable filters, we could achieve very
high sweep rate, as high as ~200 kHz. We have realized the
swept lasers at three wavelength bands, 1550 nm, 1300 nm,
and 800 nm, using SOAs along with EDFAs, and in two laser
configurations, ring and linear ones. We also succeeded in
applying the swept laser for dynamic FBG sensors. We review
our researches on the wide and fast wavelength-swept fiber
lasers.

2. Principle of Dispersion Tuning

The laser cavity has discrete longitudinal resonance modes.
The resonance condition of the ring cavity is expressed as

Blwk)L = 2K, (1)

where K is an integer expressing the mode number, S(w)
denotes the propagation constant at an angular frequency
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w, wg 1is the angular frequency of the Kth resonance mode,
and L is the cavity length. However, (1) can be transformed
to

(Blwk+1) — Blwk))L = 2m. 2)

Spacing between adjacent modes or the free-spectral range
(FSR) F of the laser cavity is expressed, using the relation § =
nw/c as

WK+1 — WK ¢

F= 27 - nl’ 3
where 7 is the effective refractive index in the cavity, and ¢ is
the speed of light in the vacuum. Note that n is assumed to
be a constant in deriving (3).

In the fiber laser cavity, L is long, thus the spacing
between adjacent modes is small. Here we assume wg; —
wg < wg, then (2) becomes

(wgi1 — wK)%L = 2m. (4)

However, (4) leads to another but more general expression of

FSR as
_[48, 1"
F= [de] . (5)

We can lock the lasing modes and generate a short pulse
train by applying the modulation at a frequency, which is
well known as the active mode locking technique [9]. The
modulation frequency f,, to the cavity has to match with
an integer (N) times of the FSR (= N X F), where N is the
order of harmonics (harmonic mode locking). Without the
chromatic dispersion in the cavity, F is a constant over entire
frequency. In this case, the lasing occurs at the gain peak
wavelength, regardless whether the modes are locked or not.

When the chromatic dispersion exists in the laser cavity,
F becomes dependent on the frequency, F(w). By expanding
B(w) around a frequency wy with the Taylor series, (5)
becomes

-1
Fl@) = 7| B+ Bae - o) + 3@ - o) + - |

B 15 (6)
~ Bl N ) .
NF0|:1 /31 A(A) 2/31 sz :|1

where Fy = 1/(f1L), which is the initial FSR at w = wy, and
A w = w—wy. Here we assumed that terms containing Aw are
much smaller than the first term. Neglecting the higher order
chromatic dispersion (f33, f4,. . .), the change of the FSR from
Fy by the change of frequency, AF(w), is expressed as

AF(w) = —FoéAw. (7)
B

However, (7) implies that the FSR is enlarged or reduced
(depending on the sign of f3;) linearly in proportion to the
change of frequency, as shown in Figure 3. The dispersion
tuning is a technique using the unevenly spaced resonance

A K Cavity resonance A\
A — f

Lower fi Mode-locking frequency fi, Higher fi

FiGure 3: Principle of dispersion tuning: unevenly spaced reso-
nance modes in the dispersive laser cavity.

modes in the dispersive laser cavity. Supposing that we apply
a modulation at f,, to the dispersive cavity strongly enough
to be mode locked, the laser is obliged to operate at a
frequency to meet the mode-locking condition. In the case
of Figure 3 where 3, is negative, lower f,, stimulates lasing
at lower frequency, and higher f,, stimulates lasing at higher
frequency. Reminding (7) and the harmonic mode locking of
Nth order, the change of lasing frequency Aw and the change
of modulation frequency A f,, should have a relation,

B iL ngL
Aw = — Afp = —2Af, = — Afm. (8
© = NRE M = T Ng M = ~ang M @
Here we used i = no/c and ny is the refractive index at

w = wo. It is sometimes more useful to rewrite (8) in terms
of change of lasing wavelength A). Using relations Aw =
—2ncAMA?, B, = —A*D/2mc, where D is the dispersion
parameter, (8) can be transformed to

nL

CZNDAfm a

no
— Af, =
CNDF() f

a CDfm()

AL = — Afw, (9)

where f,,0 = NF,, which is the initial modulation frequency
to give w = wp. Thus the lasing frequency or wavelength
can be tuned by changing the modulation frequency. This
is called the dispersion tuning technique [10, 11]. It is found
from (9) that the wavelength shift is more sensitive to the
change of modulation frequency when D and f,,0 are small,
which means that the wavelength is not well defined and
dispersion tuning is weak.

Wavelength sweep range AM; is determined by two
factors. One is the gain bandwidth, and the other is lasing at
the adjacent harmonic mode, (N — 1)th or (N + 1)th mode.
It happens when the change of modulation exceeds one FSR.
From (9), Ay is expressed as

n _ 1
c|DIN  [DILfino’

A/\tr = (10)

However, (10) means that smaller D, L, and f,o give wider
sweep range.

The sweep speed Vi, is inversely proportional to the
photon lifetime as is the case of conventional swept lasers,
that is, the sweep speed is faster when L is small:

1
sz oc Z (11)
Since the laser is mode locked, the output is not in CW,
but is pulsed at the repetition rate equal to the modulation
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frequency. The pulse is strongly chirped and wide by the
intracavity dispersion. The pulse from the mode-locked fiber
laser with the intracavity dispersion is expressed with a
chirped Gaussian pulse [11], whose spectral half width dw

is given by
12
o fmo (SncM)”‘*
dw = (71 3 DIL , (12)

where M is the modulation depth. This equation means
that linewidth can be narrower as f,,0 is smaller and D
and L are larger. However, from (9), smaller f,,0 increases
the instability of lasing wavelength and causes linewidth
broadening, which is the most cases in the following
experiments. Thus f,,o should be as high as the linewidth
broadening by (12) is acceptable.

From the above discussions, in order to realize wide and
fast tuning with narrow spectral linewidth, D and f,,o should
be as large as possible, and L should be as small as possible.

3. Swept Fiber Ring Laser Using SOA at 1550 nm
and 1300 nm Wavelength Bands

Figure 4 shows a schematic construction of the disper-
sion tuning-based wavelength-swept fiber ring laser at the
1550 nm wavelength band. The laser is in a ring-laser
configuration, and all the devices are pigtailed with single-
mode fibers. The polarization-independent SOA module
having a 3dB gain bandwidth of 79.7nm is used as the
gain medium of the laser. Active mode-locking is realized
by directly modulating the injection current to the SOA
with the RF signal from an RF synthesizer. It can reduce
the intracavity loss and the cost of external modulator. The
triangular signal from a signal generator is input to the RF
synthesizer for modulation frequency sweep. In order to
provide the chromatic dispersion in the laser cavity needed
for the dispersion tuning, we insert a 100m-long dispersion
compensating fiber (DCF) having a dispersion parameter
of =90 ps/nm/km at A = 1550 nm. An isolator in the SOA
module ensures unidirectional lasing of the laser cavity.
However, 10 % of the light in the laser cavity is output from
the 9:1 coupler.

We set the mode-locking frequency at around 410 MHz.
It is determined by the RF modulation characteristics of
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the SOA. Figure 5 shows the change of the lasing spectra
and the lasing wavelength, respectively, as the mode-locking
frequency is changed manually. The results suggest that the
lasing wavelength almost shifts linearly toward the longer
wavelength as the mode-locking frequency increases. The
tuning sensitivity is 138.12nm/MHz and the static tuning
range is as wide as 178.7 nm. The output power is ~1.3 dBm
and the instantaneous linewidth is ~1.1 nm when the lasing
wavelength is 1540 nm. The instantaneous linewidth is
almost the same at any wavelengths. Figure 6 is the temporal
waveform of the output pulses at the modulation frequency
of 400 MHz. It is found that the pulse is very wide, ~1ns,
because it is strongly chirped by the intracavity dispersion.
The mode-locking frequency at around 410 MHz needs
to be linearly modulated with the triangular waveform
which is schematically shown in Figure 4 so as to sweep the
wavelength linearly. The triangular waveform has two scan
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areas, upscan and downscan. In the upscan area, the las-
ing wavelength shifts-toward longer wavelength. Figure 7(a)
shows the peak-hold spectra using a function of the optical
spectrum analyzer, and Figure 7(b) shows the temporal
waveforms when the scan rate is changed, 200 Hz, 2 kHz,
20kHz, 60kHz, 100 kHz, 200 kHz. A dynamic sweep range
of over 120 nm is achieved at scan rate over 100 kHz. The
difference between the upscan and the downscan can be
attributed to the nonlinear effect in SOA [12]. The output
power is —1.95 dBm when this laser is swept at scan rate of
200 kHz.

As described earlier, our laser has wide and fast sweep
characteristics. Applying this swept laser enables to allocate a
large number of FBG array and a dynamic measurement in
FBG sensing system. Currently, the tuning rate is determined
only by the photon lifetime. Note that higher tuning rate
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is possible by reducing the cavity length with use of higher
dispersive element.

Operation wavelength band can be easily shifted by
simply changing the gain medium in our swept fiber lasers.
Here we show the swept fiber ring laser using SOA at 1300 nm
wavelength band. The experimental setup is the same as in
Figure 4, except that the SOA and other devices are replaced
by similar devices designed for 1300 nm. We used the same
100m-long DCF as the dispersive medium. The dispersion
parameter of DCF is estimated to be around —130 ps/nm/km
at A = 1300nm. We chose the mode-locking frequency
around 460 MHz.

Figure 8 shows the change of the lasing spectra and
the lasing wavelength, respectively, as the mode-locking
frequency is changed manually. The tuning range is as wide
as 140 nm. The output power is ~ —0.78 dBm and the instan-
taneous linewidth is ~0.9 nm when the lasing wavelength is
1286 nm. The instantaneous linewidth is almost the same
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at any wavelengths. Figure 9(a) shows the peak-hold spectra
when the modulation frequency is swept by the triangular
waveform, and Figure 9(b) shows the temporal waveforms
for several scan rates. A dynamic tuning range of over 120 nm
is again achieved at scan rate over 100 kHz.

4. Swept Fiber Linear Laser Using SOA
at 1550 nm and 800 nm Wavelength Bands

In the previous section, we demonstrated wide and fast
wavelength-swept fiber lasers in the ring cavity configura-
tion. The ring lasers, however, require an intracavity isolator
to ensure the stable unidirectional lasing. In some wavelength
bands, such as 800 nm, isolators are not readily available.
By contrast, linear cavity configuration does not require
an intracavity isolator, therefore, is versatile in terms of
operational wavelength. Here we show that the dispersion
tuning is also applicable to the linear lasers, and demonstrate
wide and fast wavelength-swept fiber linear laser using SOA
at 1550 nm and 800 nm wavelength bands.

The experimental setup of the wide and fast wavelength-
swept fiber linear lasers at 1550 nm wavelength band is
shown in Figure 10. One end of an SOA is coated with a
highly reflective (HR) mirror. Active mode-locking is also
realized by directly modulating the injection current to the
SOA with the RF signal from an RF synthesizer. The 300m-
long DCF, same with that of the ring lasers in the previous
section, is inserted in the cavity. Another mirror is placed at
the end of DCE. However 10% of the light in the cavity is
extracted from the 9:1 coupler as an output light. Since the
SOA used in this experiment has polarization dependence,
we used two Faraday rotators (FRs), one before the SOA, and
the other before the end mirror to form a Faraday rotator
mirror (FRM), in order to compensate the polarization
fluctuation in the laser cavity [13]. There is no isolator in the
cavity.

Figure 11 shows the change of the lasing spectra and
the lasing wavelength, respectively, as the mode-locking
frequency is adjusted manually. The tuning range is as
wide as 110 nm. The output power is ~0.4d Bm and the
instantaneous linewith is ~0.7 nm. Figure 12(a) shows the
peak-hold spectra, and Figure 12(b) shows the temporal
waveforms when the mode-locking frequency is modulated
at a different scan rate. A dynamic sweep range of over
100 nm is again achieved at scan rate over 2 kHz. At higher
scan rate, 20 kHz, the temporal waveform is degraded. This
is because of the limit by the photon lifetime in the cavity.
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The round trip length in the linear cavity is twice as long as
the cavity length, so it corresponds to the case of 600 m-long
ring laser. We expect that faster sweep will be possible with
the shorter DCF length.

We also composed the wide and fast wavelength-swept
fiber linear lasers at 800 nm wavelength band. The experi-
mental setup is basically the same as in Figure 10, except that
the SOA and other devices are replaced by similar devices
designed for 800 nm, and the FRs are not used since they are
not available at this wavelength band. As for the dispersive
fiber, we used a 300m-long single mode fiber for 800 nm
wavelength band, which has large material dispersion D ~
—100 ps/nm/km. Figure 13 shows the change of the lasing
spectra and the lasing wavelength, respectively, as the change
of mode-locking frequency. The tuning range is around
45 nm, which is limited by the gain bandwidth of the SOA
used in the experiment. The output power is ~ —10 dBm and
the instantaneous linewith is ~0.67 nm. Figure 14(a) shows
the peak-hold spectra, and Figure 14(b) shows the temporal
waveforms. A dynamic sweep range is again about 45nm,
achieved at scan rate over 2 kHz. However, the peak-hold
spectra are not flat, possibly due to the gain spectrum of the
SOA and polarization change as the change of wavelength.
Again, at higher scan rate, 20 kHz, the temporal waveform
is degraded because of the long cavity length. We plan to
address these issues in near future.

5. Swept Fiber Ring Laser Using EDFA
at 1550 nm Band

So far, we used SOAs as the gain media, and the direct
injection current modulation to the SOA was used for
achieving mode locking needed for the dispersion tuning.
Advantages of SOAs are the very wide gain bandwidth, and
the capability of direct modulation. One drawback is the
RF direct modulation characteristics in SOAs. As discussed
in Section 2, we should raise the modulation frequency as
high as possible for stable wide and fast sweep, preferably
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higher than 1 GHz. However, the SOA chips and surrounding
electronics in the module are not normally designed for
accepting direct modulation at such high frequency. In the
experiments using SOAs, we first measure the RF direct
modulation characteristics of the SOA module, which are
different one by one, and find the proper modulation
frequency “sweet spot” for direct modulation. Another issue
is the output power is not high, at best around 3 dBm.

In order to realize high-frequency modulation at high
output power, we chose to use an external LiNbO3 intensity
modulator as the mode locker, and an EDFA as the gain
medium. The experimental setup is shown in Figure 15.
Since the intensity modulator has strong polarization depen-
dence, we had to compose the polarization maintaining
(PM) type devices, including the EDFA (PM-EDFA). Since
we do not have the PM-DCEF, we chose to use so-called sigma-
laser configuration using a polarization beam splitter (PBS)
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and an FRM, and the 50m-long DCF, same with the previous
experiments, is placed in between. As the result, the intracav-
ity polarization state is constant over entire wavelength band.
Active mode-locking is realized by applying the intensity
modulation by the intensity modulator. However, 10 % of
the light in the cavity is extracted from the 9:1 coupler as an
output light.

Figure 16 shows the change of the lasing spectra and
the lasing wavelength, respectively, as the change of mode-
locking frequency. The tuning range is not large, around
20 nm, probably due to smaller gain bandwidth of the EDFA
and large intracavity loss by the intensity modulator. Since
the modulation frequencies are set at arbitrary values, we
changed the modulation frequency from 500 MHz to 2 GHz.
As shown in Figure 16(b), it is shown that the slope of the
lasing wavelength against modulation frequency becomes
gentler as the modulation frequency gets higher, and tuning
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FiGure 18: Experimental setup of dispersion-tuned swept-laser
based FBG sensor at 1550 nm wavelength band.

range becomes wider, as expected from (9). Figure 17 shows
the peak-hold spectra and the temporal waveforms when the
modulation frequency is swept by the triangular waveform.
A dynamic sweep range is again about 20 nm, achieved at
scan rate of 10 kHz. However, the peak-hold spectra are not
flat, possibly due to the remaining polarization change in the
cavity as the change of wavelength.
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FiGure 20: Temporal waveform, and its derivative waveform of the reflected light from the FBG array.

6. Application to FBG Sensor

The applications of the wavelength-swept laser are further
investigated for an FBG sensing system. The experimental
setup of our swept-laser based FBG sensor is shown in
Figure 18. The swept laser is the SOA-based ring laser
at 1550 nm wavelength band described in Section 3. The
multiplexed FBG array consists of FBGs having different
Bragg wavelengths, FBG1: 1525 nm, FBG2: 1540 nm, FBG3:
1550 nm, FBG4: 1560 nm, having more than 90% reflectivity.
The reflected light from the FBG array is led to a photo-
diode via a circulator. The trigger signal having the same
frequency with the sweep signal is used to synchronize the
A/D converter. In order to control the A/D-converter and
calculate the signals from FBGs, Labview is used. As shown
in Figure 19(a), when the optical source is swept, the laser
output light scans each FBG. Only the light corresponding
to each FBG’s Bragg wavelength is reflected and converted
to an electrical signal by the photodiode as a sensor signal
as shown in Figure 19(b). In this system, we can attribute
each pulse in the temporal waveform to the corresponding
FBG, and calculate the relative wavelength using the reference
FBG. When the reference FBG is set to be FBG3 as shown in
Figure 19, the relative wavelength AA = |12 —A3] is estimated

from At = |t2 — t3| by
AN = At - S - Ay, (13)

where A) is the relative wavelength from the reference
FBG, At is the relative time from the reference FBG, S;
is the sweep rate (Hz) of the swept source, and A is
the sweep range (nm) of the swept laser. Note that the
At(AA) changes in proportion to the strain added in FBG.
In our experiment, in order to avoid errors due to the
peak fluctuations in the temporal waveform, the waveform is
filtered and differentiated. We track the minimal points in the
differentiated waveform to calculate the relative wavelength.

Figure 20(a) shows the temporal waveform of the
reflected light from the FBG array. Figure 20(b) is the sensor
signal after filtering at 500 kHz and differentiation when the
tunable laser source is swept with 40kHz negative ramp
waveform as shown in Figure 20(a). We chose to use only
the downscan for interrogation of the FBG array, because the
linearity of downscan is better than the upscan, as discussed
in Section 3. Measurements at the scan rate of 40 kHz are
successfully achieved. Measured relative wavelengths from
the reference FBG3 when no strain is applied to FBGs are
summarized in Table 1. These results are obtained from
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the data obtained for 5 seconds. Each average of relative
wavelength from the reference FBG are almost equal to
the Bragg wavelength of the FBGs used, and each standard
deviation is also very small.

Figure 21 shows the change of relative wavelength when
the strain is added to the FBG2 manually, in which the
FBG is stretched by a steel slide manual stage. It is observed
that the relative wavelength changes linearly as the strain is
added. This result indicates that this sensor system works
as expected. The slope of the linear-fitting is 0.99 nm/ (m
strain).

Figure 22 shows the results of the dynamic sensing when
periodical strain is added to the FBG2. The dynamic strain
is applied by a PZT stage driven by a sinusoidal waveform
from a RF function generator. When the frequency of the
strain changes from 1 to 10Hz, it is confirmed that this

sensor can capture the change of the frequency as shown in
Figure 22(a). Figure 22(b) indicates that the dynamic strain
can be measured correctly when the strain is added with a
150 Hz sinusoidal vibration. The FFT spectrum is calculated
by MATLAB software. The resolution of this sensor is
currently limited by the instantaneous linewidth of the swept
laser since it is larger than the bandwidth of the FBGs, which
will be able to be improved in the future. The results show
that this system is capable to work accurately and measure
transient distortion at a high measurement rate.

7. Conclusion

We reviewed our researches on the wide and fast wavelength-
swept fiber lasers. We presented our proposed novel and
different type of wide and fast wavelength-tunable fiber
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TABLE 1: Averages and standard deviations of the measured relative
wavelengths when no strain is applied to FBGs.

Sensor results\FBG no. 1(m) 2(m) 3(m) 4(m)
Average 23.91n 9.20n 9.40n
Standard Deviation 35.37p 28.10p 28.93p

laser. It uses the same gain medium with the conventional
swept fiber lasers, but does not use any tunable filters. The
tuning mechanism of our swept laser is dispersion tuning
technique, which simply modulates the loss/gain in the
dispersive laser cavity. By using wideband SOAs, the sweep
range could be as wide as ~180 nm. Since the cavity contains
no mechanical components, such as tunable filters, we could
achieve the very high sweep rate, as high as ~200 kHz. We
have realized the swept lasers at three wavelength bands,
1550nm, 1300nm and 800 nm, using SOAs along with
EDFAs, and in two laser configurations, ring and linear ones.
We also succeeded in applying the swept laser for dynamic
FBG sensors.

For the further improvement of the scan speed of our
laser, the cavity length has to be shorter, and the modulation
frequency has to be higher. Our current choice of the
dispersion element is the DCE which satisfies both large
dispersion, wide bandwidth, and low loss. Still we need
higher dispersion with shorter length. Possible choices might
be chirped FBG having very wide band, or photonic crystal
fiber designed to have very high dispersion. Short cavity
length is also desirable for enhancing the stability of the
laser. As for the modulation frequency, currently it is limited
by the RF modulation characteristics of the SOA module,
as discussed in Section 5, so we expect that SOA modules
designed for direct modulation are commercially available.
For the further improvement of the sweep range of our laser,
wideband SOA is necessary.

The sweep range is determined by two factors, the gain
bandwidth and lasing at the adjacent harmonic mode, as
discussed in Section 2. The latter factor can be avoided by the
proper laser design, so the former factor is the main limiting
factor. In the very wide swept laser, another problem will
arise that the higher-order dispersion cannot be neglected,
and as a result, the change of the lasing wavelength (or
frequency) is not in linearly proportional to the change of
the wavelength, whose indication has already been observed
in Figure 5(b).

The instantaneous linewidth of the swept laser is cur-
rently around Inm, much wider than the value calculated
from (12) (~0.1nm). Thus, as discussed in Section 2, it
should be improved by enhancing the modulation frequency.
Actually, we have achieved the instantaneous linewidth
around 0.2 nm with the modulation frequency of 1 GHz in
the first experiment [8].

We succeeded in applying the swept laser for dynamic
FBG sensors. Our system is much better in terms of scan
speed and sweep range than the existing FBG sensor systems,
but its resolution is not yet as good as theirs, mainly due to
the large instantaneous linewidth of the swept laser, which
has to be improved in future.
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While a number of literature reviews have been published in recent times on the applications of optical fibre sensors in smart
structures research, these have mainly focused on the use of conventional glass-based fibres. The availability of inexpensive, rugged,
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physical parameters such as strain, stress, load, temperature, displacement, and pressure makes them suitable for structural health
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1. Introduction

In recent years, structural health monitoring has attracted
significant interest from academia, government agencies,
and industries involved in a diverse field of disciplines
including civil, marine, mechanical, military, aerospace,
power generation, offshore and oil and gas. The aim of SHM
is to detect damage initiation and subsequently monitor the
development of this damage using structurally-integrated
sensors in order to provide early warning and other useful
information for successful intervention to preserve the
structural integrity of the host. A number of commonly
monitored parameters used for SHM applications include
the detection or measurement of strain, load, displacement,
impact, pH-level, moisture, crack width, vibration signa-
tures, and presence of cracks.

Over the last two decades, optical fibre sensors have
attracted substantial attention and shown to be capable
of monitoring a wide range of physical measurands for
SHM applications. The advantages of optical fibre sensing

in engineering structures are well known and these include
their insensitivity to electromagnetic radiation (especially
in the vicinity of power generators in construction sites),
being spark-free, intrinsically safe, non-conductive and
lightweight, and also their suitability for embedding into
structures. To date, a number of key optical fibre sensors have
been reported and their applications for damage detection
in composite structures are given in review articles elsewhere
[1,2]. Optical fibre-based sensors such as fibre Bragg gratings
(FBG), intensiometric and polarimetric-type sensors and
those based on interferometric principles (e.g., Fabry-Perot)
have been shown to offer specific advantages in their niche
area of applications.

Of the various types of optical fibre sensors, intensiomet-
ric sensors represents one of the earliest and perhaps the most
direct and basic type of optical fibre sensor used for SHM
purposes [1]. Here, the sensing principle is straightforward
and relies on monitoring the intensity level of the optical
signal as it modulates in response to the measured quantity.
Although monitoring of the intensity level of optical signal



has often been cited to be a drawback as a result of
possible power fluctuation in the signal level and influence of
external environment unrelated to the measured parameter
(e.g., micro and macro bending along the fibre length),
standard referencing techniques may be used to counter
this problem. With the availability of stable and inexpensive
light sources and low bend-sensitivity fibres, the intensity-
based approach offers excellent commercial prospect for
large-scale applications from a cost-effectiveness point of
view. In addition, the intensity-based technique is also
suitable for frequency analysis in vibration measurements
since precise and absolute measurement of the structural
strain or displacement values are not required—given that
the sensor has sufficient sensitivity to detect the oscillatory
nature of the vibration signal.

Plastic optical fibres (POFs) with their large core sizes
(diameters ranging typically from 0.25mm to 1 mm are
readily available) and high numerical apertures (0.47) lend
themselves well to be used as intensity-based optical fibres
sensors. Indeed, many of the POF sensors developed and
demonstrated for a variety of SHM applications in recent
times are based on intensity modulation using these multi-
mode fibres [3-16]. The core of the fibre could be made
from polymethymethacrylate (PMMA), polycarbonate (PC),
polystyrene (PS) and more recently cyclic transparent optical
polymer (CYTOP), which offers the lowest attenuation of
50 dB/km at 650 nm compared to 160 dB/km for PMMA-
based POE The cladding layer of the fibre is generally
made of fluorinated polymers. At present, most POF sensors
are step-index PMMA-based due to their wider availability
and lower cost. Other variants of POFs including multicore
fibres, double-step-index fibres, multi-step-index fibres and
graded-index fibres have also been introduced to improve the
bandwidth and to lower the bending sensitivities (by means
of multiple smaller cores and optimising on the refractive
index profile). Single-mode POFs are presently obtainable
commercially (e.g., Paradigm Optics Inc.) although their
availability is still limited worldwide. Bragg gratings, which
are commonly applied to single-mode silica fibres using
ultra violet laser light to create the interference pattern to
induce periodic changes in refractive index of the core,
have also been demonstrated on doped plastic optical fibres
and undoped bulk PMMA in recent years [17-19]. More
recently, micro-structured POF have been introduced and
these have received significant attention as a promising class
of fibre for new sensor applications [20, 21], achieving
unique optical properties via a pattern of holes down the
full length of the fibre. Optical properties include enabling
single-mode fibre to be made from a single matrix material
with characteristics controlled by photonic bandgap effects.
Unlike single mode POF, single-mode microstructured POF
has a visible loss of around 1dB/m and are single moded
for wide (theoretically endless) range of wavelengths. Bragg
gratings [22] and long period gratings [23] have been
created within mPOF. Advantages include the possibility
of optimising the sensitivities of the different loss features
to a range of measurands by adjusting the hole geometry,
and using asymmetric microstructures for directional bend
sensitivity [24].

Journal of Sensors

In addition to being cheaper than their glass-counterpart,
plastic fibres offer better fracture resistance and flexibility
compared to bare glass fibres. They also offer ease of
termination, safe disposability and ease of handling. It has
been reported that plastic optical fibre has an elastic limit
of 10% compared to 1% in silica and can withstand strains
more than 30% without breakage [25]—this could be a
significant benefit for structural health monitoring applica-
tions involving large strains greater than that measurable by
glass-based fibre sensors. For monitoring internal parameters
of a structure, for example, when it becomes desirable
to embed sensors within concrete structures, POF sensors
offer a possible solution since the extremely alkaline (pH
12) environment of the concrete mixture is known to be
corrosive to standard glass fibres [26]. Also, the presence of
moisture can weaken the glass core and accelerates crack
growth in the fibre. For glass-based sensor, although a
polymer coating may be applied in order to protect the
glass fibre from the corrosive environment, this will incur
additional cost. Finally, glass-based optical fibre sensors are
fragile and in general not amenable to rough handling
and are highly susceptible to fracture in harsh engineering
environment. In view of the advantages associated with
plastic optical fibres, intensive research is underway to assess
their potential for smart structure and structural health
monitoring applications.

2. Recent Development in POF Sensors for SHM

2.1. Intensity-Based POF Sensors for SHM. The ease of
monitoring the light intensity level in these large core
fibres (typically 1 mm step-index multi-mode type) natu-
rally leads to their development as intensity-based sensors.
The availability of in-expensive solid-state light emitters
and detectors allows the POF sensors to be conveniently
integrated to external set-ups such as control and data
acquisition systems. Indeed, the simplicity in design associ-
ated with intensiometric measurements has resulted in the
various applications of POF sensors not only for SHM but
for a variety of other sensing applications [27-29]. POF
sensors were demonstrated to have the capability to measure
parameters such as strain, curvature, bending displacement
as well as for detecting cracks within the structure subjected
to either quasistatic or dynamic loading [3-16].

In general two classes of intensity-based sensing have
been reported and they are grouped based on whether the
optical fibre is an intrinsic or extrinsic sensor. In an intrinsic
sensor, modulation of the optical signal is a direct result of
the physical change in the optical fibre in response to some
measurands (e.g., signal change due to the micro- or macro-
bending of the fibre). On the other hand, in an extrinsic
optical fibre, the signal modulation takes place outside the
optical fibre (e.g., signal change due to the changing gap
distance between two cleaved fibre surfaces).

Kuang et al. [3] investigated the use of a low-cost,
intensity-based intrinsic POF sensor for monitoring the

mechanical response of a number of plastic specimens.
In their study, the plastic fibre used (ESKA CK40) was
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FiGuUre 1: (a) Plot of the POF sensor response under cyclic flexural
loading highlighting the stability and responsiveness of the sensor
(after [3]). (b) Plot showing the POF sensor signal during a series
of tensile tests (after [3]).

a I mm diameter multimode step-index type supplied by
Mitsubishi Rayon Co. Ltd. By removing a segment of the
POF’s core and cladding layer over a pre-determined length,
the aim was to promote light loss in this region due to
reduction in the number of modes undergoing total internal
reflection when the fibre was bent. The sensitised region
(ranging from 70 mm for smaller specimens to 300 mm for
larger ones) was noted to possess directional sensitivity and
hence important to ensure the relative planar orientation
of the segment of the POF sensor and the direction of
loading. The study demonstrated that the POF sensor used
exhibited high responsiveness to bending (strain-normalised
optical loss coefficient of approximately 1.8 x 107 /ue) and
could be configured to render it sensitive to in-plane axial
loads by simply curving the sensing region of the POF in
the appropriate orientation with respect to the direction
in which the strain is to be measured. Figure 1(a) shows
the signal of POF sensor under a cyclical flexural load
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FIGURE 2: Plot showing the response of the POF sensor following
activation of the Ni-Ti sheet (after [34]).

while Figure 1(b) illustrates the repeatability of the sensor
configured for tensile strain measurement. Although the tests
stopped at bending and tension strains of 0.7% and 1.2%
respectively, the ability of the POF to measure higher strain
values was expected to be achievable. Strain values up to
15.8% have been reported in a single-mode POF by Kiesel
et al. [30, 31] while other studies using standard POF have
measured strains up to 45%, although it was noted that
depending on strain rate and temperature, the fibre could
endure more than 80% strain [32, 33].

The potential use of POF for SHM purposes was also
investigated for the dynamic monitoring ability in fibre
composites [9, 10]. The upper limit of the frequency tested
was 30 Hz (limited by the motor used). Here a POF sensor,
identical in terms of theoretical background and operating
principle to Kuang et al. [3], was attached to a cantilever-type
composite beam to monitor the free vibration of undamaged
and damaged specimens following low-velocity impacts. The
sensitised POF sensors used was sufficiently sensitive to
monitor the change in the damping ratio to characterize
the reduction in postimpact flexural modulus and residual
strengths of a composite beam with increasing level of impact
damage. In the experiment, the POF sensor was able to detect
a change in the damping ratio as small as 2.5%. In a later
study [34], the POF sensor was applied to a nickel-titanium
fibre metal laminate to monitor the morphing response
of the hybrid laminate and the POF signal was found to
agree well with collocated electrical strain gauges. Following
activation of the smart fibre metal laminate (FML) by air
through a heat gun, the shape memory alloy (SMA) layers
deformed according to the shape it was trained (i.e., curved)
and the POF sensor was found to faithfully monitor the
flexural response of the smart composite. Figure 2 shows the
response of the POF compared to the strain gauge reading.

Further work on the use of an extrinsic POF sen-
sor to monitor the deflection of a smart composite was
done by Kuang et al. [35]. The operating principle was
straightforward—the sensor relied on the monitoring of the
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optical power transmitted through an air-gap between two
cleaved optical fibre surfaces. The two fibres were aligned
within a housing in which the fibres could slide smoothly.
The gap between the cleaved surfaces changes in proportion
to the applied strain resulting in the increase or decrease of
the transmitted power. A standard red LED (650 nm) and
photodiode were used to illuminate and monitor the optical
power during the test. Here, thin-film heating technology
was introduced to assess their potential for their integration
into the smart FML for SMA activation. To provide the
sensor feedback signal, the POF sensor was attached to
the smart composite allowing the deflection or morphing
response of the specimen to be accurately controlled. The
POF sensor used here was modified based on a design
described in an earlier work [15]. The desired amount of
deflection of the beam was pre-set using a controller and
the POF sensor reading was used as a feedback signal to
achieve the desired deflection. The deflection of the beam
specimen was monitored continuously via a data acquisition
set-up which logged the POF sensor output simultaneously.
Figure 3 shows the data of the POF sensor readings at three
different FML beam deflections (A) to (C). The result shows
that the FML beam could be controlled accurately to within
3% of the desired deflection using the POF feedback data
with very little overshoot.

Another variation of the intensity-based POF sensor
for monitoring structural displacement was proposed by
Babchenko et al. [4] based on the bending of a multi-looped
POF that has sensitised multistructural imperfections on
the outer side of its core. The structural imperfections were
created on the outer side of the fibre’s core by abrading the
fibre surface. The imperfections were created in the form
of small scratches perpendicular to the curve plane similar
in concept to earlier studies [3, 7, 10]. The increased loss
of light at the sensitised region due microbending was then
related to the amount of displacement. The study used a
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simple mechanical set-up where the fibre sensor was located
between a top and bottom plate connected to a micrometer
allowing the amount of bending of the fibre to be controlled.
The authors argued that by adding more loops to the fibres
and additional imperfections on the apex of the curve section
of the POF, an inexpensive POF sensor could be created
to monitor a variety of physical measurands, including
strain, stress, vibration and pressure although the authors
have not conducted any specific studies to show the actual
performance of the proposed sensor to monitor the various
loading conditions listed.

POF sensors have been applied to concrete structures
in the field of civil engineering in view of their ruggedness
and ease of handling compared to glass-based fibre sensors.
Kuang et al. [11], conducted a series of flexural tests on
scaled-specimens where POF sensors were attached to the
bottom surface of the beam and showed that the sensors
used were of sufficient sensitivity to detect the presence of
hair-line cracks as illustrated in Figure 4. A crack width of
approximately 0.04 mm was successfully detected using the
POF sensor. In order to improve the sensitivity of the POF to
beam deflection and crack initiation, a segment of the POF
cross sectional profile was removed over a predetermined
length (7 cm for a series of scale-model specimens and 30 cm
for full-scale specimens) by abrading the surface of the POF
using a razor blade. In principle, the sensitisation process
increases the loss in mode propagation when the fibre is bent.
Exposing the fibre core by removing the cladding layer to
create an evanescent field sensor is a well known technique
commonly exploited for sensing purposes. Following tests
on the scaled-specimen, the authors demonstrated the use
of POF sensors to monitor the response of three-meter-long
concrete beams subjected to a quasistatic lateral load in a
three-point bend set-up. In their study, multimode step-
index plastic optical fibres were successfully applied to detect
initial cracks in the beam and subsequently to monitor post-
crack vertical deflection and finally to detect failure cracks
in concrete beam. Figure 5 shows the plot summarising the
results of the tests carried out for crack detection in concrete
specimens.

In another study related to structural health monitoring
of concrete beams, a liquid-filled extrinsic POF sensor
design was employed to monitor the central deflection of
a concrete specimen in a three-point bend configuration
[14]. Here, four extrinsic POF sensors were used—each
with a different liquid opacity injected into the housing
cavity shown schematically in Figure 6(a). The principle of
operation is the same as that described earlier where the
transmitted optical power across a gap between two cleaved
POF surfaces was monitored and related to the applied load
or strain. Instead of an air-gap, the addition of an opaque
liquid medium in the cavity of the housing increases the
strain sensitivity of the POF sensor (up to approximately
25 times) as shown in Figure 6(b). Following the initiation
of crack at the bottom surface of the concrete beam, the
electrical strain gauge failed instantly while the POF was
able to continue monitoring the response of the beam
under the transverse load highlighting the advantage of the
POF sensors over electrical strain gauges in this particular
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FIGURE 4: Photomicrographs showing the intersection of the crack in the crack specimens with the POF sensor (after [11]).
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application. As shown in Figures 7(a) and 7(b), the collocated
electrical strain gauge was damaged at the first crack of the
beam and was rendered useless limiting its usefulness for
structural health monitoring purposes where surface cracks
are frequently encountered. The POF sensors, however, did
not appear to be significantly affected by the crack and
were able to continue monitoring the loading process even
after severe crack damage (crack width of approximately
2mm and a corresponding POF strain of 4.7%) has taken
place in there steel reinforced beam specimen. Since the
POF sensor was attached to the beam at the two points
(which define its gauge length), the propagation of crack
across the sensor has insignificant detrimental effect on its
measurement capability.

In view of the potential of the POF sensor for vibration
detection, it has also been used in another study on system
identification for SHM in a composite beam using genetic
algorithm as the parametric search method. An analysis
using fast-Fourier transform of the acquired POF vibration
signal compared well with a collocated piezofilm sensor and
the result showed that the sensor was capable of detecting
the shift in the various modal frequencies associated with
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FIGURE 6: (a) Schematic of extrinsic POF sensor. (b) Plot showing
the different POF sensor sensitivities corresponding to the different
opacity of liquid used and the response of the electrical strain gauge
attached to the bottom side of a concrete beam during a quasistatic
cyclic test (after [14]).

different system characteristics or damage level [12-14].
The highest frequency detectable in the study was in excess
of 1kHz [12] highlighting the potential of the system for
vibration-based structural health monitoring.

In addition to concrete structures, POF sensors have
been applied to monitor large strains (defined as greater
than 10%) developed in geotextile materials. Kuang et al.
[36] reported that the intensity-based sensor used in their
work could be customised to monitor strains as high as
40% or more. Based on a previous design [15], the cavity
of the housing for this large strain sensor has been readapted
and is shown schematically in Figure 8. The basic operating
principle of the POF sensor used here relies on measuring



FiGure 7: (a) Photograph showing the crack line across the
electrical strain gauge at approximately 0.3 mm beam central
deflection. (b) Photograph showing the widening of the crack after
several loading cycles—the damage of the electrical strain gauge is
evident while the POF sensors continued to monitor the loading
process (after [14]).

the displacement of two cleaved fibre surfaces housed within
the tube. Since the two ends of the POF were free to move
under an applied axial load, the sensor strain measuring
capability was not limited to the yield strain or elastic limit
of the POF itself. The authors reported that the signal output
of the sensor was directly related the separation of the two
end faces and the sensor was initially calibrated with a linear
variable displacement transducer before being attached to
the geotextile host for strain measurement. POFs are avail-
able with protective polyethylene jackets and have a good
resistance to damage under marine conditions and therefore
are suitable candidates for a marine environment. Being
inexpensive to produce and interrogate, it was proposed that
the POF sensors were more cost-effective than other optical-
based sensors such as fibre Bragg grating (FBG) sensors—
for comparison, a POF sensor cost less than US$1 while an
acrylate-recoated FBG sensor would cost typically US$100.
More significantly, an FBG interrogator could range from
US$15,000 to US$40,000 while in contrast, it is possible to
fabricate an intensity-based system for under US$200 using
off-the-shelf parts highlighting the economic attractiveness
of the proposed system.

POF has also been embedded in composite materials to
monitor damage development. Takeda et al. [5, 6] utilised
small diameter multimode POFs (250 ym) for detection of
matrix crack in advanced fibre composites. The POFs were
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embedded in both unidirectional and cross-ply composite
lay-up. The sensors were subjected to the same curing cycle
as the composites and the authors successfully demonstrated
the possibility of embedding POFs into the fibre composites.
This approach relies on changes in the optical power-strain
relationship to infer damage. It was reported that when the
unidirectional specimen was loaded in the axial direction, the
optical power decreases linearly with strain while no damage
was observed. In contrast, as a result of the transverse crack
in the cross-ply laminate specimen, a non-linear optical
response was noted following the initiation of cracks in
the specimen. Takeda et al. contended that this observation
supported their predicted response and hypothesised that
the non-linearity observed in the optical response was an
indication of local deformation of POF resulting from the
damage in the host and hence demonstrated the viability
of the technique for detection of transverse damage in
composite materials.

Wong et al. [28] embedded a chemically-tapered POF
in a carbon fibre composite to examine the potential for
strain measurement. In the study, a POF with taper length
of approximately 10 mm was used. Tapering a fibre forms a
more sensitive evanescent field sensor because, as the fibre
diameter decreases further with strain, the evanescent field
penetrates further into the cladding rendering it sensitive to
the applied strain. A series of tensile tests was conducted on a
composite test beam with an embedded tapered POF sensor.
The POF was embedded at the mid-plane of a four-ply woven
carbon-fibre epoxy prepreg (Stesapreg EP121-C15-53). The
composite lay-up was inserted in a picture frame mould and
was processed at 75°C under 3 bar for 8 hours to allow curing
of the epoxy matrix. The test specimen was subsequently
examined and the POF sensor was found to be capable of
withstanding the processing conditions. The authors showed
that the embedded POF was capable of monitoring up to
1.4% strain with good repeatability.

Embedding of POF sensors in composite materials
requires careful selection of the type of POF material since
the processing temperatures vary according to the material
system of the composites used. Although certain classes of
POF such as polycarbonate and CYTOP are able to sustain
higher processing temperatures compared to PMMA POFs
without suffering significant optical and structural degrada-
tion, the range of composites which could be embedded with
POF sensors is clearly limited to the maximum operating
temperatures of the chosen POF.

Based on the literature reviewed, it is reasonable to
conclude that intensity-based POF sensors offer a simple,
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in-expensive vet effective approach in monitoring specific
aspect in structural health monitoring, in particular where
high-resolution and precise measurements are not key
requirements in the application. The concern over the
fluctuation of optical intensity due to macrobending along
the fibre or other perturbation not related to the measured
quantity could be overcome with careful placement of the
fibre (if possible) and referencing techniques and hence
would not pose a significant barrier to its deployment.
It has also been shown in the above review that, the
apparent simplicity in sensor design, signal interrogation
and acquisition, intensity-based monitoring approach using
standard LEDs, photodetectors and low-cost data acquisition
units allows users to implement a working system readily
without the need for expensive equipment. The ease of
handling large core intensity-based POF sensors outside
the laboratory environment adds to its attractiveness for
health monitoring of engineering structures. The review also
provided examples of the use of intensity-based POF sensors
for measurement of strain values less than a few hundred
microstrains to that exceeding 40%. The sensors were also
demonstrated as surface bonded or embedded in structures.
These reports highlight the versatility of the intensity-based
POF sensors for measurement commonly performed in
engineering applications and would indeed be the preferred
technique in certain cases of SHM applications following
careful consideration of its limitations and benefits.

2.2. OTDR-Based POF Sensors for SHM. Distributed strain
sensing using a single fibre enables monitoring over a long
section of structure and is highly desirable in structural
health monitoring. Optical time-domain reflectrometry
(OTDR) is a well known technique in telecommunication for
fault analysis and has recently been applied to multi-mode
standard POF for strain sensing applications. Despite large
fibre core size and hence significant modal dispersion, some
success was demonstrated for SHM applications. OTDR
sensing exploits the monitoring of the backscatter light in
an optical fibre following the launched of a short optical
pulse at one end of the fibre. The backscatter signal is
recorded as a function of time and then converted to distance
measurement. Perturbations, such as strain or defects along
the length of the fibre will result in either a peak reflection
or loss in the backscatter signal at the location of the
perturbation.

Husdi et al. and Nakamura et al. [37, 38] tested
two types of PMMA-based multi-mode step-index fibres
Eska Premier GH-4001-P and Super Eska SK-40 for the
effect of mechanical deformation and temperature on the
transmission and reflection properties of these fibres. A
commercial photon counting OTDR system (with a position
scale resolution of 10mm) for measuring the very weak
backscattering light was used to interrogate the POF sensor.
The study showed some interesting effects on the OTDR
signal including the response due to (i) a flaw along a
fibre (along a 300 m long fibre), (ii) a small bend (bending
diameters ranging from 8 mm to 52mm of a 300 m long
fibre), (iii) transverse clamping (clamped over a 50 mm

section at a distance 30 m from the input end), (iv) torsional
strain (a section of 10 mm was twisted at a distance of 40 m
from the input end along a 200 m long cable), (v) axial
strain (over a section of 10cm) and (vi) temperature (a
10 m section at a 300 m long cable was immersed in water
of various temperatures). Based on the results, the authors
suggested the possibility of discriminating the different types
of external perturbation by the specific change in the shapes
of the backscattered traces and further detailed investigation
will be necessary to correlate the various POF responses
to the applied perturbations. The authors argued that if
low-cost instrumentation could be developed, the POF-
OTDR system will be a competitive candidate for short range
distributed SHM.

Fukumoto et al. [39] extended the work on POF-OTDR
by conducting a feasibility test of the distributed strain sensor
for detecting deformation in wooden structures. In their
work, the authors were able to detect the direction and
magnitude of deformations at four corners of a rectangular
wooden frame. The “memory effect” of the POF was also
studied and it was reported that when strain is applied to
the POF cable, it could be memorised through the plastic
deformation of the core material of the POF and could be
read out using the OTDR even after the strain was removed.
The spatial resolution of their set-up was reported to be
5m for the conventional step-index PMMA POF used (Eska
Premier GH-4001-P).

The application of POF using OTDR technology has also
been reported elsewhere by Krebber and workers [32, 33, 40].
In their studies, standard SI PMMA POF was integrated
into geotextile materials and was shown to be capable of
measuring up to 45% strain. Here, it was observed that
the level of the backscattered light increases in a non-linear
manner with strain up to 16% at locations where strain was
applied to the POE. The results concur with that reported
by Husdi et al. [37, 38]. Due to the high loss experienced
in standard ST PMMA POF (150dB/km), perfluorinated
graded-index (GI) POFs (loss of 30 dB/km) were also studied
for distributed strain sensing. It was observed that the length
of fibre monitored extended from 100 m for standard PMMA
POF to 500m in these GI-POFs due to the lower modal
dispersion in these graded-index fibres [32, 41]. For the GI-
POFs studied, it was highlighted that the GI-POF tested
exhibit a rather nonlinear backscatter increase up to about
3% strain, above which no further backscatter increase was
observed.

In addition to strain monitoring in geotextile materials,
the POF was also used for detection of crack opening in
masonry structures up to 20 mm in steps of 2mm [32].
Two displacement transducers were used as reference sensors
which monitored the width of the crack opening continu-
ously. The results showed that the OTDR backscatter signal
increased in respond to widening crack width (up to 25 mm)
highlighting the feasibility of using POF OTDR sensor to
detect cracks in masonry ad concrete structures. The POF
sensor was integrated into a geotextile and then surfaced
attached to a concrete beam specimen with a small pre-crack.
The backscatter signal for two textile specimens was found
to increase in a reasonably linear manner (approximately



0.05 dB/mm crack width) although the authors highlighted
that further tests will need to be conducted to obtain
reproducibility in the results.

Although the technique above is excellent for monitoring
long, large sections of structures/materials, it is primarily
suited for quasistatic measurements since data acquisition
and processing time of a few seconds to a few minutes
are required particularly if high resolution measurement of
extended POF length is important to the user. The use of
OTDR technique for measurement of strain would only be
meaningful if the strain levels are of the order of 1% and
above and a gauge length of tens of centimetre to 1m.
This would be suitable for very large structures with large
strains such as the deployment of the POF-OTDR sensor
in geotextiles materials as outlined in the review above
but may encounter problems if applied to structures with
smaller dimension. In addition, the POF OTDR equipment
may be prohibitively costly in most situations and hence
limited to special niche areas in which their distributed strain
monitoring capability is exploited and where their initial
investment could be justified.

2.3. Interferometric-Based POF Sensors. Recent progress in
the fabrication of single-mode POFs has made possible the
use of these fibres for large-strain applications based on
interferometric sensing techniques. Here, the principle of
operation involves the monitoring of the phase-shift of the
propagated light in the test fibre under an applied strain
relative to an unstrained reference fibre. The phase-shift
is monitored using an interferometric set-up which allows
measurement for a limited range of strain values, although
it was also reported that using an alternative approach to
measuring the phase-shift based on the absolute position
time-of-flight telemeter technique has been reported to be
useful for strain measurement up to 15.8% strain in a
single-mode PMMA fibre [30]. The high precision and
immunity to fluctuation due to light source and bends in
the fibre are advantages associated with interferometric-
based techniques and since single-mode fibres are smaller in
diameters compared to their multi-mode counterparts, they
are less intrusive in cases where their embedment could lead
to discontinuity in the geometrical build-up, for example,
as embedded sensors in composite laminates. On the other
hand, however, care and skill are required to successfully
cleave and couple these single-mode fibres together, particu-
larly in field environment, to ensure minimal coupling losses
in addition to the inherent light loss due to the fibre material
itself (typically 150 dB/m at 1500 nm).

An initial study by Silva-Lopez et al. [42] reported the
sensitivity of dye doped single-mode PMMA fibres to strain
and temperature using a Mach-Zehnder interferometric set-
up. The study involved the loading of the fibre on a trans-
lation stage where the authors reported the phase sensitivity
(1.31 x 107 rad/m) of the fibre for strain range of 0-0.04%.
Kiesel et al. [30] has conducted further experiments using
single-mode POF where the fibres were tested for their strain
response to failure in order to determine the calibration
coefficients at strain rates from 0.01/min to 3.05/min. The
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typical failure strains of the POF specimens used was 30%.
They reported an upper limit of fringe visibility at 15.8%
nominal strain in the fibres used indicating the maximum
strain possible for the POF tested using the set-up in their
study. The calibrated linear and nonlinear coefficients were
found to be 1.37x10” rad/m and 3.1x10° rad/m, respectively.

Strain measurement based on the fibre stretching of
1 mm diameter multi-mode PMMA POF was demonstrated
recently by Poisel [43]. The author monitored the phase shift
of a sinusoidal signal in the fibre under various tensile loads
(corresponding to increasing extension of the POF from 0 to
500 ym in steps of 50 ym). The interrogation set-up relies on
detecting the difference in transit times through the polymer
optical fibre (POF) using an electronic phase-shift detector.
A resolution of 10 ym extension was reported to be possible
under a tensile set-up. The simple system was also shown
to be sensitive to bending loads and capable of measuring
dynamic loading up to 5 Hz.

These studies have demonstrated the potential of inter-
rogating a section of stretched fibre for strain monitoring.
However, there is still limited work to demonstrate the higher
dynamic strain measurement capability of the technique
(which could be applied for SHM applications). In addition,
interferometric sensing in general requires a stable platform
due to their susceptibility to vibration-induced noise and
hence further work will be required before this approach to
POF strain sensing can be applied in real structures.

2.4. Other POF-Based Sensors for SHM Applications. Fibre
Bragg grating (FBG) sensors are well known for their capa-
bility for strain measurement and the gratings are typically
inscribed in silica optical fibres, the fundamentals of which
are well documented elsewhere [47, 48]. Briefly, it involves
monitoring the shift in the peak or resonance wavelength
of either the reflected or transmitted spectrum resulting
from an applied strain on the fibre. The possibility of
absolute strain measurement and multiplexing capability of
grating-based optical fibre sensors has received considerable
attention for application in structural health monitoring.
For SHM applications, FBG has featured extensively in
many published articles for monitoring a variety of physical
parameters [1, 2]. Monitoring of strain in this class of fibre
sensors relies on detecting the shift in the central wavelength
of the reflection spectrum as a response to applied strain.
The ability to induce a periodic refractive-index change
in polymer-based optical fibres is a recent development and
this has opened up further SHM applications using grating-
based sensors since the availability of POF-based FBG sensors
offers ease of handling, higher strain sensitivity (1.48 pm/ue
compared to 1.15 pm/ue for silica-based FBGs at wavelength
of 1523nm) and higher strain limit (up to 3.61% strain
compared to 0.5-0.6% strain for silica-based FBGs) [17-19,
45, 46]. Although more work and attention are required to
further improve and understand the grating writing process
in polymer fibres, their potential for SHM is evident. The
possibility of using a POF-based FBG sensor for strain and
temperature measurement have been reported and shown to
allow strain monitoring up to seven times the measurement
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limit of its silica counterpart [45, 46]. The sensor used
exhibited good reproducibility and reversibility over the large
strain sensing range. In their studies, the authors showed
that the polymer FBG sensor was able to sustain up to 3%
strain before yielding and by using a combination of polymer
and silica FBG, it was possible to discriminate between the
effect of temperature and strain on the sensor read-out [46].
Using a matrix inversion technique and solving for change
in temperature, AT = f{AAporrsg} and change in strain,
Ae = f{AMAsilica-rp} Which are formulated using the strain
and temperature sensitivities of the POF-FBG and the silica-
FBG, respectively, the technique allows the applied strain and
temperature to be determined simultaneously.

As a response to the lack of commercial availability of
suitable single-mode POF, Krebber et al. [44] demonstrated
the use of a tapered multimode standard POF and non-
tapered GI-POF for creating grating-based sensors. The
authors successfully generated the gratings in the tapered
POF (from original 0.75mm fibre to 0.2mm) and non-
tapered GI-POF specimens which showed strong reflection
spectrum at specific locations along the POF using an OTDR
technique and reported that it was possible to measure the
integral strain along the fibre and to resolve the local strain
at various locations.

Writing long period gratings (LPGs) in POFs has been
reported recently [19] although there appears to be little
published work in the literature on their application for
strain sensing. Li et al. reported success of inducing gratings
in a highly photosensitive POF core using traditional photo-
etching technology together with a low-cost high pressure
mercury lamp as the light source but no mechanical test
was carried to assess the mechanical response of the sensor
produced. The transmission spectrum of the written LPG
demonstrated a loss of 3 dB at a peak wavelength of 1568 nm;
despite PMMA having peak transmission in the visible
spectrum, presumably to interface with optical telecommu-
nications spectrometers and lightsources using with glass
optical fibres. For Bragg gratings in the visible spectrum,
the required periodicity of refractive index gratings is 183
to 216 nm; for long period gratings, the periodicity is 100 to
500 ym so it can be easily created by direct laser writing. One
reason for the lack of published work is due to short supply
of good quality commercially available singlemode POF with
low loss and doped for photosensitivity, another is the lack of
availability of single mode POF connectors since the fibre is
produced in non standard diameters.

One of the most recent developments in polymer fibre
research which has attracted significant attention is the
microstructured POF (mPOF). This type of POF is easy to
manufacture with consistent quality, but is not commercially
available at present, although it may be available for research
groups who are keen to find applications for their mPOFs.
Interestingly LPGs have also been fabricated on mPOFs and
tested for their mechanical response [49]. mPOF is ideal
for FBG and LPG as it is easy to handle, since the mPOF
has a large diameter and yet is endlessly singlemoded along
its length with low loss compared with single mode POF.
In mPOE, the microscopic air channels that run along the
length of the fibre defines the light guiding mechanism

in contrast to the variations in the refractive index of the
fibre material in conventional POF [21]. Two of the main
advantages of using LPGs in mPOFs over standard PMMA
fibres include the possibility of tuning the sensitivities of
the loss features corresponding to the different measurands
of interest by altering the hole geometry in mPOFs [21]
and the possibility of introducing directional bend sensitivity
[24]. LPG has been introduced in mPOFs by mechanical
imprinting using a 15cm long template (with period of
1 mm) placed upon a heated fibre and in their study, Large
et al. [25] studied the viscoelastic properties of the mPOF
and reported that shift in spectral features for strains up
to 8% was possible although above 2% strain a non-linear
response was reported to be evident. Below 2% strain, the
change in peak wavelength to strain could be computed to
be approximately 1.2 pm/ue. The study also showed a non-
reversible deformation response due to strain-related creep
following a 10 hour constant strain at 3% strain. In addition,
the authors also reported a wavelength shift of up to 4nm
due to material relaxation at strains of 6%. In cases where
intermittent straining was applied on the mPOF LPG sensor
for up to 2% strain, the authors argued that the viscoelastic
effects (time, strain rate, and strain magnitude) were small
although time-dependent effects such as relaxation during
constant strain and strain recovery could become significant.
In SHM applications where these limitations are properly
understood and deemed acceptable, mPOF LPG sensors may
be successfully applied.

Conventionally, fibre Bragg gratings and long-period
gratings sensors are interrogated using an optical spectrum
analyser to detect the shift in wavelength of the reflected
spectrum corresponding to the applied strain and/or tem-
perature. However, the associated interrogation equipment
is generally costly, involving the use of optical spectrum
analysers and narrow band light sources such as laser diode.
In an effort to circumvent the cost barrier to the wider
adoption of grating-based sensors, Hwang et al. [49] recently
demonstrated an interesting intensity-based set-up which
utilizes two long-period fibre gratings and a core mode
blocker between the two gratings. Although the fibers used
were not polymer-based, this work is highlighted in view of
the potential of the technique to be applied for interrogation
of POF-based grating sensors. In principle, the core mode
blocker acts as a band-pass filter to block the uncoupled
light while the light that satisfy the phase-matching condition
of the first LPG will be coupled to the cladding mode.
The light in the cladding layer would then be effectively
coupled back into the core by the second LPG. Strain is
then applied on one of the LPGs. The relative change in the
resonance wavelengths (change in the degree of spectrum
overlap) due to the strain applied on one of the LPGs
will result in either increase or decrease in the transmitted
optical power. The power is monitored and then calibrated
against the applied strain. In their work, the authors were
able to show that the intensity transmitted through the fibre
increases linearly with strain although the strain sensitivity
(1.0 X 10"*dB/ue) was noted to be three time less than
conventional single long-period grating fibre sensor [50].
The authors also noted small fluctuation in the transmitted
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power resulting from the unstable LED source though it
was unclear whether the observed fluctuation affected the
accuracy of the measurements significantly. Despite the lower
sensitivity of the system (thought to be due to the broader
bandwidth of the LPG relative to a laser diode), small
fluctuation in transmitted power, the authors argued that the
cost-effectiveness of the proposed sensor system would see its
application for interrogation of grating-based sensors. With
the possibility of introducing gratings in POFs as outlined
by the reports above, it would be interesting to see further
developments and field applications in intensity-based POF
grating sensors for SHM applications using the technique
proposed.

3. Summary and Conclusions

An overview of a selection of articles on the recent progress
of the applications of plastic-based optical fibre sensors has
been given. A tabulated summary highlighting the major
works and a brief comparison of the types of sensors
reviewed is shown in Table 1. The overview began with a
brief introduction of the technology and sensing techniques
used in POF sensors highlighting the various strengths and
limitations associated with the different sensing schemes
adopted. In view of the ease of handling, low cost and large
strain capability of POF, significant interest in their use for
structural health monitoring, specifically for measurement
of strain, curvature, load, displacement, vibration and crack
detection have been demonstrated by various workers. A
number of different approaches in sensing interrogation
such as intensity-based, interferometric-based, time-of-flight
(OTDR-based) and gratings (wavelength-based) have been
shown to be feasible for monitoring engineering materials
such as concrete, masonry, fibre composites, geotextiles, met-
als, wood and plastics. There remains much work to be done
to fully characterize the POF response to the various physical
measurands encountered in SHM applications particularly
with the recent development of new POF materials, types and
interrogation techniques.
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1. Introduction

When someone hears the terms “optical fiber,” usually the
first association that comes to mind is often related to a fast
and high-volume modern communication link that helps the
expansion of the exploding information data demand created
by our “image society driven”, by the democratization of the
Internet and other new communication technologies. Some
others will also associate the optical fibers to their glowing
plastic Christmas tree, illuminated by a constellation of stars
created at the tip of a myriad of plastic optical fibers which
are transmitting the light of a changing color lamp.

Actually very few will think that optical fibers could also
be at the core of a sensor technology that already started to
take place in our day-to-day life. In that case the fiber optic
remains a physical link for the light that travels between the
sensor and the signal conditioner, but how the information
is coded and translated into useful data will depend on the
used technology.

In the last few decades tremendous work has been done
by academics and the industry to develop sensing tech-
nologies using light properties propagating in optical fibers
[1-3] allowing measurements particularly in challenging
conditions.

The candidate technologies for monitoring a physical
parameter with optical fiber sensor (OFS) can be classified
in four main categories relying on the position where
the parameter is measured: single-point, long gage, quasi-
distributed and distributed [4]. In single-point sensing, the
measurement is performed at a defined point along the
fiber, usually at or near its end, as the case for most Fabry-
Pérot (F-P) sensors. In long gage sensor the measurement
is performed along usually 10 cm to 10 m sections of optical
fiber, such as for the SOFO system [5]. For quasi-distributed
OFS, a limited number of sensing points are physically
located on the same fiber, as the case for fiber Bragg grating
(FBG) dominating this type of sensor. In fully distributed
OFS, the optical fiber itself acts as a sensing medium, which
could be used to discriminate different positions of the
measured parameter along the fiber such as for Raman or
Brillouin distributed sensors.

Among the various technologies now commercially avail-
able, the Fabry-Pérot white-light interferometry is probably
one of the most interesting for point-sensing applications
since it is a low-cost solution for multiparameters mea-
surement. This paper describes the advantages of this type
of sensor and interrogation technology that is suitable for
physical parameters measurement in challenging conditions.



2. Why Use Fabry-Pérot Fiber-Optic Sensors?

Measuring a physical parameter such as temperature, pres-
sure, or strain could sometimes become a real challenge if
the environment is not suitable for traditional sensors such
as electrical sensors. For instance, in the presence of strong
electromagnetic (EM) or microwave (MW) interferences, it
could be a headache to shield a thermocouple for accurate
and reliable temperature measurement. With an optical
sensor such trouble is simply avoided since the encoded
light confined in the optical fiber core is not affected by
any electromagnetic interference (EMI). So any time such
interferences are present in a given application, the optical
sensing technology is probably the best solution to select, if
not sometimes the only one. For instance, without an optical
fiber sensor it would be very tricky to monitor your hot-
dog heating in your microwave oven, and you will probably
never know that your sausage is hot burning while your
bun is still frozen—until you take a bite. If you were a
food packaging engineer trying to optimize the heat transfer
of a complex microwavable TV dinner or if you were a
designer or a programmer of MW oven, having real time
temperature data during the MW process may be much more
that a simple gadget for hot-dog fans. You may thus probably
appreciate using an instrumented microwave work station
(MWS) equipped with OFS. As an example, Figure 1 shows
temperature experimental data obtained for the heating
of a 1L water bath in a 1200 W commercial microwave
oven for the calculation of its peak power according to
the protocol described in international standard document
[6]. The temperature was measured from 3 different FOT-
L temperature sensors connected to OSR interrogator which
allows to calculate MW power, even during MW heating.
The peak MW power measured experimentally confirms the
1200 W value of the oven manufacturer.

Same measurement problems occur if you were a chemist
trying to control critical parameters such as pressure or
temperature during a microwave chemistry process, an
engineer supervising radio-frequency (RF) wood drying,
a physician monitoring the temperature of a critical care
patient undergoing a magnetic resonance imaging (MRI)
scan, or even if you were a surgeon burning selected
tissues with RF instrumented minimally invasive catheters:
without an optical sensor you may face big difficulties.
Even in extreme environments such as those encountered
into nuclear reactors where strong radiations are present,
the optical sensors could provide an attractive alternative
solution [7, 8].

EMI may not always be constantly present during the
measurement to justify the use of OFS. If you were a civil
engineer selecting a solution for monitoring a bridge, a dam,
or other types of structures over several decades, would you
take the risk that a lightning strike destroys or damages
permanently your electrical sensors network buried into the
structure, or would you use an optical technology [9-14]
proven to be unaffected by such unpredictable events? Also
as a critical care patient, you would probably feel more
secure if you knew that your vital signs such as pressure and
temperature are measured with optical sensors [4] that will
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FIGURE 1: In situ measurement of 1L water bath temperature
inside a 1 200 W microwave with 3 FOT-L temperature sensors
and OSR interrogator from FISO Technologies allows oven power
calculation even during microwave heating. The microwave peak
power (1200 W) is determined using the protocol described in the
IEC-60705 international standard. The end of magnetron filament
heating-up time is detected by the start of water bath temperature
increase. After 45 seconds (vertical dashed line) when the heating
program stops, the door is open and the water is stirred for better
temperature uniformity. The temperature rises to a maximum that
is used to define the microwave power as stated in the IEC-60705
international standard.

not give false readings even in the presence of possible EMI
generated in modern hospitals crowded by various electrical
equipments.

The insensitivity to EMI is not the only advantage of
optical sensors. Inversely, since no electricity is used to
interrogate the sensor only powered by light, such device is
intrinsically safe and naturally totally explosion proof. This
may be a great feature if you are working with inflammable
gases or liquids or if you want to avoid that the sensor could
be a source of electrical discharges or EM field perturbation.
For instance, liquid natural gas (LNG) reservoirs are obvi-
ously excellent candidates for fiber optical strain, pressure,
or temperature sensors. Many other applications could be
found in the chemical processing industry or in military
applications such as the one involving explosive materials or
missiles control.

Another corollary of the fact that light instead of elec-
tricity carries the useful information between the sensor and
the signal conditioner is the fact that very low attenuation
occurs along the optical fiber. Indeed this advantage is truly
unique if measurements have to be done in remote locations,
as it is often the case for large civil structures such as
pipe-lines [15], bridges, tunnels, or dams. Furthermore if
the optical fiber has to cross zones with strong EMI, no
problem will occur in the transmitted measurement, which is
not the case with electrical transmission. For instance, with
the Fabry-Pérot sensing interferometry developed by FISO
Technologies, up to 5km (expandable to 12 km with custom
long-range signal conditioner) could separate measuring
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FIGUre 2: Schematic description of the F-P absolute measurement
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FIGURE 3: Schematic representation of F-P sensing interferometer
showing ray traces obtained from a selected incident angle light
beam propagating in the optical fiber core.

and recording locations with the same outstanding sensor
sensitivity and accuracy.

Compared to copper wires, glass optical fibers are lighter,
and such a property may become an interesting feature
for applications where lightweight sensor solutions are a
concern such as in aeronautics and more crucially in spatial
applications. The fact that glass is a stable inert material
that does not corrode is also an advantage for long-term
applications in outdoor conditions such as typical for most
of civil engineering applications.

Contrary to electrical sensors, most of the optical sensors
do not have metal in their construction. In some cases,
metals could be used for packaging when this does not
present a problem, but an all-glass and polymer sensor has
great advantages when interferences with an electromagnetic
field are not desirable such as in hospitals during MRI
investigations. The materials used in the sensor construction
and packaging are also generally biocompatible and chem-
ically inert, which makes optical sensors perfectly suitable
for medical or harsh chemical environments applications.
Besides its chemical resistance, glass is also very resistant to
temperature providing an additional advantage that is very
attractive to a lot of challenging applications. Actually, OFS
compatible with temperature ranging from cryogenic up to
about 450°C is commercially available.

3

TABLE 1: Summary of F-P OFS technology advantages.
Design Environment Other
Inert materials Cryogenic to high ~ Biocompatibility and
(glass...) temperature sterilization
Robust packaging Chemical resistance Symmetry axis
Light powered EMI insensitive Intrinsically safe
Small size In situ monitoring Light weight

Low attenuation Remote location Low-cost OFS

If temperature is combined with harsh chemical environ-
ment such as the case in oil and gas wells or with strong
EMI such as encountered in plasma research, the optical fiber
sensing solution is even more attractive.

Besides all the named advantages of F-P OFS which
are summarized in Table 1, the one that is probably among
the most interesting is the ultraminiature size that can be
achieved for such sensors without sacrificing the sensor
reliability and precision. Combined with its small size,
the geometry of the sensor, which is usually axial, is
sometimes an additional interesting advantage. For instance,
it is possible to monitor strain in a small bolt almost
without changing its mechanical properties: a small hole
drilled in its center and filled with a & 230 ym OFS glued
strain sensor (FOS-N) will certainly give more accurate
measurements than an electrical flat strain gage that could
only be installed by creating a flat surface on the bolt and
that will definitely create a weak point thus biasing the true
strain measurement.

The sensor miniaturization accessible with OFS allows
accurate in situ measurements exactly where the physical
parameter has to be detected in sometimes hard-to-reach
areas. This has a major impact in a lot of industries, especially
in the medical applications involving minimally invasive
diagnostics and therapies [16, 17]. Pressure, temperature,
and strain OFS manufactured have found many market
niches where their size and reliability were key requirements.
For instance, the FOP-MIV pressure sensor (see Figure 4),
which is currently mass-produced and assembled using a
fully automated assembly line with top quality control,
meets all requirements necessary for integration into medical
devices [18]. It is thus suitable for many medical applications
where miniaturization and sensor global reliability are
essential. For instance, it can be integrated into a catheter
used for intra-aortic balloon pumping (IABP) therapy [19]
which is a life-supporting therapy used in many heart
surgical situations [20-22]. The miniature optical sensor
can supply an accurate pump triggering signal directly
from the in situ measured aortic pressure waveform (such
as the one simulated in Figure 5(a)). The IABP therapy
integrating optical pressure sensors is simplified and is also
more reliable since the diameter of the IABP catheters is
now reduced to sizes not available with conventional IABP
catheters using fluidic transduction pressure monitoring.
Such highly valuable miniaturization reduces significantly
the occurrence of ischemia, which is the highest risk of this
therapy [23].
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FIGURE 4: Examples of bare fiber-optic sensors for medical applications commercially available from FISO Technologies. (a) pressure sensor
FOP-MIV suitable for mass production (& 550 yum), (b) temperature sensor FOT-L (& 800 ym), (c) temperature sensor FOT-HERO (&

210 ym).

Additional miniaturization of pressure sensor with diam-
eter similar to the one of an optical fiber (& 125 ym) [24, 25],
currently under development, will push further away the
limits achievable with OFS and will open new avenues for
minimally invasive in situ measurements.

In some cases the selection of an OFS could be driven
only by one unique advantage provided by the optical
technology, but in some cases a combination of criteria
will practically make the choice of OFS the only applicable
solution. For instance, in engine testing industry where
the motor generates not only a lot of heat in a harsh
explosive chemical environment but also a burst of EMI
that fools traditional electrical sensors, the use of OFS for
monitoring pressure [26, 27], strain cycles, or temperature,
with minimal perturbation of the system, is probably a wise
approach.

3. How does the Signal Conditioner Work?

Among the fiber-optic point-sensing commercially available
technologies, the Fabry-Pérot white-light interferometry is
probably the most attractive one. Its greatest advantage is
undoubtedly the fact that it offers a low-cost solution for
detection of a large variety of physical parameters such
as temperature, pressure, strain/force, displacement, and
refractive index. All those parameters could be accurately
measured with the same universal signal conditioner that has
evolved to meet all industrial robustness criteria.

FISO Technologies actually offers two patented technolo-
gies [28-30] that are suitable for interrogating Fabry-Pérot
sensors. One provides an accurate measurement of the sensor
reading (absolute measurement) while the other gives only a
measurement of its variations (relative measurement).

Compared to other fiber-optic sensing technologies
requiring costly optical source or spectral analysis equipment
such as for interrogating FBG sensors, the Fabry-Pérot tech-
nology requires inexpensive and simple system instruments
as it will be described in the following sections.

3.1. The Absolute Measurement Sensing Technology. The
greatest advantage of the first technology is that the mea-
surement is absolute which means that the sensor could be
disconnected and reconnected and still give the same reading
without any adjustment. Due to light source and detector
limitations, such technology is now limited for sampling
rates in the kHz range which is however suitable for most
industrial practical applications (the recently released FPI-
HS allows a 15 kHz sampling rate).

The principle behind this sensing technology, schema-
tized in Figure 2, is actually quite simple although some tech-
nical details have to be considered in order to manufacture
such device.

A light source, namely, a bright incoherent light source,
is first injected and guided into a multimode optical fiber
and then into an input of a 2 X 2 coupler which acts as a
50/50 power splitter. One output is linked to the OFS through
an optical connector at the signal conditioner front panel.
The second output of the coupler is not used or in some
configurations could be connected to a light detector for light
source monitoring purposes. Then, the light travels through
the lead optical fiber until it reaches its tip, where the OFS is
assembled.

The core of the OFS is a Fabry-Pérot interferometer
that has been actually well known in the optical scientific
community for now more than a century [31]. It has been
used in many research applications such as physics and
astrophysics notably. It is indeed constituted by two parallel,
perfectly flat semireflecting mirrors separated by a given
gap. The light passing through a first mirror is reflected
back and forth a very large number of times between the
two parallel planes as shown in Figure 3. However, at each
reflection, a small fraction of the incident beam escapes the
interferometer creating a large number of parallel beams of
light (Ry, Ry,..., R,) emerging at the same angle at which
they entered the interferometer. In the free space, they could
be focused to form an image by a converging lens creating
a constructive interference by the multiple beams which
produce very bright and sharp interference fringes. Their
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FIGURE 5: 80-140 mmHg pressure waveforms generated in water with a Bio-Tek 601A pressure simulator and measured by an FOP-M260
pressure sensor connected to a 15 kHz FPI-HS interrogator from FISO Technologies. Acquisition rate is set to 3 kHz, and lowpass filter is set
to 30 Hz, 300 Hz, and 3000 Hz. (a) Normal aorta waveform, 90 bpm. (b) 0.5 Hz square waveform. Graphs have an offset for better clarity. (c)
Detail of previous graph with graphs offset for better clarity to show an increasing pressure impulse.

spacing will depend on the optical path (that is related to
the distance separating the parallel planes and the refractive
index between those planes) and naturally on the light
wavelength. Thus if a physical parameter to be measured by
the sensor changes the optical path difference (OPD) of the
F-P interferometer, the light escaping the F-P interferometer
will be encoded according to this variation.

In the fiber-optic version, the light emerging from the
F-P interferometer is not directly focused on a plane to
give the interferences mentioned above, but the light beams
are rather reinjected into the optical fiber from which they
originally came from and they travel back, entering the signal
conditioner at the optical connector level. Then, the light is
again separated by the 2 X 2 coupler into two fibers. The
light directed back to the light source is lost whereas the
other fiber directs the light toward an optical box where
the light is spread over a Fizeau wedge that reconstructs
the interference pattern which is physically recorded using
a charge coupled device (CCD). Due to the fact that white-
light is used, all wavelengths are present, and thus destructive
interferences occur except for the zero order where all

wavelengths are actually constructive. Thanks to the wedge
that creates a linear variation of thicknesses, the cross-
correlated interference pattern has a maximum intensity at
the exact position the optical path difference equals the
one created at the F-P sensor, and few lower intensity
peaks symmetrically disposed around the central peak (as
given by the interferometer cross-correlation function). Thus
finding the sensor OPD related to the physical parameter
to be measured simply consists of finding the position of
the maximum peak in the CCD interference pattern. This
robust interferometric method allows accurate and precise
F-P cavity length measurement with sub-nanometer range
precision over several decades of micrometer span, thus
giving a very interesting dynamical range.

3.2. The Relative Measurement Sensing Technology. The sec-
ond technology, commercialized under the Veloce brand
name, only provides a relative measurement: the sensor has
to be referenced each time it is optically connected. This
technology is best fitted for monitoring very fast occurring
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Figure 6: Photo (top left) and schematic representation of FOD
displacement sensor from Fiso Technologies. As the piston is moving,
the optical fiber faces different thicknesses of the Fizeau wedge.

events such as explosions or blasts [32], for instance, or
phenomena requiring very high resolution. Thanks to the use
of more efficient light sources and detectors, the acquisition
rate is much faster than with the other technology: typically
0.2 MHz but it could be extended to 2 MHz if data postpro-
cessing is possible.

In this technology, the light source is actually a bright
light emitting diode (LED) that has a narrow wavelength
band. Similarly to the previous method, the light is injected
into an optical fiber and is guided to the F-P sensor viaa 2 X2
coupler and an optical connector at the signal conditioner
front panel. Once returning from the sensor, the coded-light
passes again through the connector and the 2 X 2 coupler, but
instead of being directed to an optical box like previously, it
is rather again separated into two optical fibers by another
2 % 2 coupler. Each fiber is directed to a calibrated F-P cavity
mounted in front of a photodetector. The calibrated F-P
cavities are actually selected so that the two detectors record
signals in phase quadrature: that is, if one photodetector
records a cosine signal, the other would record a sine signal for
a linear variation of the physical parameter that is measured.

After referencing the sensor at the beginning of the
measurement which means selecting an arbitrary phase in
the periodic transfer function, the signal treatment algorithm
allows tracking the sensor position within this periodic
function. Therefore the sensor variation is not limited to a
single period, and several orders could be passed without
any problem. The only limitation is that the sensor order
change should not be faster than the acquisition rate so
that the tracking can be performed continuously. In most
experimental cases this is obviously not a problem.

4. How Does the Fabry-Pérot Sensor Work?

Most of the Fabry-Pérot optical sensors are constructed
around the same idea: they have an F-P interferometer
whose OPD changes according to the physical parameter
they are designed to measure. The sensor OPD is accurately
measured by the signal conditioner of both described
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technologies absolute or relative measurement. Thanks to an
appropriate sensor calibration, this OPD is converted into
the appropriate unit corresponding to the sensor type to
display a comprehensive value to the end-user.

Although several differences do exist between various
commercially available sensor models, they could be briefly
summarized by physical parameters categories.

4.1. Strain Sensors. The core sensing part of strain sensors is
constituted by two glass fibers, which are ended by perfectly
flat surfaces facing each other to constitute the F-P cavity
with a given length. Thanks to a microcapillary glass tube
that permanently fixes each fiber at a well-defined point
few millimeters away from the F-P cavity, this alignment is
constantly maintained. The ratio of the F-P cavity length
variation to the distance separating the two fixing points is
simply the strain measured by the sensor (with unit ye).

To measure the strain of a material, the sensing capillary
tube has to be glued or embedded onto or within the material
to be studied. Once the material is deformed by a load or
by a thermal dilatation, this deformation is transmitted to
the capillary tube and thus to the F-P cavity whose length is
changing accordingly and is precisely measured by the signal
conditioner.

Due to the geometry of this sensor, it is practically
not sensitive to transversal strain: only axial strains are
thus detected. This is an additional great advantage over
traditional electrical strain gages.

With its design, since the glass material used for the
optical fibers forming the F-P cavity and the capillary tube
is similar, such strain sensor is almost not affected by
thermal dilatation: thermal expansion of the fibers is always
compensated by thermal expansion of the capillary tube. The
only place where such compensation does not occur is at
the F-P level, which means that only few micrometers are
not thermally compensated. Compared to other commercial
OFS strain sensors such as fiber Bragg grating (FBG) that
are also commonly used in the industry, Fabry-Pérot strain
sensors are at least an order of magnitude less thermally
sensitive, making it possible for some applications to avoid
temperature measurement for thermal correction purposes.

Beside the bare sensor configuration that has been
described here above, FISO Technologies also manufacture
configurations where the strain sensor has been integrated
into robust packaging that could be either welded (SFO-
W sensor) on steel structure or directly embedded into cast
concrete or similar materials (EFO sensor). Several dynam-
ical ranges are available as standard products (=1000 pe,
+2500 pe, and +5000 pe), but customization of this sensor
could easily be done to take the best advantage of the whole
dynamical range of the signal conditioners. For all these
sensors the typical resolution (which also depends on the
interrogator used) is 0.01% of full scale.

4.2. Temperature Sensors. Two types of F-P temperature sen-
sors are available commercially: capillary type and refractive
index type (see Figure 4).
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The design of the capillary type temperature sensor is
actually very similar to the above described strain sensor:
two flat-ended fibers are assembled in a glass capillary tube
to form an F-P cavity. But contrary to the strain sensor, the
material of one fiber is selected to have a high coefficient of
thermal expansion (CTE). The fiber thermal variation is thus
not anymore compensated by the one of the capillary tube.

Also, this tube is encapsulated into a bigger capillary tube
to prevent the fact that the sensor sensing part could be
affected by strains transmitted through the packaging.

When temperature increases, the thermally sensitive
fiber expands, reducing the F-P cavity length. Thanks to
factory calibration, this length variation is translated into
temperature value.

Several packaging and thermal ranges are available for
FOT-L sensors and could be selected depending on the
specific needs of the application. Response time of the sensor
will of course depend on the selected packaging, but less than
0.5 second is a typical value for a packaged sensor and about
1 millisecond for a bare sensor. A typical accuracy for this
sensor is 0.3°C for a medical temperature range (20°C to
85°C) and 1°C for an industrial temperature range (—40°C
to 300°C).

Another type of temperature sensor is also available. This
time, instead of material thermal dilatation, temperature
dependent refractive index is rather used to change the
OPD of the F-P sensor. A tiny chip of a semiconductor
material with high thermal refractive index dependence
and two semireflective surfaces constituting an F-P cavity
is assembled at the tip of the lead optical fiber. This
solid compact design is actually the smallest optical fiber
temperature sensor available on the market (150 ym square).
Its sensitivity is about one order of magnitude lower than the
capillary type temperature sensor, but due to its extremely
low thermal mass, its response time is better than 5 us for
a bare sensor which makes this sensor extremely interesting
for fast temperature changes monitoring or for precise spatial
point temperature mapping applications.

4.3. Pressure Sensors. Fabry-Pérot pressure sensors, also
known as piezometers especially in the civil engineer-
ing industry, usually have a similar design. A reflecting
deformable membrane is assembled over a generally vacu-
umed cavity made in a transparent material, thus forming
so to speak a small drum. The bottom of the cavity and the
inner flat surface of the flexible membrane are forming the
sensing F-P cavity. When pressure is applied, the membrane
is deflecting toward the bottom of the cavity thus reducing
the F-P cavity length. With appropriate sensor calibration,
each cavity length corresponds to a pressure value that is
displayed with selected appropriate unit.

Several ranges (from +40kPa to 0-70 MPa relative
to atmospheric pressure) are also available with various
packaging alternatives designed to fit various applications.
Two major pressure sensor families could be selected among
available products at FISO Technologies: the FOP-C is a
bulky robust sensor with a flexible metal membrane mainly
designed for industrial applications requiring medium to

high-pressure ranges and the FOP-M family which offers
miniature sensors (& ~0.25-0.5 mm) manufactured using
well-established and well-controlled photolithographic tech-
niques. In this case, the flexible membrane is made of a
thin silicon layer bonded to a glass with the cavity. It fits
most applications where size and accuracy are important
issues. It is available from 40kPa to 20.7 MPa (full range)
and has the highest sensitivity. Some other designs are
also available where the optical fiber axis and the flexible
membrane are in parallel planes (FOP-MS and FOP-MSL).
Such configurations are sometimes useful when routing the
optical fiber is difficult in a given application.

Figure 5 shows the waveforms obtained from a 260 ym
diameter FOP-M260 pressure sensor measured by an FPI-
HS interrogator. This interrogator can have a software
configurable acquisition rate up to 15kHz. In the Figure 5
an acquisition rate of 3kHz was selected, and different
programmable lowpass filters were applied to adjust the
output bandwidth. On Figure 5(a), showing a simulated
typical 80-140 mmHg aortic pressure waveform [19], it
could be seen that a 30 Hz filter provides a smoother profile
without distorting the experimental data. If such bandwidth
is sufficient for human blood pressure monitoring, it may
not be the case for small animals which have faster heartbeat
[16]. When higher frequencies are present such as in the
0.5 Hz square waveform presented in Figure 5(b), applying
a higher filter allows visualization of fine signal structures
that otherwise are smoothed out. It could be seen on the
zoom showing the abrupt pressure increase in Figure 5(c)
that a ~200 Hz bouncing damping fluctuation is generated
in the system by the Bio-Tek 601A pressure simulator at each
drastic pressure change. A 300 Hz filter is in that case more
appropriate than a 30 Hz filter that eliminates fast pressure
variations and is better than a 3 kHz filter (corresponding to
no filter since acquisition rate was set to 3 kHz) since data is
smoother due to filter averaging. Adapting acquisition rate
and output bandwidth (such as possible with the FPI-HS
interrogator) allows therefore optimal signal processing.

4.4. Refractive Index Sensors. In some respects, refractive
index sensors have a design that is derived from pressure
sensors. But in that case the top membrane is not flexible,
and the cavity is opened on two sides instead of being sealed
and vacuumed. The physical dimension separating the two
flat planes, creating the F-P cavity is maintained fixed and
opened to the external medium, and so any fluid (gas or
liquid) that enters the cavity could change its refractive index
and thus will change the OPD of the F-P cavity that is
accurately measured by the signal conditioner. Refractive
indeces from 1.000 to 1.700, covering a wide range suitable
for most liquids and gasses, are typically accessible with a
standard FRI sensor with a typical resolution of 10~* RIU.
However, custom design could allow higher refractive index
ranges if necessary.

Since the open E-P cavity is only few micrometers wide,
very opaque fluids could be measured. For instance, you
could easily see the increase of refractive index of your
black coffee with milk as you dissolve sugar in it. The only



limitation is that the fluid should easily penetrate the F-P
cavity, and so viscous fluids or fluids with bubbles will thus
be more difficult to measure. But, contrary to other refractive
index techniques based on diffraction angles measurements,
the F-P refractive index sensor is not much affected by
surfaces contamination since it actually measures truly bulk
refractive index back and forth through the F-P cavity; so
effects of surface contaminant layers are usually negligible
compared to the whole optical path.

4.5. Displacement Sensors. F-P displacement sensors have a
design quite different from all other described sensors. A
Fizeau wedge mounted on a spring loaded axis is positioned
in front of the extremity of the lead optical fiber as shown
in Figure 6. As the axis is moving, the fiber extremity faces
the wedge with variable thickness F-P cavity that could
be related, with appropriate calibration, to the linear axis
position.

On the standard FOD displacement sensor (see Figure 6),
with a range of 20 mm and an accuracy of 2 ym, the optical
fiber is normal to the displacement axis. Longer ranges
displacement sensors and special sensors with optical fiber
in the same direction than the displacement axis are also
available.

5. Conclusion

As discussed in this paper, Fabry-Pérot optical sensing
technology offers a real variety of sensors for physical param-
eters (such as strain, temperature, pressure, refractive index,
displacement, etc.) that could be interrogated with two
commercial families of universal signal conditioners, giving
either fast (up to the kHz range) absolute measurements or
ultrafast (up to the MHz range) relative measurements.

Such optical sensors have unique advantages that make
them suitable for many challenging conditions that some-
times are impossible to address with conventional electrical
sensors. They are particularly well adapted in various
environments, for instance, in the presence of strong EMI,
when there is a risk of explosion or of inflammability, when
the temperature is too low or too high or when the chemical
environment is really harsh. When other sensors are too
bulky or too heavy, when hard-to-reach measuring spots
are involved, or when measuring equipments have to be
in remote locations, the Fabry-Pérot optical fiber sensors
should be considered as a practical solution to problems
which sometimes are puzzling the engineers.

One additional reason worth considering is that this
field-proven optical sensing technology, commercialized for
now more than a decade, is one of the lowest costs on
the market. Actually with the recent introduction of its
new Evolution Platform accepting OEM-ready snap-on DIN-
rail modules, FISO Technologies now offer to the engineers
and scientific community the cost-reduction and quality
benefits from high-volume OEM modules and sensors,
without sacrificing the possibility for customization and
expandability.

Journal of Sensors

With this new democratization of the access to this
original and unsurpassed sensing technology for challenging
conditions, one can bet that new opportunities and innova-
tive applications will flourish in the very near future, making
those optical sensors more and more present in our day-to-
day life.
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1. Introduction

Biosensors play an increasingly important role in the detec-
tion of substances in the environment: they are employed
for the detection of viral or bacterial pathogens in the food
supply, to biodefense threats such as anthrax, to glucose
monitoring of diabetes. [1-7] A variety of biomolecules
have previously been attached to silica and related surfaces
to provide recognition regimes for biochemical substances,
including single strand DNA, antibodies, enzymes, proteins,
and cells. In addition to single substrate biosensors, the
ability to multiplex biosensors into arrays has provided
greater sensitivity to the detection capabilities and array
technology has greatly enhanced the study of genomic
science, for example.

The functionalization of silica with carbohydrate deriva-
tives, on the other hand, has received skant attention even
though carbohydrate-protein interactions at cell surfaces are
known to play critical roles in reproduction, infectivity,
and tumor metastasis [8—12]. In addition, since many
carbohydrate binding events are multidentate in nature and
require the simultaneous binding of multiple sugars on the

surface of cells, biosensors with a high surface coverage of
carbohydrate should provide an ideal platform for the study
of carbohydrate-protein interactions. Recently carbohydrate-
based biosensors that exploit this multidentate binding have
been reported by Izumi and Uzawa [13] and Jelinek and
Kolusheva [14]. In addition, Taitt et al. have recently reported
a carbohydrate-based array biosensor for use in the detection
of toxins in food and clinical fluids [15].

In this paper, we describe the preparation of a
carbohydrate-functionalized, etched evanescent wave fiber
Bragg grating biosensor and study its binding to the glucose-
binding protein (lectin) concanavalin A (Con A). These
experiments are the initial step toward the development
of carbohydrate-functionalized fibers as biosensors for the
detection of carbohydrate binding proteins (lectins). Our
immediate goal is to produce a biosensor based on glyco-
recognition which should provide distinct advantages over
DNA and antibody/antigen sensors. For example, since the
binding is analogous to cell-cell recognition, the sensor
should occur without the requirement for cell lysis (or other
cell preparation methodology). In addition, since cell-cell
recognition is known to be fast (seconds) on the biological
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FiGure 1: (a) Diagram of the JDSU fiber housing and positions of
the etchant during primary and secondary etches; (b) fiber diameter
profile after secondary etch.

timescale, one can anticipate that the sensor will function in
the same time regime to provide virtually real time analysis of
the binding event. Cell-cell recognition is very fast compared
to DNA hybridization (hours) and thus the glycosensor
may have much faster response times than other types of
biological interactions. Once we have demonstrated that a
single fiber with one carbohydrate can function as a sensor,
then the multiplexing of fibers will be investigated.

2. Experimental Section

2.1. Fiber Optic System. Our fiber optics sensor [16, 17] uses
a commercially available (JDSU) single mode photosensitive
fiber in which two fiber Bragg gratings (FBGs), with a
Bragg wavelength of 1533 and 1563.8 nm, are inscribed
in the fiber core. The gratings are about 5mm long and
they have a peak reflectivity of about 30 dB and extremely
well-suppressed sidelobes. Measurements from designing a
temperature-compensated mount reveal that the JDSU fiber
has a thermo-optic coefficient of 9.8 X 107%/°C. The JDSU
fiber is a germanosilicate fiber that has been hydrogen
loaded to enhance the photosensitivity. Both FBGs are
packaged in a single temperature-compensated mount. For
an unetched fiber, the temperature sensitivity was measured
to be —0.1 pm/°C for temperatures within 10°C from room
temperature. The FBG sensors were chemically etched in
a two-step process. Fiber etching was conducted in 7 : 1
buffered oxide etch with surfactant from J. T. Baker. Based on
the MSDS data sheet, the solution is made up of 0.5%-10%
hydrogen fluoride, 40%—-70% water, 30%—-50% ammonium
fluoride, and 0.5%-10% surfactant. The low concentration
of hydrogen fluoride and the addition of surfactant reduce
the silica etch rate and enhance the surface smoothness,
as compared to etching processes utilizing higher hydrogen
fluoride concentrations. The etch rate is very stable for a
fixed temperature and at 23°C the fiber etches at a rate of
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Monitored
feature

FIGURE 2: Spectrum of the etched core Fiber Bragg Grating sensor.
The feature in the reflection spectrum that is being monitored is
also shown.

10.9 um/h. Etch rates vary with temperature and will vary
by more than 2% per degree. In a first step, the diameter
is reduced from 125um to 49 ym. For this operation, the
sensor is fully immersed within the etchant for 7 hours. In
a second step, the lower grating is immersed in etchant and
the upper half of the housing remains in air. The diameter
is reduced from 49 ym to the final etch diameter within 3.5—
4.5 hours. Even though the etch rates are very uniform and
reproducible, the final diameter of the sensor is achieved by
monitoring the Bragg wavelength with an optical spectrum
analyzer as the fiber is etched. A Bragg wavelength shift of
10.5nm is measured when the fiber diameter is reduced
from 125 uym down to 5um. For a fiber diameter of 5um,
none of the original fiber cladding is left and part of the
core is etched away. For small diameters, the sensor becomes
very sensitive to a change of the index of refraction of the
surrounding liquid. Such enhanced sensitivity to a change
of the index of refraction of the surrounding liquid was
previously reported by our group [16]. BPM calculations
were used to theoretically predict the Bragg shifts due to
varying surrounding indices [18]. A sensitivity of about
85nm for a change of 1 (riu) of the surrounding index of
refraction was measured at a surrounding index of 1.4. As
the surrounding index increases toward 1.45, a sensitivity
of 1063 nm/riu is expected. This sensitivity decreases to
about 20 nm/riu as the index of the surrounding liquid is
changed to 1.3. In our studies, we take the index of refraction
of water and ethanol at 1.55uym to be 1.319 and 1.356,
respectively. For an index of 1.44, we have recently achieved
an index change sensitivity of 9.4 X 1077 in a 3.4 ym diameter
sensor [17]. A YSI thermistor with AT = 0.1°C (at room
temperature) was immersed in solution near the grating at
all times to accurately register the temperature.

For the reported experiments, we used a 5uym diameter
etched fiber Bragg grating sensor. We use the broad band
amplified spontaneous emission spectrum of an erbium
doped fiber amplifier as the broad band source to probe
the fiber Bragg reflection spectrum. A typical reflection
spectrum of an etched core fiber Bragg grating is shown in
Figure 2. As seen, there exist several reflectivity peaks and
minima. We use one of the relative minima to monitor the
wavelength shift. The feature is very reproducible and shifts
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by the same amount as the peak wavelength. The 3 dB width
of the minimum feature is 25 pm. By using an appropriate
fitting function, the wavelength shift can be resolved down to
1 pm. This translates to a sensitivity of 1 X 107 and 5 X 107>
in the index change for a surrounding index of 1.4 and 1.3,
respectively.

2.2. Synthesis of Glucosyl Siloxane and Functionalization of
the Etched Fiber Surface via Glucose Attachment. We have
recently developed a general strategy for the synthesis of
oligosaccharide conjugates that is the basis for attachment
of carbohydrate derivatives to oxidized silica surfaces [19].
Although originally developed for the synthesis of com-
plex glycopeptide derivatives, the methodology summarized
in Figure3 has proven to be viable for the synthesis
of a wide variety of glycoconjugates such as glycolipids,
glycosylated polyethylene glycol (PEG) derivatives, and
glycosyl-siloxanes. For this paper, glucosylamide derivative
1 (Figure 3) was utilized to functionalize the surface of the
etched fiber using sol-gel methodology (see Appendix A).
Following attachment of 1 to the fiber, the acetate protecting
groups were removed by treatment with sodium ethoxide in
ethanol at room temperature (see Appendix A).

Although Figure 3 summarizes the method using glu-
cose as the carbohydrate moiety, other monosaccharides
(mannose and galactose), disaccharides (maltose, chitobiose,
and lactose), trisaccharides (maltotriose and cellotriose), and
polysaccharides (cellulose) derivatives have been prepared
by this method. These results clearly demonstrate that
virtually any polysaccharide cell surface component can be
functionalized to a glass fiber using this methodology.

3. Experimental Results

Glucose modified fibers were prepared using the chemistry
summarized in Figure 3. A freshly etched fiber was treated
with a 10 mM solution of glucose conjugate 1 dissolved in
ethanol to yield a fiber whose surface has been modified by
the siloxane exchange reaction and results in the attachment
of the glucose ligand. Five different experiments were con-
ducted with the identical goal of attaching glucosyl derivative
1 to the fiber via a covalent bond. These results were
averaged and are plotted in Figure 4. The error represented
by the fluctuations from point to point is less than 2 pm.
A growing shift of the Bragg wavelength is observed as
attachment of the glucose-siloxane conjugate on the fiber
progresses.

The attachment progresses more rapidly at the beginning
and then slows down. At the end of the attachment
experiment, the sensor was rinsed in ethanol and then rinsed
in water. The inset in Figure 4 shows the shift of the fiber
Bragg grating peak before and after glucose attachment
measured with respect to water. A final shift of 24 pm (as
shown in the inset of Figure 4) is measured for the case of
glucosyl derivative 1, which corresponds to a change of the
surrounding index of 5.6 x 10~*. This shift is consistent with
the 23 pm time-dependent shift measure from the minima
to the observed final value of the shift. If we assume that
a solid glucose layer is formed on the fiber of index 1.543
[20], a beam propagation simulation previously discussed in
[18] suggests that a layer of thickness about 1 nm is formed,
which corresponds to a monolayer of glucose conjugate.
When the acetate groups are removed using a 0.2 M solution
of sodium ethoxide, a glucose shift with respect to water of
26 pm was registered. This shift is very similar to the shift
that was measured for the acetylated glucose on the fiber,
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FiGgure 5: C 1s and N 1s high-resolution X-ray photoelectron spectra for the bare unfunctionalized glass slide (control) and glucose-
functionalized glass slide (1 = C-C/C-H, 2 = C-O / C-N, 3 = RC=0N, 4 = OC=0OR).

indicating that only a small fraction of the acetate groups
has been removed. We have previously reported on the time
dependence of the attachment of APTES and APMDS on a
fiber [21] and have demonstrated the power of our technique
for being able to reach monolayer attachment in a controlled
way, as compared to other techniques that do not allow in
situ real-time measurement of the functionalization process
[22]. Therefore, we conclude that approximately a monolayer
of the glucose-siloxane conjugate was attached to the fiber
under these conditions.

Attempts to characterize glucose-siloxane 1 attachment
to the fiber’s surface using X-ray photoelectron spectroscopy
(XPS) were inconclusive due to the weak signal obtained
from the functionalized fiber. In an effort to demonstrate
that glucose-siloxane 1 can be immobilized onto a silica
surface, an etched glass slide was functionalized with glucose-
siloxane 1 (see Appendix B) and then analyzed by XPS.
The larger surface area of the slide provided an increased
signal in the XPS spectrum. The high-resolution X-ray
photoelectron spectra for bare and functionalized glass
slides are depicted in Figure 5 (see Appendix B for exper-
imental details and instrument specifications). The C 1s

spectrum of the unfunctionalized glass slide (following
the cleaning and etching procedures and washing with
water) indicates a small amount of carbon on the surface
due to hydrocarbon contamination, with some oxidized
carbon due to atmospheric exposure. Notably, there is
no nitrogen detected on the surface of the bare unfunc-
tionalized glass slide. However, the XPS spectrum of the
glass slide that was treated with glucose-siloxane 1 reveals
a well-resolved nitrogen peak at 400.2eV (~2 atomic %
of all elements detected) and increased oxidized carbon
species (C=0, C-N, and C-0), which is consistent with
the attachment of the protected glucose-siloxane conju-
gate.

Additional confirmation of the functionalization of the
fiber’s surface with glucose was demonstrated using a lectin
binding assay. Exposure of the glucose-functionalized fiber
to a solution of concanavalin A (Con A), a protein known
to bind to glucose, at 23°C resulted in a shift of 21 pm
in the signal and indicated that binding of Con A had
occurred to the fiber (Figure 6). Analogous treatment of
the glucose-functionalized fiber with peanut agglutinin,
a carbohydrate binding protein that binds to galactose
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rather than glucose, did not produce a change in the signal
of the fiber (A = Opm). These complementary binding
studies employing known lectins, although preliminary,
were important on two levels: first, the binding clearly
indicated that the surface of the fiber had been functionalized
with glucose-siloxane 1 and that treatment with ethoxide
had resulted in removal of the acetate protecting groups.
More importantly, the binding of well-characterized lectins,
carbohydrate-binding proteins, can be determined using the
resulting sensor. Accordingly, we anticipate that other lectins
whose specificity is unknown can be determined employing
analogous methodology with more complex carbohydrate
derivatives.

4. Conclusion

An evanescent wave fiber Bragg grating sensor has been
prepared and was used to monitor the covalent attachment
of a glucose derivative to the surface of the fiber. The
observed change in the index was consistent with deposition
of approximately a monolayer of the glucose conjugate.
After removal of the carbohydrate protecting groups, the
lectin concanavalin A was shown to bind to the biosensor.
Such probes that rely on cell surface binding events as
the basis of the sensing would have distinct advantages
over other sensing strategies because (1) the sensors would
not require lysis of cells prior to measuring binding and
(2) the binding events should occur rapidly, possibly in
real time. Subsequent experiments with this and related
carbohydrate-functionalized Bragg fiber gratings will be
undertaken to demonstrate the scope and limitations of
these carbohydrate-functionalized biosensors. Topics to be
investigated include temperature and pH stability of the
biosensors, specificity of lectin binding to various carbohy-
drates, the role of tether length on the binding specificity,
and the ability to multiplex biosensors to create devices for
the detection of important proteins via carbohydrate-protein
interactions.

Appendices

A. Preparation of Glucose-Functionalized Fiber

A.1. Synthetic Procedure for Acetylated-f3-Glucose-4-Penten-
amide. Acetylated glucose-azide was prepared as described
in [19]. Acetylated--glucose-4-pentenamide was prepared
in the following manner: Acetylated glucose-azide (1.0g,
2.7 mmol) was dissolved in 25 mL of freshly distilled CH,Cl,.
Diisopropylethylamine (1.0 mL) was added via syringe fol-
lowed by a 1.0 M solution of trimethylphosphine (3.5mL,
3.5mmol) via syringe. Evolution of gas was observed. The
reaction mixture stirred at RT for 0.5 hours. 4-Pentenoic
acid (0.6 mL, 5.4 mmol) was added via syringe. The reaction
mixture stirred at RT for 22 hours. The reaction mixture
was then diluted with 125 mL of EtOAc and washed three
times with H,O. The organic layer was collected, dried over
MgSO, and concentrated in vacuo to yield a colorless oil.
Purification of the oil by flash chromatography (hexanes:
EtOAc, 1 : 1) gave 0.62g (54%) of acetylated -glucose-4-
pentenamide as a colorless oil. IR (CCly, cm™!) 3432 (w),
3080 (w), 2955 (w), 1759 (s), 1709 (s), 1509 (s), 1227 (s),
909 (m); '"H NMR (400 MHz, CDCl3) 8 1.99 (s, 3H), 2.00 (s,
3H), 2.02 (s, 3H), 2.05 (s, 3H), 2.18-2.36 (m, 4H), 3.79 (ddd,
J=9.5,44,22, 1H), 4.05 (dd, ] = 12.4, 2.2, 1H), 4.28 (dd, J
=12.4,4.4, 1H), 4.86 (t,] = 9.5, 1H), 4.98 (dd, ] = 10.3, 1.6,
1H), 5.02 (dd, J = 17.3, 1.6, 1H), 5.03 (t, ] = 9.5, 1H), 5.23
(t, ] =9.5, 1H), 5.28 (t = 9.5, 1H), 5.70-5.80 (m, 1H), 6.20
(d, J = 9.5, 1H); *C NMR (100 MHz, CDCl3) & 20.6, 20.6,
20.7, 20.7, 28.8, 35.6, 61.6, 68.1, 70.5, 72.6, 73.5, 78.1, 115.8,
136.3, 169.5, 169.8, 170.6, 171.0, 172.5; HRMS (FAB) cacld.
for C]gHng]oN [M + H]+4301713, found 430.1708.

A.2. Synthetic Procedure for Acetylated B-Glucose-5-(Triethox-
ysilyl) pentanamide 1. Acetylated B-glucose-4-pentenamide
(0.43g, 1.0mmol) and PtO, (0.01g, 0.05mmol) were
weighed into a vial and dissolved with 1.5mL of freshly
distilled THE Triethoxysilane (0.9 mL, 5 mmol) was added
via syringe in one portion. The vial was flushed with argon
and sealed. The reaction mixture stirred at 95°C for 3 hours.
The reaction mixture was diluted with 20 mL of EtOH
and filtered through a Celite plug. Concentration in vacuo
yielded a colorless oil. Purification by flash chromatography
(hexanes: EtOAc, 1 : 1) gave 0.42 g of an inseparable mixture
of Acetylated S-glucose-5-(triethoxysilyl)pentanamide 1 and
the fully hydrogenated amide product. The mol ratio of 1:
hydrogenated product (3 : 1) and percent yields (57% for 1
and 18% for the hydrogenated product) were determined by
integration of the 'H-NMR signals at 0.60 ppm (correspond-
ing to the protons on the carbon adjacent to the siloxane
group in 1) and 0.88 ppm (corresponding to the protons on
the terminal carbon in the hydrogenated product). IR (CCly,
cm™!) 3432 (w), 2973 (m), 1755 (s), 1707 (m), 1511 (m),
1224 (s), 956 (w) '"H NMR (1, 400 MHz, CDCl3) § 0.57—
0.62 (m, 2H), 1.19 (t, ] = 7.0, 9H), 1.35-1.42 (m, 2H), 1.57-
1.63 (m, 2H), 1.99 (s, 3H), 2.00 (s, 3H), 2.02 (s, 3H), 2.05
(s, 3H), 2.14-2.20 (m, 2H), 3.77 (g, J = 7.0, 6H), 3.78-3.82
(m, 1H), 4.04 (dd, J = 12.4, 2.0, 1H), 4.28 (dd, ] = 12.4,
4.4, 1H), 4.88 (t, ] = 9.5, 1H), 5.04 (t, ] = 9.5, 1H), 5.22



(t,J=9.5,1H), 5.28 (t, ] = 9.5, 1H), 6.16 (d, ] = 9.5, 1H);
I3C NMR (1, 100 MHz, CDCl3) § 10.2, 18.3 (x 3), 20.6, 20.6,
20.6, 20.7, 22.5, 28.4, 36.3, 58.3 (x 3), 61.6, 68.1, 70.5, 72.6,
73.5, 78.1, 169.5, 169.8, 170.6, 171.1, 173.2; 2°Si NMR (1,
79.5 MHz, CDCl;, externally referenced to TMS at 0 ppm)
6745.6; HRMS (FAB) cacld. for C,sH43013NSiLi (M + Li]*
600.2664, found 600.2694.

A.3. Procedure for the Deprotection of Acetylated Glucose-
Siloxane Conjugate Immobilized onto a Bragg Fiber. A Bragg
fiber functionalized with glucose-siloxane conjugate 1 was
immersed in a 0.2 M NaOEt/EtOH solution for 2.0 hours at
25°C. The fiber was then removed from the sodium-ethoxide
solution and rinsed with ethanol followed by Millipore water.

B. Preparation of Glucose-Functionalized Glass
Surface and XPS Data

B.1. Procedure for the Immobilization of Glucose-Siloxane 1
onto an Etched Glass Slide. A glass cover slip (Fisherbrand
Microscope Cover Glass) was immersed in piranha solution
(3 : 1 concentrated H,SOy4: 30% H,O,) for 1 hour, rinsed
with Millipore H,O (50 mL), and then immersed in 7 : 1
buffered oxide etch with surfactant from J. T. Baker for
1 hour. The slide was then rinsed with Millipore H,O
followed by sonication in Millipore H,O for 10 minutes. The
sonication process was repeated with fresh Millipore H,O.
The slide was then rinsed with dichloromethane (50 mL)
and dried in an oven at 200°C for 1.5 hours. After cooling
in a desiccator, a solution of glucose-siloxane 1 dissolved in
dichloromethane was added drop wise to one side of the glass
slide. After sitting undisturbed under nitrogen atmosphere
for 0.5 hour, the glucose-siloxane/dichloromethane solution
was reapplied. The glass slide sat undisturbed under nitrogen
atmosphere for an additional 0.5 hour. The glass slide was
rinsed with dichloromethane (20 mL) and was allowed to sit
undisturbed under nitrogen atmosphere overnight.

B.2. Experimental Details for the XPS Analysis of Bare
and Glucose-Functionalized Glass Slides. The XPS data was
collected on a Kratos Axis 165 X-ray photoelectron spec-
trometer operating in hybrid mode using monochromatic
Al Kea radiation. The instrument maintained a pressure of
5% 1077 Torr or better during data collection. The data were
collected at a 20° take-off-angle (with respect to the sample
plane). Charge neutralization was required to compensate
for sample charging. Survey spectra (not shown here) were
collected at a pass energy of 160 eV, while high resolution
spectra were collected at a pass energy of 20 eV. All spectra
were calibrated to the hydrocarbon peak at 285 eV. The C
Is spectra were fit with a Shirley background and peaks of a
30% Lorentzian 70% Gaussian product function.
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1. Introduction

1.1. Optical Detection of Methane. Methane is an extremely
explosive gas and one of the main constituents of natural gas;
so its detection is subject of major importance. The idea of
sensing methane by laser absorption was first proposed in
1961 by Moore [1] and later demonstrated by Grant [2] in
1986 using an He-Ne laser. Although methane has a strong
absorption line at 3.3 ym, this wavelength region is not suited
for optical fibre sensor applications due to the high losses in
standard optical fibres and also since it is difficult to fabricate
laser diodes operating at wavelengths higher than 2.2 ym at
room temperature. In order to effectively use the currently
available low-loss optical fibres, remote detection in the near
infrared around 1.1-1.8 ym is desirable, where optical fibres
have minimum transmission losses (<1dB/km). Methane
has two absorption bands in this region, corresponding
to wavelengths of 1.33 ym and 1.65ym. It was found that

the 1.65ym band of methane absorption is more suitable
considering the lower loss of the optical fibre in this region,
the fact that the absorption coefficients are larger, and also
the circumstance that the spectral widths are broader than
those in the 1.33 ym band [3].

Several authors have proposed many configurations
using laser diodes, in particular, distributed feedback (DFB)
lasers with almost monochromatic emission, having band-
widths much narrower than the individual gas absorption
lines. These devices are a suitable solution for optical-based
gas sensing since DFB laser technology has reached maturity
due to its broad use in telecommunication systems, with the
consequent large reduction of the associated costs.

In 1992, Uehara and Tai [4] demonstrated high-
sensitivity real time remote detection of methane in air with
a DFB operating at 1.65um (transmission and reflection
schemes). Silveira and Grasdepot [5] presented a methane
optical sensor using a 1.31 yum DFB laser and proposed a
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FiGURE 1: (a) Optical microscope image of a 7-cell HC-PCF at 1670 nm; (b) spectral fibre transmission.

new type of signal processing technique based on amplitude
modulation which provides autocalibration.

The performance limitations of a fibre optic methane
sensor using GRIN lenses in either transmission or reflective
configurations were examined by Stewart et al. [6]. DFB
lasers exhibit very long coherence lengths, and, there-
fore, multireflections occurring within the gas cells and
joints/connectors give rise to interference signals which
produce harmonics in the output indistinguishable from the
gas signals.

In 2000, Iseki et al. [7] developed a portable remote
methane sensor based on frequency modulation using a DFB
laser, where a dithering technique is employed, and the first
and second derivatives of the absorption line are directly
related with the gas concentration.

Chan et al. [8, 9] developed an optical remote sensing
system for differential absorption measurement of various
inflammable, explosive, and polluting substances employing
low-loss optical fibre networks and near-infrared high
radiant LED. The highly sensitive technique was achieved
employing the power-balanced two-wavelength differential
absorption method in the system, which enables direct
detection of differential absorption signals for the specific
molecule being monitored.

In 2003, Whitenett et al. [10] reported an alternative
optical configuration for environmental monitoring appli-
cations, namely, the utilization of cavity ringdown spec-
troscopy using an Erbium Doped Fibre Amplifier (EDFA).
This configuration monitors the exponential decay of a light
pulse inside a gas chamber that ideally exhibits very high
finesse, causing therefore 1/e ring-down time to be very long
and very sensitive to small changes in the cavity loss, as
induced, for example, by a gas absorber in the cavity.

Photoacoustic spectroscopy (Kosterev et al. [11]) is
another technique for detection of absorbing analytes, and
it relies on the photoacoustic effect. In this interesting
technique, the sample gas is confined in a chamber, where
modulated (e.g., chopped) radiation enters via a transparent
window and is absorbed by active molecular species. The
temperature of the gas thereby increases, leading to a

periodic expansion and contraction of the gas volume,
synchronous with the modulation frequency of the radiation.
This, consequently, produces a pressure wave with amplitude
(measured with simple microphones) related to the gas
concentration.

Another approach known as multipass transmission
absorption spectroscopy can be used and consists of a
chamber with mirrors at each end filled with the targeted
sample [12]. The beam is folded back and forth through the
cell, creating an extended yet defined optical path length in
a confined space. Although it presents a high sensitivity, the
slow system response to concentration fluctuations and the
relatively high volume of the sample required constitute the
major disadvantages of this technique.

Other approaches have also been implemented, exploring
different types of fibres (e.g., D-fibre) and effects, such as
evanescent wave absorption (Culshaw et al. [13]). Their
major obstacles, namely, low sensitivity for short interac-
tion lengths, spurious interference effects, and degradation
through surface contamination, were analysed (Stewart et al.
[14]), and it was determined that the sensitivity of a D-fibre
methane gas sensor could be improved by overcoating the
flat surface of the fibre with a high index layer, reaching a
detection limit lower than 5 ppm (Muhammad et al. [15]).

More recently, several authors proposed new methods
for gas detection. Benounis et al. [16] demonstrated a new
evanescent fibre sensor based on cryptophane molecules
deposited on a PCS (polycarbosilane) fibre. Roy et al. [17]
demonstrated a methane sensor based on the utilization of
carbon tubes and nanofibres deposited by an electrodeposi-
tion technique.

A review of optical sensing methods for methane detec-
tion can be found in the work of Magalhaes [18].

1.2. Gas Sensing with Photonic Crystal Fibres. The holes
in microstructured fibres open up new opportunities for
exploiting the interaction of light with gases or liquids.
With the possibility of filling the air holes of PCF with
gas, with large interaction lengths, new ways to monitor
or detect gas are possible. Evanescent field gas sensing in
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FIGURE 2: Time-dependence of the average relative methane concentration inside different lengths of HC-PCF with a single open end (a)

and two open ends (b).

the holes of PCF (Monro et al. [19]) or in a fibre random
hole structure (Pickrell et al. [20]) has been reported.
Hoo et al. [21] demonstrated an absorption spectroscopy
evanescent wave acetylene detection system based on a 75 cm
length PCF sensing head. Another work of the same group
presents a design and modelling of a PCF-based structure
for gas sensing with enhanced characteristics, relying on the
amplifying effect associated with the use of the multicoupling
gaps (Hoo et al. [22]).

On the other hand, Ritari et al. [23] studied gas char-
acteristics by monitoring the photonic bandgap parameters
within hollow-core PCE. Methane detection at 1670 nm band
using hollow-core PCF has been reported (Cubillas et al.
[24]). A detection limit of 10 ppm/volume with the system
configuration used in the experience is estimated. Cubillas et
al. [25] also published a work that describes methane sensing
with a hollow-core PCF at 1.3 ym. Other authors studied
the characteristics of gas sensing based on evanescent-wave
absorption in solid-core by filling the cladding air holes
(Cordeiro et al. [26, 27], Li et al. [28]). Side access to the
holes of PCF was demonstrated by Cordeiro et al. [27]. The
method consists in inserting the liquid or gas to be sensed
laterally to the fibre while the tips are optically monitored.
An elegant solution to the problem of the long filling time
of the gas inside the fibre was proposed by van Brakel et al.
[29], using femtosecond-laser drilling microchannels in both
hollow and solid core PCFs.

A comprehensive review of optical sensing based on
photonic crystal fibres can be found in the work of Frazao
et al. [30].

This work reports the development of an optical sensing
system for remote sensitive detection of methane based
on hollow-core photonic crystal fibres and Wavelength
Modulation Spectroscopy (WMS).

2. Sensing System

Hollow-Core Photonic Crystal Fibres (HC-PCF) are struc-
tures where the light is guided not by total internal reflection
but by a photonic bandgap in the cladding that acts like
an insulator for light. The HC-PCF cladding is made
with hundreds of periodically spaced air holes in a silica
matrix, typically arranged in a honey combed-like pattern.
Figure 1(a) shows the cross section of the hollow-core fibre
that was used in the experiments. As can be seen, the
hollow-core is formed with the suppression of some of such
periodically spaced honey combed-like air holes. These fibres
exhibit large potential concerning gas sensing since long
interaction lengths could be created where light and gas share
a common path, therefore, enabling the development of HC-
PCF gas sensing heads. This particular fibre is a 7-cell HC-
PCF (due to the fact that 7 of those small structures were
removed) with a core diameter of 16 yum. To explore the
1.65 ym absorption band of methane, the fibre was designed
to have a well defined bandgap in this spectral region. Also,
more than 90% of the light propagates in the core, assuring
a high field overlap with the gas and therefore enhanced
detection sensitivity [31]. The transmission spectrum of this
fibre in the region around 1.65 ym is shown in Figure 1(b),
obtained using a tuneable laser.

2.1. Diffusion Time. A critical factor in sensing heads pro-
jected for detection of dangerous gases is the measurement
time. In most cases this is not limited by the intrinsic
time constant of the optoelectronic components but by the
diffusion time of the gas into the measurement volume. This
issue is particularly relevant when these volumes are reduced
and accessed only through specific inputs, as is the case
when PCEF fibres are considered. Therefore, this problem was
studied in detail in the context of this work.
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(a)

FIGURE 3: (a) Project of the sensing head with periodic openings in the PCF fibre; (b) butt-coupling of HC-PCF pieces using standard

zirconium ferrules connected with a standard zirconium mating sleeve.

(a)

(c)

FIGURE 4: (a) photo of HC-PCF misaligned with the ferrule; (b) photo of the HC-PCF aligned with the ferrule; (c) detailed photo of the

HC-PCF aligned with the ferrule.

FIGURE 5: Multisegment sensing head containing 4 segments of HC-
PCE

There is considered an HC-PCF fibre with one open
butt-end immersed in a methane atmosphere and the other
butt-end closed. Methane gradually penetrates the fibre by
diffusion. The diffusion was characterized by the relative
concentration of gas inside the fibre averaged over the fibre
length. This concentration can be found by integration of
local concentration that is obtained by solving the diffusion
equation with corresponding boundary conditions. For
the average relative concentration the following expression,
represented in a form of an infinite sum, was considered [22]:

8 o 1 im\?
C=1—; z .exp[—(ée) D-t}, (1)

2
=135/

where ¢ is the fibre length, D is the diffusion coefficient
of methane, and ¢ is the time. The diffusion coefficient for
methane in nitrogen is 2.2 X 107> m?s~! [32]. Using this
value, the dependence of the average relative concentration
on time for four fibre lengths (0.02, 0.06, 0.18, and 0.54 m)

TaBLE 1: Theoretical diffusion times to obtain 90% average methane
concentration in the core of HC-PCF fibres for different lengths.

One open end Two open ends

£ (m) t(s) t (min) t(s) t (min)
0.02 16 0.27 4 0.07
0.06 136 2.27 34 0.57
0.18 1220 20.33 305 5.08
0.54 10980 183 2745 45.75

was plotted. The result is shown in Figure 2(a). For the
case of the fibre with two open ends, the average relative
methane concentration inside the fibre is obtained from (1)
with 2¢ replaced by ¢, resulting in the dependence given in
Figure 2(b). It should be mentioned that on these calcula-
tions surface effects were neglected, given the considerably
large diameter of the core of the HC-PCF in comparison to
the gas molecules size. Table 1 summarizes the results relative
to the diffusion time of methane into the HC-PCF with one
and two ends open.

This analysis allows to conclude that the length of the
fibre used as the sensing head will directly affect the response
time of the sensing system, limiting the time that gases
may take to diffuse into the holes. As expected, with two
open ends the gas diffusion inside the microstructured fibres
happens significantly faster compared with the single open
end configuration.
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FIGURE 6: (a) Wavelength modulation converted to amplitude modulation in Wavelength Modulation Spectroscopy; (b) spectral contents of
the optical signal: (i) laser unmodulated; (ii) laser modulated with no absorption; (iii) laser modulated with absorption.

2.2. Sensing Head. To optimize the sensing head sensitivity
without compromising the response time a structure was
devised where there was considered the introduction of
periodic openings along the sensing head fibre, as shown
in Figure 3(a). The several hollow-core photonic crystal
fibre (HC-PCF) pieces are connected through butt-couplings
[31]. As previously stated, the length of each segment can
be tuned to control the diffusion speed of the gas inside the
sensor and hence the response time of the sensor. In turn,
the number of segments determines the total fibre length
and, therefore, dictates the sensitivity of the sensing head.
Standard zirconium mating sleeves, as shown in Figure 3(b),
were found suitable for this butt-coupling approach.

The HC-PCF inside the ferrules was aligned using a
nanometre resolution positioning stages as can be seen in
Figure 4. The diameter of the sleeves is deliberately slightly
smaller than the diameter of the ferrules. A slit along the
length of the sleeve gives some extra flexibility to the inner
diameter and allows the sleeve to act like a small spring
(in the radial direction). This mechanism ensures that the
ferrules are clamped inside the sleeve, thus optimizing the
alignment. Since this is the standard technology for aligning
fibre connectors, the technology is well established, and the
components are relatively cheap. Furthermore, the slit in the
sleeves is also well suited to allow gas in-diffusion through
open gaps. Figure 5 shows a chain of different HC-PCF
segments connected with this method. This multisegment
sensor was placed inside a silica tube that acts like a gas
chamber which facilitates greatly the experimental test. The
insertion loss of the sensing head is a consequence of the loss
induced by each butt joint and can be quantified as presented
in a previous work (Carvalho et al. [31]), where there was
characterised the optical coupling in a 19-cell HC-PCF with
a core diameter, and thus a guided mode behaviour, quite

similar to the 7-cell HC-PCF fibre used here. Typically, it was
found that the loss in each butt-joint is smaller than 1 dB.

With adequate sensing head packaging, that involves fibre
wrapping of several butt-joints segments, which is possible
due to the geometrical flexibility of the optical fibre, the
volume increase when the number of butt-joint segments
increases can follow a slow grow.

2.3. Interrogation Technique. The ability to have sensitive
detection of methane with the previously described sensing
head requires the consideration of a high-performance inter-
rogation approach. Therefore, the technique Wavelength
Modulated Spectroscopy (WMS) was selected in view of
its favourable characteristics (Silver [33]). In WMS, the
source wavelength is slowly modulated, sweeping the entire
absorption peak, and a higher frequency signal (dithering)
is superimposed on this signal. As the emission source
wavelength slowly scans through the gas absorption line,
the wavelength modulation becomes an amplitude modu-
lation, presenting its highest amplitude as it passes in the
highest slope points of the absorption peak, as presented
in Figure 6(a). As the schemes in this figure indicate, this
interrogation method requires that the optical source should
have a linewidth significantly smaller than the absorption
line of the gas species to be monitored. Considering the
detection bandwidth is shifted to higher frequencies where
the laser intensity noise is reduced towards the shot noise,
and the signal-to-noise ratio is substantially increased,
which means better measurement resolution. This concept
is similar to that of data encoding in the side bands of a radio
transmission carrier wave. Figure 6(b) shows the spectral
output of a frequency modulated laser, where there can be
seen the carrier frequency w, and the side-band frequencies
we + Q. Therefore, when the laser slowly scans through the
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absorption line, the amount of light absorbed, which by the
Lambert-Beer Law is proportional to the gas concentration,
is “written” into the side bands. Schematically, this is
represented in Figure 6(b) as a decrease in the amplitude of
the side bands. Consequently, the absorption information
can be retrieved by means of a lock-in amplifier, where
a voltage output proportional to gas concentration can be
generated.

Some features of this interrogation technique can be
better appreciated observing the curves shown in Figure 7.
They are relative to the acetylene, the gas that was used in the
system development phase because it shows an absorption
band around 1530 nm (Figure 7(a); the acetylene strongest
absorption peak in the P branch of the v;+v; band), a
highly convenient spectral position considering the large
range of optical fibre components that can be used in view
of its location in the third optical communications spectral
window. The interaction between the acetylene (pressure
~200 Torr, =~100% concentration) and the optical field
happened in a U-bench with 30 mm length. The laser source
used for these experiments was an Avanex-1905 LMI DFB
laser optimized for operation at 1530 nm. With the lock-
in amplifier locked at the dithering frequency, the output
signal is the first derivative of the gas absorption line, and
it equals zero when the source wavelength is centred in
the absorption peak (Figure 7(b)). The lock-in amplifier
output for the second harmonic is the derivative trace of the
output at the dithering frequency and reaches a maximum
at the peak absorption wavelength (Figure 7(c)). Disabling
the slow modulation and stabilizing the source emission
wavelength at the absorption peak, the dithering gives rise
to a transmitted signal with a frequency that is twice the
dithering one and with amplitude that depends on the gas
concentration.

This detection method thus converts a frequency modu-
lation into an amplitude modulation. The measured signal
will contain both AC and DC components. Fluctuations
of the optical power (from the source, fibre bends, etc.)
will commonly modify the AC and DC components of the
signal; so the ratio of the AC component with the DC
component remains fairly unaltered, therefore only affected
by the gas concentration. This insensitivity to optical power
fluctuations is one of the main advantages of the WMS
method.

Figure 8 shows the detailed scheme of the optoelectronic
detection technique based in WMS. Ideally, an optical
source suited for the WMS method shall have the following
properties: high power (assures good signal-to-noise ratios
and allows sensor multiplexing), narrow line width (in
comparison with the line width of the methane absorption
lines), which is also important to enhance the signal-to-
noise ratio and tuneable emission wavelength. Distributed
Feedback Lasers meet all these demands at affordable cost. A
DEFB diode can be tuned in wavelength by changing either the
temperature or the operating current. While current-tuning
is favourable for rapid modulation tasks, thermal tuning has
the advantage of providing extremely large mode-hop free
tuning ranges. In the configuration presented in the figure,
the wavelength of the DFB optical source is modulated with

a frequency w by means of current tuning. The light is then
guided through a directional coupler. Part of the light is
sent to a reference gas cell whereas the remaining portion of
light is sent to a sensing head. The reference cell is used to
keep the laser wavelength locked to the gas absorption line.
Monitoring of the light from the reference cell happens with a
lock-in amplifier working at the modulation frequency, and
the resulting signal is feedback to the laser driver. The light
coming from the sensor is analyzed for two components. The
DC component is filtered out using a lowpass filter, and the
doubled frequency amplitude modulated signal is isolated
using synchronous detection at 2w. The information for gas
concentration is obtained from the ratio S = A,,/DC, where
Ay, is the amplitude of the signal synchronously detected
at 2w and DC the continuous level. This relation yields the
absorbance and hence the gas concentration. The resulting
signal, as previously stated, should be independent of optical
power fluctuations.

In order to enable the variation of gas concentrations
and to test the implemented setup with the HC-PCF-based
sensing heads, a gas chamber was developed (Figure 9). The
chamber is hermetically sealed and has one gas input and
output as well as a pressure manometer and an optical
feedthrough to allow the entrance of fibres. Inside of this
chamber there are also two U-benches with different path
lengths (30 mm and 6.8 mm).

A LabVIEW application has been developed to control
all the signal generation, acquisition as well as all the
single processing stages. With a standard computer and
a DAQ board a virtual instrumentation workbench has
been implemented, with the objective to perform system
integration of a portable and customizable system for remote
detection of gas species

3. Results

The experimental arrangement implemented to test the gas
diffusion time into the HC-PCF is shown in Figure 10(a).
Standard SMF transmitted light to the HC-PCF and guided it
to the detection unit. After injection of gas into the chamber
(a mixture of 5% of methane and 95% of nitrogen), the decay
of transmitted light with time caused by the absorbance of
the gas inside the HC-PCF was registered. The length of the
sensing head HC-PCF was 13.7 cm. The optical source, a
DFB laser optimized to work at 1666 nm, was emitting at
the strongest methane absorption line in the Q branch of
the 2v; band (Rothman et al. [34]). The frequency of the
dithering signal that modulates the DFB was 500 Hz. To allow
gas diffusion, the gap between the input and output SMF and
the HC-PCF was guaranteed by the use of angled ferrules
(FC/APC) in the side of the standard fibres (Figure 10(b);
x = 176 ym). These ferrules, exhibiting an angle of 8°,
were chosen because they do not permit Fresnel (silica-air
interface) back reflections to be guided.

The obtained results for methane diffusion inside the
HC-PCF are presented in Figure 11. It can be observed
that the time taken to achieve 95% of the steady state
was about 248 seconds, while the theoretically predicted
value (obtained from (1) with 2¢ replaced by ¢) was about
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FIGURE 9: Gas chamber for test of the sensing system: (a) and (b) computer generated pictures; (c) and (d) photographs of the implemented
gas chamber (the U-benches shown in (d) were used to test the WMS interrogation technique).
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FIGURE 10: (a) Setup used to measure the diffusion time of gas
inside the HC-PCF based sensing head; (b) illustration of the joint
between SMF and HC-PCFE.

241 seconds, thus leading to a relative error of ~2.8%.
Therefore, this agreement confirms the reliability of the
adopted model.

The detection limit of the methane sensing head can
be estimated from the signal-to-noise ratio (SNR) of the
demodulated signal. The second harmonic peak at 1000 Hz
shows a SNR of ~50dB, and it corresponds to a methane
concentration of 5%, or 50000 ppm. In a linear scale, the
SNR is ~316, which means that we are able to detect a
concentration smaller by this factor. Therefore, the sensing
head with 13.7 cm length and opened in both sides permits a
methane detection limit of 158 ppm.

If more segments are considered in the sensing head,
as shown in Figure 5, the detection limit shall improve
proportionally to the increase of the light interaction length
with the gas. However, there was noticed the presence of a
deleterious effect associated with superficial modes at the

Theoretical time expected
to achieve 95% of the
steady-state

Normalised measured transmittance

g ‘ ‘ 7
T T T T T
0 100 200 300 400
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FiGure 11: (Experimental results for the diffusion time of 5%
of CHy inside an HC-PCF with a length of 13.7cm (two open
ends). The theoretical expected value (241 seconds) is shown by the
vertical line, while the experimental one is 248 seconds.

boundary of the fibre hollow core. These modes induce
interference effects that reduce the signal-to-noise ratio.
Research is going on aiming to overcome this problem.
Looking for field application of the R&D above
described, an optoelectronic portable measurement unit was
developed to measure gas concentration with HC-PCF-
based sensors. The portable unit integrates a computer
(motherboard, memory, hard-disk, touch-screen, etc.), an
optoelectronic board and optical switching capability for
multiplexing of four remote photonic crystal fibre sensing
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FIGURE 12: (a) Diagram of the gas measurement unit prototype; (b) photo of the unit; (c) response for a methane concentration change.

heads. A LabVIEW application was developed to control
the measurement unit system which presents a graphical
interface to the user. A diagram of the implemented system
is presented in Figure 12(a), while Figure 12(b) shows a
photo of the equipment. Figure 12(c) gives a unit screen plot
representing the system response to a change of methane
concentration in the sensing head.

4. Conclusion

This work reported the development of an optical fibre sens-
ing system for detection of low levels of methane, based on
a sensing concept that explores the favourable characteristics
for gas sensing of hollow-core photonic crystal fibres together

with the Wavelength Modulation Spectroscopy interrogation
technique. A sensing head structure was designed that is
compatible with sensitive methane detection and acceptable
measurement time, which is related with the gas diffusion
time into the measurement volume. The results obtained
confirm the potential of this sensing approach, and aiming
field applications a portable measurement unit was devel-
oped that has the capacity to simultaneously interrogate four
remote photonic crystal fibre sensing heads.
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1. Introduction

Since long period gratings (LPGs) were proposed for sensor
applications [1]; one can find a significant number of
publications where the temperature and strain response of
LPG are investigated. Here, we are particularly interested
in chemical sensor applications [2], more specifically in
refractive index measurements of aqueous solutions. The use
of a matched pair of LPG defining an in-line modal interfer-
ometer with a coaxial-Mach-Zehnder configuration has been
investigated [3] for temperature and strain measurements [4]
as well as for chemical applications [5]; this interferometric
structure exhibits an enhanced sensitivity to the physical and
chemical properties of the surrounding media.

At present, we are specifically interested in the coaxial-
Michelson configuration, where a single LPG and a short
section of fiber, with its end properly cleaved and coated
with a metal, define a compact modal interferometer. This
type of interferometer was, first, investigated as a tempera-
ture sensor, [6] and, later, refractometric applications have
been reported in the 1400-1600 nm wavelength range [7,
8]. The multiplexing of this sensors using low-coherence
reflectometry has been also demonstrated [9]. Among the
characteristics of this configuration, which is well suited to

monitor aqueous solutions using portable sensor systems, we
can point out the robustness of the interferometer and the
fact that the measurement can be easily performed dipping
the fiber tip into the liquid.

Our work is focused on the preparation of LPG-based
coaxial-Michelson interferometers at ~850 nm, instead of
the 1400-1600 wavelength range, in order to enable the use of
compact and low-cost optical spectrum analyzers to extract
the information of the sensor. This approach permits easy
multiplexing of several sensors if it is required. In addition
to the calibration of the sensor response, we demonstrate
the application of this type of sensor to monitor sewage
treatment plants.

2. Sensor Fabrication and
Experimental Arrangement

The LPG is photoinscripted in a hydrogen-loaded ger-
manosilicate fiber using a continuous wave UV laser at
244 nm. The fiber is single mode at 850 nm and has a step
index profile, 0.15 numerical aperture, 4 ym core diameter,
and 125 ym cladding diameter. The use of a point-by-point
writing technique provides a rather flexible choice of the



cladding mode to which the core mode is coupled, since
the period can be adjusted precisely. Several LPGs with
a period of 313 nm have been fabricated. Figure 1(c) shows
the transmission spectrum of one of these LPGs in air, that
is, when the fiber is stripped and surrounded by air. The
spectra of the LPGs were monitored during the fabrication
process, and the depths of the resonances centered at 820 nm
and 850 nm were adjusted to be about 3 dB by controlling
the length of the grating (7.3 mm). Thus, about a 50%
of the power entering the LPG is coupled to the cladding
modes LPgs and LPgs at the resonances of 820 and 850 nm
respectively, while the rest of the power remains in the
fundamental core mode of the fiber.

Once one LPG is written, the fiber is cleaved at a
certain distance L from the end of the LPG (7cm in our
case) and the front surface of the fibers coated with a
gold layer by evaporation in a vacuum chamber. In this
way, compact and robust coaxial-Michelson interferometers
are obtained. Figure 1(a) gives a schematic diagram of the
experimental arrangement and a detail of the interferometer.
The sensor head is defined by the 7 cm long interferometer,
plus the length of the LPG, and the interrogation is carried
out by a compact optical spectrum analyzer (OSA) and a
superluminescent light emitting diode (SLD); the optical
spectrum of the SLD is depicted in Figure 1(b). The OSA
that was used in our experiments is manufactured by Ocean
Optics (HR4000) and has a resolution of 80 pm and weights
1kg.

3. Experimental Results and Discussion

Figure 2(a) gives the spectra corresponding to several inter-
ferometric fringes within the range 853-870nm, while
Figure 2(b) gives the detail of the fringe centered at 863.5 nm.
We can observe in Figure 2 the wavelength shift produced
when the sensor head is immersed in water solutions with
different concentration of glucose (mass %). The spectrum
of the sensor in air is also included. In this example, relatively
large concentrations of glucose were used. Measuring the
shift of, for example, the interferometric fringe centered at
863.5nm, one can calibrate the response of the sensor. In
fact, one can calibrate the sensor response either in terms
of the wavelength shifts of a given fringe or in terms of
intensity variations at a given wavelength. Both alternatives
are illustrated in Figure 3 for the case of the spectra recorded
in Figure 2.

The refractive index of a glucose solution increases about
1.6 x 10~* per unit of mass % [8]. Thus, the wavelength
shifts reported in Figure 2 correspond to refractive index
increase of 8 x 1072, The optical resolution of the OSA would
permit to reach a detection limit of 5%, that corresponds to
a refractive index change of 8 X 107*. Similar results were
obtained with the different sensor heads that were prepared,
all with a length L = 7 cm. If it is necessary, the detection
limit can be improved significantly by coating the fiber with
a thin film of a material with higher refractive index than
the cladding [10]. The length of the sensor head can be
increased, as well, to increase the detection limit. However,
any small temperature change might deteriorate dramatically

Journal of Sensors

Lppg Leiber

Sensor head

SLD —
OSA /
3 dB coupler Attenuator
(a)
4 -
3 -
’D? _
=
24
g
é -
1 -
0 T T T T T T T T T
800 840 880
Wavelength (nm)
(b)
0 |
_1 -
5727
fny
g
=73
_4 -
=5

T T T
750 800 850
Wavelength (nm)
(c)

FIGURE I: (a) Schematic diagram of the sensor system with a detail
of the sensor head. (b) Spectrum of the SLD. (c) Spectrum of one
LPG.



Journal of Sensors

Intensity (a.u.)

Air
854 858 862 866 870
Wavelength (nm)
(a)
7 50%
5 | 40%
= 30%
34 'xzo%
=
231 ~
g
E 2 4 10% /
_ 0%
14 .
Air
861 863 865 867

Wavelength (nm)
(b)

FIGURE 2: (a) Spectra of several interferometric fringes produced
by the sensor head for different glucose concentration (mass %)
and when the sensor is in air. (b) Detail of the spectra of the
interferometric fringe centered at 863.5 nm.

the detection limit, since, in addition to the temperature drift
of the LPG and the interferometer itself, the thermo-optic
coefficient of water is relatively high (—8 x 107> °C™'). Thus,
the use of a reference solution, at thermal equilibrium with
the samples to be measured, might be essential to insure the
reliability of the measurements in a practical application.
One interesting feature of this type of sensor heads is
that the measurement does not rely on the transmission of
an optical beam through the solution. This advantage can be
exploited to develop chemical sensors for cloudy solutions, as
it is the case of sewage. In order to illustrate this application
we present in Figure 4 the spectra of the fringe centered at
860.5nm for 4 different samples of sewage. These samples
were taken at the entrance of a sewage treatment plant at
different times over one day. All four samples produced a
wavelength shift of 750 pm with respect to pure water, which
corresponds to a refractive index change of 5x 10~ 2. The four
samples were filtered to remove particles in suspension and
were measured again. No important changes were observed
within the resolution of the sensor heads. The inset of
Figure 4 gives the spectra of the same interferometric fringe
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FIGURE 3: (a) Wavelength shift of the fringe centered at 863.5 nm
as a function of the glucose concentration (mass %). (b) Intensity
reflected by the sensor head at 863.62nm as a function of the
glucose concentration (mass %).

for the four samples of water after removing the suspended
particles.

4. Conclusion

Using single mode fiber at 850 nm, compact and robust
coaxial-Michelson modal interferometers have been pre-
pared using a long period grating as an equivalent 3 dB beam
splitter. Direct dipping of the sensor head in water solutions
permits the measure of small refractive index changes, and,
working at 850 nm, low-cost, high-sensitivity, and portable
optical spectrum analyzers can be used to interrogate the
sensor. The sensor system that has been described here can be
used to monitor sewage treatment plants, since the presence
of particle in suspension does not deteriorate the response of
the sensor.
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1. Introduction

The optical performance of metal or metallic gratings dates
back to 1902 when Wood discovered absorption anomalies
in the response of such structures illuminated by light [1].
Later these absorption anomalies were understood as being
caused by the excitation of surface Plasmon-Polaritons along
the metal surface. A surface Plasmon-Polariton (SPP) is
an electromagnetic excitation at a metal-dielectric inter-
face, which consists of a surface-charge-density oscillation
coupled to the electromagnetic fields [2, 3]. The SPP field
components have their maxima at the interfaces and decay
exponentially in both surrounding a metal layer (usually a
few to 10’s nm thick) media. In the case of a planar structure
the SPP can exist in the form of p-polarized (TM) wave,
when the permittivities of two adjacent media have opposite
signs, and in the form of s-polarized (TE) wave, when the
permeabilities of two adjacent media have opposite signs [4].
Being localised at the metal-dielectric interface, the SPP can
serve as a promising tool for sensor applications to investigate
the medium near the interface [5-10]. At the present time
there are many of different SPP sensors bulk, planar, and fiber
geometries.

All these sensors can be characterised by two important
parameters: the sensitivity and operating (or dynamic)
range. Sensitivity is the derivative of the monitored SPP
parameter (e.g., resonant angle, wavelength, intensity) with
respect to the parameter to be determined (e.g., refractive
index). An operating (dynamic) range is the range of values of
the parameter to be determined, which can be measured by
the sensor. The third important parameter of the sensor is its
resolution. The sensor resolution is the minimum change in
the parameter to be determined, which can be resolved by the
sensor. Contrary to the sensitivity and the operating range,
the resolution of the sensor depends not only on the sensor
properties itself but also on the accuracy with which the
sensor is monitored. It means that increasing the accuracy
of the interrogation unit one can increase the resolution of
the sensor.

2. Surface Plasmon Sensors

In the late sixties, optical excitation of surface plasmons by
the method of the attenuated total reflection was demon-
strated by Otto [11] (Figure 1(a)). In this scheme there is
a finite gap between prism base and metal layer and it is
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suitable for surfaces that need to be changed easily. This
scheme was modified by Kretschmann and Raether [12]
and Kretschmann [13]. In Kretschmann’s scheme, a metal
layer contacts the prism base (Figure 1(b)). Kretschmann’s
scheme is one of the most widely used techniques for SPP
excitation till now. A scheme with the grating on the top
of the structure was also suggested [14] (Figure 1(c)). All
these schemes are widely used in sensor application, and a

Gold film
Fibre core
Fibre cladding
«—— Silica block

F1GURE 3: Side-polished Polariton fiber sensor.

practical configuration is shown in Figure 1(d). The angle, at
which the coupling to the Plasmon occurs, changes when a
liquid is placed on the surface of the prism. As is clear from
Figure 1(d), the angle has to be measured with precision if a
high resolution is required. Thus, most of the well-known
schemes have elements with a nonplanar geometry and
require moving parts and are rather bulky and cumbersome
to adjust with high precision. As one can see in Figure 1
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in these schemes the SPP excitation is based on resonant
transfer of the incident photon energy from the free space
in the form of p-polarized light to a SPP. All these schemes
provide the wave-vector matching condition for the incident
free space radiation to the SPP with the attenuated total
reflection configuration.

3. Guided Wave Surface Plasmon Sensors

Since the SPP excitation with a prism is based on total
internal reflection, the coupling prism can be replaced by
a waveguide layer of the planar structure of a fiber core
to get a compact device easily integrated in any planar or
fiber schemes. Indeed propagation of the guided modes in
the waveguide layer or in the fiber core is based on total
internal reflection. The development of sensors based on the
planar and fiber structures began in the early of nineties of
last century. During the last two decades, the SPP sensor
technique has been widely used for detection of physical,
chemical, and biological parameters. We will now present
and discuss the most popular, widely used sensor schemes
based on fiber or planar structures and review some of the
latest ideas in literature.

In the scheme presented in Figure 2 the cladding of the
fiber is removed and it is coated with a metal layer, which
is surrounded by the sensed medium. However, the radius
of the core is very small, and this structure is difficult to
fabricate. As an alternative solution a side-polished fiber
sensor has also been suggested [15]. This scheme is illustrated
in Figure 3. In [16]; a fiber sensor with an asymmetric metal
coating on a uniform waist of a single-mode tapered fiber
was suggested (a detail is shown in Figure 4). In all these
fiber sensors the transmitted guided mode is used in the
interrogation process, and a recent review of these fiber
sensors can be found in [17].

Planar structures are also widely used for sensor appli-
cations. A review of some of these sensors can be found
n [18]. In 1999, Ctyroky et al. suggested the use of the
reflected guided mode for the monitoring of a sensor [19].
In all these fiber and planar schemes, the sensor element
or sensor tool is a surface Plasmon wave (SPW), which
has a hybrid nature. It consists of the guided mode coupled
to a surface Plasmon-Polariton as can be seen in Figure 5
[19]. An SPW oscillates in the fiber core or a waveguide
layer of the planar structure. Its effective refractive index
is only slightly different from the effective refractive index
of the guided mode supported by the structure without
the metal layer. This is because most of the energy is
associated with the guided mode and only slightly weighted
by Plasmon-Polariton’s effective index. This condition means
that the hybrid mode is only weakly sensitive to any
change in the effective index of the Plasmon, should it
be altered by the presence or absence of a surrounding
layer.

In 2006, the authors of this paper suggested an improved
sensor by the use the “pure” SPP as opposed to the hybrid
mode [20]. Contrary to SPW, in this “pure” SPP, almost all
the energy is concentrated at the metal-dielectric interfaces.

The “pure” SPP decays exponentially away from the
metal surface, including a waveguide layer of the sensor
structure. The difference between effective refractive index of
the guided mode and effective refractive index of the “pure”
SPP is thus large and requires a special scheme to excite the
“pure” SPP. This is done with a grating, which allows the
wave-vector matching condition to be met. The advantage
of using the grating is that it decouples the coupling scheme
from the second important parameter—the overlap integral
between the guided exciting mode and the “pure” SPP.
Since almost all energy of the “pure” SPP is concentrated
at the metal-dielectric interface, this scheme is extremely
sensitive to small changes in the refractive index of the sensed
medium. The value of the change in the effective refractive
index of the “pure” SPP caused by the change in the refractive
index of the sensed medium depends on the parameters
of the structure. A full theoretical model of a hollow core
fiber with the Bragg grating imprinted in its waveguide layer
(Figure 6) may be found in [21].

Other planar structures with Bragg gratings imprinted
into the waveguide layer or the use of a corrugated Bragg
grating engraved on the top of the metal layer have also
been considered [22, 23]. In these structures the Bragg
grating excites a counter-propagating SPP, that is, in the
opposite direction to the incident guided mode (Figure 7).
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FIGURE 6: (a) Hollow core sensing structure with Bragg grating. (b) Cross section of the sensor.
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FIGURE 7: Planar SPP sensor with (a) Bragg grating imprinted into the waveguide layer and (b) Bragg grating engraved on the top of the

metal layer.

The guided mode transmitted through the Bragg grat-
ing can then be used in the interrogation process. The
sensitivity of the structure is characterized by the shift
in the wavelength of the grating transmission dip versus
the refractive index of sensed medium. The sensitivity of
these sensors is ~250 nm/RIU (refractive index units) for
optimised structures. This sensitivity does not depend on the
Bragg grating (imprinted in the waveguide layer or engraved
on the top of the metal layer) used for exciting the counter-
propagating SPP.

To increase the sensitivity of the sensor, the Bragg
grating may be replaced by a long period grating (LPG)
(Figure 8). In these sensor structures the guided mode
propagating in the waveguide layer of the structure excites
a copropagating SPP. The LPG may be imprinted into the
waveguide layer or engraved on the top of the metal layer.
The guided mode transmitted through the LPG is then used
to interrogate the sensor. The sensitivity of these structures is
~1100 nm/RIU.

The increase in the sensor’s sensitivity may be easily
explained, by comparing the LPG to the Bragg grating.
Indeed, the larger grating period of the LPG is a result of the
difference between the propagation constants of the guided
and SPP modes. On the other hand the shorter period Bragg
grating for exciting the counter-propagating SPP is a result
of the sum of the propagation constants of the guided and
SPP modes, since the SPP and the guided modes propagate
in opposite directions. Any small change in the refractive
index of the surrounding medium (#p) induces a larger
fractional change in the LPG-based sensor as it changes the

SPP’s propagation constant; that is, if 67 is the change in the
SPP’s effective refractive index for a change in #sens, then the
fractional change in the mismatch is

on
(np —ns)’

(1)

where n? and n8 are the effective indexes of the SPP
and guided modes, respectively. In the counter propagating
scheme with the Bragg grating, a small change in the
propagation constant of the SPP has a smaller fractional
influence on the sum of the propagation constants of the SPP
and the guided mode as

on
(nP +n8)’

(2)
The ratio of the sensitivities of the LPG and the SPG sensors
is therefore

nf +né
nb —ns’

ra (3)
In (3), the ratio r is greater than unity, indicating an
enhanced sensitivity for the LPG (copropagating) compared
to the SPG-based sensor (counter-propagating).

In all schemes presented in Figures 6, 7, and 8, the
intensity of the guided mode transmitted through the grating
is used to acquire the information concerning the sensed
medium. A novel approach to monitor a planar refractive
index sensor with the “pure” SPP used as a sensor tool was
suggested in [24]. A variation of this type of sensor may
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through the grating (¢) for three structures with the thickness of
the metal layer A = 10nm, A = 12nm, and A = 13 nm.

also be found in [25] but is based on the hybrid SPP mode.
This new interferometric approach is based on the detection
of the phase of the guided mode transmitted through the
grating (Figure 9). Close to the resonance condition, which
corresponds to the excitation of the “pure” SPP, a very small
changes in the refractive index of the sensed medium causes a
dramatic change in the phase of the guided mode transmitted
through the grating. The phase detection of the guided mode
is performed by a simple integrated optical Mach-Zehnder
interferometer (MZI). The sensitivity of the sensor can be
characterised by dnen/de (RIU/°), where dg is the change
in the phase of the guided mode transmitted through the
grating, and dnen is the change in the refractive index of the
sensed medium causing the phase change.

The sensitivity of the optimised sensor is ~8 x 10~7RIU/°
with a linear slope for a refractive index change of 10 x 1074,
at the operating refractive index of, nsn = 1.33 (Figure 10),
common for many biological applications. It is important
to note that if parameters of the planar structure used in
the sensor structure presented in Figure 7(a) are identical to
the parameters of the planar structure presented in Figure 9,
the sensitivity of the sensor is ~250 nm/RIU. If the Optical
Spectrum Analyzer (OSA), used as an interrogation unit, has
a resolution 0.01 nm, the resolution of the sensor presented
in Figure 7(a) is An2 ~ 4 x 107°. The value of the
transmission dip in the guided mode transmission spectrum
changes with the change in the refractive index of the sensed
medium restricting the dynamic range of this device. The
dynamic range of this sensor is defined as the range within
which the value of the transmission dip changes in the
interval +0.1 around the chosen value of the transmission
dip equal to 0.3 (i.e., 30% dip in transmission) for s, =
1.33. Roughly estimated, this dynamic range turns out to be
an interval Ang, ~0.01.

Interferometric methods enable detection of phase
changes below 27 x 1072 radians [26]. Using this value as a
limit, the resolution of the SPP-interferometer of the sensor,
based on phase interrogation and presented in Figure 9, is
calculated to be Anmi» ~ 3 x 1077, The resolution of this
sensor is thus extremely high, but the dynamic range, which
can be characterised by the linear dependence in Figure 10, is
small Angen ~0.0005. It is therefore important to remember
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F1GURE 12: The tilted grating assisted SPR sensor. The guided mode
is scattered into a set of counter-propagating cladding modes via
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surface of the metal coating changes the details of the resonances
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FIGURE 13: Refractive index of an analyte determined from the
changes in the intensities of the cladding mode resonances (Adapted
from [28]).

that in the suggested scheme, the Bragg grating is used for
exciting the SPP. This means that the excited SPP propagates
in an opposite direction to the guided mode (Figure9).
If the Bragg grating is replaced by an LPG, the SPP will
copropagate with the guided mode. In the latter case the
sensitivity of the sensor can be increased by approximately
an order of magnitude; however the dynamic range will be
correspondingly reduced by a factor of ten.

Another type of waveguide SPP sensor based on the
hybrid mode is shown in Figure 11 [27]. Part of the guided
mode is first excited into a cladding mode which then
couples to a surface Plasmon-Polariton in the metal layer
surrounding the fiber. Any change in the SPP via a refractive
index change in the sensed analyte is translated into a phase
shift in the propagating cladding hybrid mode, detuning the
coupling back into the fundamental guided mode in the core
at the second LPG. Thus, the transmitted signal suffers a
change in the amplitude through interference of the guided
and cladding modes. The overlap of the excited cladding
mode with the SPP is small, as seen in Figure 11: the surface
Plasmon hybrid-mode has a substantial amount of its energy
associated with the guided mode and is therefore intrinsically
less sensitive to the surrounding liquid than the “pure” SPP
scheme proposed in [20-24]. The second LPG couples the
cladding hybrid mode back into the core mode for direct
detection.

The use of a tilted grating to excite an SPP in a standard
telecommunications fiber has some advantages as the system
is quite robust. This has been demonstrated [28] and is
shown in Figure 12. The scheme relies on the detailed spectra
in transmission of the series of counter-propagating cladding
modes scattered by the tilted grating, some of which are
coupled to the SPP in a thin gold metal layer on the surface
of the fiber. The resonance peaks are predominantly defined
by the geometric dimensions of the fiber [30] and not by the
refractive index of an analyte in contact with the metal layer.
This makes the interpretation of the data a bit complicated as
there is no shift in the resonance peaks, but a redistribution of
the energy amongst the peaks, as the phase-matching to the
SPR shifts to a different wavelength, and there is no “allowed”
mode for the geometry of the fiber. In practice, each cladding
mode has some bandwidth, and therefore the amplitude of
the coupled mode changes. Using this scheme, it is possible to
determine the refractive index of the analyte. Figure 13 shows
a measurement result [30], with a resolution of 466 nm/RIU.
Allsop et al. [29] demonstrated a similar sensor with a
germanium-silver metal layer and tilted Bragg grating but
with a much lower resolution (3.4 nm/RIU) compared to the
results presented in [27].

More recently, a “holey” fibre was proposed as an SPR
gas sensor in the THz frequency regime [31]. This scheme,
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FIGURE 14: A proposal for a PVDF coated Teflon fibre SPR gas
sensor (Adapted from [31]).

FIGURE 15: The cross-section of a proposed three section hybrid
mode SPR sensor [32] in silica glass fiber.

shown in Figure 14, uses a Teflon fibre with a series of holes
to introduce a gas into the sensor. The THz guided mode in
the Teflon is coupled to the SPP in a ferroelectric outer layer
(polyvinylidene: PVDEF). The gas introduced into the holes
shifts the resonance between the guided mode and the SPP
in the THz regime and is thus detected.

Hautakorpi et al. [32] have recently proposed an alterna-
tive scheme based on a modified microstructured fiber used
by Huy et al. [33]. In this proposal, a hybrid SPP mode is
excited in the gold layer. The waveguide is a fiber nanowire of
refractive index, ., supported by three, 120 degree separated
strands of glass wires in a multistructured optical fibre.
The nanowire mode is thus exposed to three gold-coated
surfaces separated from the core by a thin layer of lower
refractive index #,. The liquid to be sensed with a refractive
index, nens 1s introduced into the three hollow sections as

Liquid

Input optical
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Output optical
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FI1GURE 16: End-fire coupled SPP using a thin SPP waveguide. The
optical fiber excites the SPP directly, and the metal grating ensures
phase-matching [34]. By reducing the lateral dimension, one of
the major problems of SPPs, that is, transmission loss, is greatly
ameliorated and light can be coupled into the output fiber for
making measurements.

shown in Figure 15. Designed to operate at ~550 nm, the
refractive index resolution of this sensor is calculated to
be ~107%. Assuming a minimum measurement capability
of 0.1 nm, the sensitivity of the sensor is estimated to be
100 nm/RIU.

In a very elegant scheme using end-fire coupling Jetté-
Charbonneau et al. [34] demonstrated in- and out-coupling
of an SPP. One of the major hurdles in SPP excitation and
out-coupling is propagation loss in the metal. By reducing
the transverse dimensions, it is possible to “squeeze” the
Plasmon in the transverse dimension. The result of this
squeezing is the spreading of the energy into the dielectric,
in which the absorption loss is negligible. Using such a
scheme, a thin metal layer with a narrow lateral dimension
imbedded into a dielectric, end-fire in- and out-coupling was
successfully demonstrated. This allows the SPR to propagate
centimetres, rather than microns, as is the case for normal
SPPs. Figure 16 shows this type of a sensor.

4. Conclusions

As a result of overcoming the propagation loss for SPPs,
it is likely that many more waveguide devices will be
seen in the future. Several of the fabrication challenges,
however, still remain. These include processing of the
devices through photolithography and plasma deposition.
The metal layer thickness is an important parameter which
determines sensitivity, resonance coupling, handling, and
robustness of the sensors. Ideally, the metal layers could be
printed directly onto plastic substrates and integrated into
polymer waveguides or optical fibers. The mass production
of these plug-in slides or entirely disposable waveguide
sensors is quite conceivable in the near future. Multiple-
use of some of these sensors is possible, whilst others
will have to remain single-use. For medical applications,
it is desirable to have single-use devices to avoid cross
contamination, which then demand that the devices should
be cheap enough to become disposable. However, it is clear
that waveguide-based SPP sensors have many advantages of
compactness, ease of in- and out-coupling, high sensitivity,
and no moving parts. For clinical use, the instruments
have to be not only low cost but reliable as well. The
advances in waveguide SPP sensors will certainly have
an impact in reducing costs of traditionally expensive
surface Plasmon resonance sensor instruments, based, for



example, on the highly reliable Kretchmann technique, and
therefore should be available commercially in the near
future.
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1. Introduction

A wide range of optical sensing technologies exist and are
subject to intensive development due to a number of driving
factors. In the fields of process control and automation for
example, there is a desire to monitor concentrations and
compositions in real time without the risk of damaging
or contaminating high-value product. It is common for
such applications to occur in volatile or flammable envi-
ronments where spark-free or intrinsically safe technology
is a prerequisite. Whilst there are many fields with disparate
motivations and sensing requirements, they do in many
ways share a common goal, that of rapid, accurate, and safe
detection in a potentially harmful environment.

Existing review papers discuss the broad range of optical
sensing technologies [1] and the motivations for using an
integrated optical format in terms of compatibility with
microfluidics [2]. In this paper we concentrate on a review
of results on planar Bragg grating sensors which are a recent
addition to the field and offer attractive advantages.

A detailed description of the range of different techniques
and technologies available from the generic class of “optical
sensors” would form an extensive review and could include a

vast array of applications from particle counting to vibration
detection. Therefore the various optical sensor technologies
may be segmented in a wide number of ways, but it is helpful
to distinguish between sensors in which the light does not
physically pass into the measurand material (such as a Bragg
grating sensor for strain) and sensors in which the optical
field does pass into the measurand. In this paper we are
concerned with the latter type of device. It is further useful to
consider the means by which the light interacts; this may be
either through the refractive index of the measurand or via
an absorption or other energy exchanging interaction with
the measurand. In that sense we can choose to characterise
both types of linear properties of the light interacting in the
material via a complex refractive index (n* = n — ix) where
n is the real index at a particular wavelength and x represents
the absorption. There are, of course, nonlinear interactions
too, such as the Raman effect—which are outside of the scope
of this paper.

By thinking in terms of the complex refractive index
we can choose to classify techniques into either ones that
make use of the imaginary part (ik) such as absorption



spectroscopy, and those that make use of the real part of
the index (n) such as refractometry. In these terms we see
that absorption spectroscopy can be viewed as investigating
how (ix) varies with wavelength. However, in this paper we
are primarily interested in those techniques that make use
of the refractive index properties of the measurand, and
particularly techniques in which the light interaction in the
sensor and measurand modifies the modal properties of the
light. A modal picture is familiar in fibre optics where a
mode represents a solution to the laws of electromagnetic
propagation that is constant in form along an invariant
refractive index structure. This modal concept is distinct
from refractive index properties (such as are used in a
refractometer) in which the light propagation is effectively
free space like with refraction occurring at a set of discrete
boundaries. Thus from the huge possible range of sensor
technologies we are led to consider firstly those that primarily
sense the real part of the refractive index and then specialise
to those techniques in which modal interactions are used.

Within this category of modal devices the most familiar
devices make use of surface plasmon resonance [3] and
provide a well-established technology [4, 5]. Such plasmon
devices are well established in literature; for a recent review
of plasmonics the book by Maier [6] provides a wealth of
information. Plasmon-based sensors are used in a number
of commercial instruments produced by companies such
as Biacore, Biosensing Instruments Inc, Sensata, and ICx
Nomadics. In a Plasmon type sensor the light propagation
and modal properties are strongly dependent on the proper-
ties of a thin film of a metallic conductor (most commonly
gold), in which the modal coupling properties are modified
by the refractive index of the surrounding dielectric (the
measurand).

In contrast to SPR sensors, the types of devices in this
paper make use of dielectric waveguides in which there are
no metallic elements and in which the modal properties
are dominated by the real part of the refractive index of
the waveguide and of the measurand. The most familiar
format for such a device is an optical fibre sensor. A recent
review article can be found [7] which covers the whole
area of fibre sensing. In this review we are specifically
interested in devices in which guidance occurs by total
internal reflection in a higher index core, and where the
waveguide structure is processed to allow light to interact
with a measurand fluid. This interaction causes a change in
optical path length, which can be sensed in a number of ways
but typically is either interferometric or via a change in the
response of a grating structure. More recently, researchers
have started to exploit the advantages of planar integration
as a way to allow enhanced functionality devices to be made
in which microfluidics and multiple sensor elements can
be incorporated into a single device. Such devices have a
common physical operating principle, in that they all operate
by having a dielectric waveguide in which the propagating
mode is allowed to partially interact with the measurand,
and where the optical path change associated with that
interaction is measured. For example work by Heideman et
al. [8] describes the operation of a Mach-Zehnder sensor
which measures fringe changes in the interferometer output;
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in contrast early work by Tiefenthaler [9] used a surface
grating to measure water absorption on a planar waveguide.
More recently work by Schroeder et al. [10] showed how
multiple gratings at different operating wavelengths may be
used to measure and correct for temperature variation and
also gain information on the variation of refractive with
wavelength; however, this device used a side-polished fibre
embedded in a block, which is not simple to fabricate.

A relatively small number of Bragg grating-based devices
have been considered and implemented in planar form. They
have been demonstrated in a variety of different material
platforms such as in polymers [11-14], Sol-gel systems [15],
Silicon-on-Insulator SOI [16, 17], Lithium Niobate [18], and
Silica-on-Silicon [19, 20].

The wave-guiding and grating structures in Bragg-based
optical sensors have been fabricated with a number of
approaches leading to sensing elements with ridge waveg-
uides [21], UV written waveguides and gratings [19, 20],
corrugated/etched Bragg gratings [22, 23], or even Bragg
gratings through selective precipitation of nanoparticles
[24].

However a very limited number of designs have been
proved viable in terms of commercialisation. Recently,
Stratophase Ltd has commercialised a direct UV writ-
ing technology following its original development at the
University of Southampton [19, 20]. The method allows
the inscription of waveguides and gratings onto planar
substrates. This technique enjoys the benefits of planar
integration and ease of applying microfluidics and also
makes use of telecommunication grade single mode fibre
components and measurement technology allowing for
tremendous refractive index sensitivity while exploiting the
temperature compensation advantages first demonstrated by
Schroeder et al. [10].

Moving on from consideration of the physical mecha-
nisms, in the context of the work presented here, perhaps
the most widely used tool is the benchtop refractometer
upon which samples taken from processing steps are analysed
in a lab to determine solution concentrations or sugar,
alcohol, or solvents. Inline variants of this style of equipment
have started to reach the market in recent years so that
offline measurements may be replaced with at-line or inline
measurements to save time, money and reduce safety and
contamination concerns. Generally these tools require an
electrical signal at the point of measurement which can be
problematic in volatile environments which require intrinsi-
cally safe equipment to minimise the risk of explosion.

This paper presents a review of recent advances that have
been made in the development of an optical sensor that
has proven to be suitable in the application areas described
above. The sensor, an evanescent wave device based on
planar Bragg gratings, offers both the required sensitivity
for concentration measurements and process monitoring
and is also suited to industrial environments where robust
and reliable devices must be installed. The all optical
measurement means that there is no ignition risk, making
the technology highly suitable for volatile environments.
Additionally, because the underlying principles are the same
as those used in the field of telecommunications, multiple
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devices may be networked and multiplexed over very large
distances. Multiple devices located at separate and distant
locations can easily be monitored from a single analysis base
station to maximise convenience and minimise cost.

To describe the sensing technology, an overview of
the fabrication technique and its advantageous features
is given. This is followed by an analysis of the device
sensitivity to refractive index and temperature. To complete
the presentation two examples of industrial applications are
given.

2. Background

The core technology of the sensors discussed here is that
of the Bragg grating, a structure that has been known
for decades and has always been recognised as having the
potential for use as a sensing element. Most commonly
employed in optical fibres, the Bragg grating reflects optical
wavelengths according to the following relation:

AB = 2Aneff’ (1)

where Ap is the Bragg wavelength at which maximum
reflectivity occurs. A provides the period of the refractive
index modulation that defines the grating. The effective
index of the waveguide that contains the Bragg grating, n,
is a combined refractive index of the core and cladding that
the optical mode interacts with.

From this equation it can be seen that as the material
surrounding the Bragg grating changes, variation in the
effective refractive index causes the reflected wavelength to
shift. This forms the basis of the use of Bragg gratings as
sensors and is shown conceptually in Figure 1.

The specific devices that will be outlined in the sub-
sequent discussion use the technique of UV writing. This
approach is highly flexible and has been highly refined
for the creation and postfabrication trimming [25] of
optical devices suitable for, amongst other applications, the
telecommunications industry.

The sensors described here are fabricated using a unique
extension to the UV writing technology known as Direct
Grating Writing which simultaneously creates a waveguide
and a Bragg grating in a planar substrate.

Early work on the conversion of the UV written
substrates into liquid sensors has been presented along
with demonstrations of their use as tunable filters and
refractometers. Whilst this early work highlights some of the
opportunities for such devices, the level of development was
not initially suited towards full commercial exploitation.

Such planar Bragg grating devices are appealing for
sensing applications for several reasons.

(1) Multiple wavelengths may be used offering the
possibility for analyte identification through optical
dispersion measurements and also providing a range
of evanescent field penetration depths which may
provide additional information on the dimensions of
biological entities.

(2) Multiple separate sensing regions may be incorpo-
rated onto a single sensor chip. This can be an
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FIGURE 1: Representation of the interaction between liquid and a
Stratophase sensor chip that is mounted in a microfluidic cell. In
this case a functionalised chip for the purposes of specific biological
detection is shown.

advantage particularly in immunoassay-based biode-
tection where it is advantageous to test for multiple
different targets simultaneously without the need for
duplication of equipment or time delays.

(3) The monolithic silicon chip-based design is robust,
requires no electrical signal, is resistant to a wide
range of chemicals, and is thus suitable for deploy-
ment in a wide range of environments.

In order to get the maximum possible performance from
a Bragg sensor the optical interrogation method is critical.
Many industrial applications require multiple measurements
to be made 24 hours per day, and so relatively high capital
cost can be tolerated as the cost is shared. For top end
performance the interrogation can come at a relatively
high financial cost although technology improvements and
commercial competition provide a strong drive for cost
reduction over time. Additionally, the devices presented
here are designed to operate in the telecommunications
wavelength band. As such it is possible to have sensors
positioned at up to several kilometre distances from the
optical source. More advantageous still, signals from multiple
sensors at different locations may be multiplexed in such
a way as to have many sensors all monitored by a single
read-out unit. Thus the cost per sensor, which is often
more important than total cost, is dramatically reduced.
Furthermore, the cost per measurement is lower still because
of the opportunity to incorporate multiple sensing regions
on a single chip.

In addition there is the possibility to integrate the
sensing element with the interrogation system by deploying,
for example, Bragg grating or Arrayed Waveguide Gratings



[26-28] within the same chip, a technology that is highly
compatible and readily available in the Silica-on-Silicon
platform. This combination could lead to compact and self-
contained sensing systems.

3. Fabrication of Sensors

3.1. UV Writing. In a method similar to prior work [29] and
shown in Figure 2, Bragg gratings and waveguides are written
into a three-layer silica on silicon substrate using the DGW
technique.

The UV writing process utilises the photosensitivity of
Germanium doped silica. Exposure of the silica to UV light at
244 nm causes an increase in the refractive index. The three
layer samples are fabricated by flame hydrolysis deposition
such that the silica is deposited onto a silicon substrate.
The middle layer is doped with germanium to provide a
photosensitive layer that may be exposed to UV to raise the
refractive index.

High-pressure hydrogen loading is used as a method of
enhancing the photosensitive response immediately prior to
UV exposure. Similar techniques are used in the fabrication
of fibre Bragg gratings prior to UV exposure for grating
inscription. The planar samples are placed into hydrogen at
120 bar for three days in order to allow hydrogen to diffuse
through to the glass layer, that is, to act as the waveguide core.
After hydrogen loading chips may be kept for many days in
dry ice before UV writing. Once removed from cold storage
they may be kept at room temperature for in excess of an
hour before out-diffusion of hydrogen becomes a significant
issue. The initial out-diffusion of hydrogen can result in
a slight change of Bragg wavelength due to a reduction
in photosensitivity over time. This may be compensated
for with a well-controlled UV writing process if required.
However in this application it is not the UV writing process
that determines sensitivity to refractive index. It is in fact the
later processing stages of etching and over-layer deposition
described in Section 3 that determine overall performance.
Thus long UV writing times may be used, and complex
structures may be written without the need for any other
special precautions.

Controlled, localised irradiation of the silica with a
sufficiently high fluence after hydrogen loading allows well-
defined waveguide structures to be created. For the work
reported here, a frequency doubled argon-ion laser is used
to produce the UV beam for irradiation. The beam is
conditioned and focussed down to a five micron diameter
spot in a fixed location. Samples for UV writing are mounted
on an air-bearing translation stage which allows three
dimensional movement of the photosensitive substrate to a
spatial resolution better than 10 nm.

The most direct method of creating a waveguide is to
simply translate the sample at a constant speed under the
UV beam at a constant power. However, to allow the inscrip-
tion of both Bragg gratings and waveguides this simple
arrangement is extended. Using a beam splitter and carefully
positioned mirrors an interferometer is created such that the
UV beam is recombined to create an interference pattern.
This pattern, when incident on a photosensitive sample, will
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FIGURE 2: Photographic and diagrammatic representation of the
UV writing process with crossing UV beams focussed onto the
photosensitive substrate.

create a corresponding refractive index modulation in the
core layer. The period of the interference pattern is set to be
530 nm, a period which when combined with the refractive
index of the core layer can be used to create a Bragg grating
reflecting at 1550 nm.

The interference pattern cannot simply be translated
across the sample to create a Bragg grating. A static exposure
would, in effect, create a very short Bragg grating of just a
few grating planes in length. However, upon translating the
sample this refractive index modulation would be “smeared
out” in the direction of translation. This destroys the periodic
refractive index modulation resulting in a uniform increase
in the refractive index. Thus, translation of the sample
beneath a continuous UV spot results in the formation of an
unmodulated waveguide. To create, a Bragg grating the UV
beam must be modulated as the sample is translated under
the UV beams. Monitoring the position of the sample as it is
translated and briefly turning on the UV beam every time the
sample has moved by one grating period causes the pattern
of refractive index modulation to be repeatedly written into
the sample. This occurs in such a way that each pattern
is shifted by precisely one period relative to the previous
one. In other words, as the sample is translated a Bragg
grating is written into the sample. To change from Bragg
grating to waveguide the UV beam is simply returned to its
former nonmodulating state. In this way, a single process
may be used to write both waveguides and Bragg gratings
into a sample in a single but highly flexible process. Accurate
control of the UV switching is achieved by using the high
precision position information from the translation stages to
drive an acousto-optic modulator.

3.2. Grating Parameters. A number of parameters may
be controlled in order to tailor the Bragg gratings and
waveguides. The primary factor in UV writing is the fluence
used to write the waveguide and grating structures. A higher
UV power (or a lower translation speed) gives a higher
fluence, resulting in larger changes in refractive index.
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The relationship between translation speed and the rate
at which the UV beam is modulated plays an important role
in the creation of Bragg structures. Variation of the duty cycle
can be used to control the strength of the Bragg grating.
Duty cycle refers to the percentage of time that the UV
beam is turned on in the process of writing a Bragg grating.
Previously, the modulation of the UV beam whilst the sample
is translated was discussed. The duration of this modulation
as a percentage of the Bragg period gives the duty cycle. A
duty cycle of 100 percent results in a waveguide with no
refractive index modulation whilst a duty cycle of 0 percent
results in no refractive index change being written into the
sample whatsoever.

It is desirable for the average refractive index of a Bragg
grating to be close to, if not identical to, the waveguide at
either end of the grating. Although the link between UV
power and induced refractive index change is not perfectly
linear, to a close approximation fluence and duty cycle may
be used to index match waveguides and gratings very simply.
A grating written with a 50-percent duty cycle with a given
UV power must be translated under the UV beam at half
the speed used for a waveguide written with the same power.
This gives the same fluence and therefore approximately
the same average refractive index in both the grating and
waveguide. Similarly a 90-percent duty cycle grating would
be translated at 90 percent of the waveguide translation
speed to “fluence match” the two structures. This simple
relation is possible because the waveguides and gratings are
being written into a “blank” substrate where no waveguide
exists beforehand. In the case of fibre Bragg gratings this is
slightly different as the gratings are added to a pre-existing
waveguide, and so the average index of the waveguide and
fibre cannot be the same unless special extra steps are
taken.

Duty cycle may also be used to change the strength of
the Bragg gratings written. Generally speaking, a higher duty
cycle results in a lower contrast between the grating planes
resulting in a more response with a more narrow bandwidth
than one written with lower duty cycles.

An additional degree of flexibility may be achieved by
modulating the UV beam at a rate very slightly different to
the intrinsic period of the UV intensity modulation. The
cumulative effect of the multiple UV exposures used to create
a grating produces a grating with a period that is equal to
the period between exposures, not the intrinsic period of
the interference pattern. [30]. In this way, gratings may be
written spanning hundreds of nanometer using exactly the
same process.

Refinement of the UV writing process has allowed an
immensely flexible technique for waveguide and grating
production to be developed. Using specially developed
software packages it becomes a simple matter to create scripts
which when loaded into the UV writing system can produce
straight and curved waveguides with sophisticated grating
structures at multiple wavelengths in a single process. Not
only can bespoke waveguide and grating designs be rapidly
created without the need for expensive phase masks but
also no clean room facilities are needed, making the overall
infrastructure requirements low.
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Ficure 3: Comparison of reflection spectra of uniform and
apodised gratings.

Some examples of grating spectra that may be written
using this process are given below. All structures were created
using the same proprietary software package to create the
required grating responses.

Figure 3 compares a straightforward uniform grating
with another grating of similar properties but which has been
apodised using a cosine squared function. The reduction in
sidelobes is clear albeit at the expense of a slightly broader
reflection peak.

As the gratings are written in a manner that is close to
being plane by plane, it is straightforward to achieve high
levels of control of the grating structure along its length. For
example, phase shifts may be inserted in order to achieve a
sharp dip in the reflection response which may in some cases
be advantageous when determining the centre wavelength of
peaks. Such a spectrum is shown in Figure 4.

Periodic spacing of phase shifts can be used to generate
more elaborate grating structures which provide multiwave-
length responses. An example of this is given in Figure 5,
which is a demonstration of a superstructured grating
providing over 15 wavelengths that may be used for sensing
purposes over a 130 nm wavelength span. This grating, just
4 mm in length, opens up opportunities to measure refractive
index over sufficiently wide ranges to allow dispersion
characterisation and thus material fingerprinting to be
performed.

This approach may be extended, as shown in Figure 6, to
use multiple superstructured gratings that are interlaced such
that they allow a greater spectral density of measurements to
be performed from a compact device which is again written
in a single step onto a single device that is just millimetres in
dimensions.

Drawing on the technology of fibre Bragg gratings it
should be possible, if required, to fully control the spectral
properties of Bragg gratings through the use of novel design
strategies employed in fibres [31] and then implement them
through the DGW fabrication technique. This advantage
gives this particular planar platform further flexibility to
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FiGURE 4: Example of a phase-shifted Bragg grating with a deep transmission dip written by DGW. The grating used here has a total length

of 3 mm.
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Figure 5: Wide span reflection spectrum of a superstructured
grating written into a planar sensor chip.

develop customised purpose-oriented sensors combined in
a compact integrated form.

3.3. Creating a Sensor. In their as-written state, the UV
written samples are intrinsically sensitive to temperature or
stress and can be used as sensors in a manner comparable
to that widely used in fibre sensing [7]. To exploit the
advantages of the planar geometry this temperature sensing
ability may be combined with multiple liquid refractive index
sensing regions. Conversion to a sensor uses relatively simple
principles. The Bragg wavelength of a grating is determined
by the effective index of the waveguiding structure in which
the grating is defined. In other words the combined refractive
indices of the waveguide core and cladding play a key role
in setting the wavelength or wavelengths at which the Bragg
grating operates. If we remove the upper cladding and replace
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FIGURE 6: Reflection spectra of two interlaced superstructure Bragg
gratings on separate waveguides. These allow multiple wavelengths
to be measured in a single sensing region on a single chip.

it with something else, the effective index and thus the Bragg
wavelength is changed. In this way, the device can now be
made into a sensor. Liquid that is used to replace the upper
cladding in the vicinity of the Bragg grating will control the
Bragg wavelength. As the properties of that liquid change, so
the Bragg wavelength changes.

The cladding over the sensor gratings is removed using a
wet etch. The etchant is delivered to the silica surface using
a microfluidic flow cell which allows the chemical to come
into contact with only the areas of the chip where etching is
required. The Bragg response is monitored throughout the
etching process to ensure that the etch is allowed to proceed
until sufficiently deep to ensure that the cladding is removed
but that it is stopped before the response is degraded by
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FIGURE 7: An etched sensor chip before fibre pigtailing. The sensing
region is seen as a small oval towards the right hand end of the chip.

removal of the waveguide core. Temperature measurement
gratings are left unetched such that they are immune to
changes in the refractive index of any liquids above them.

Following etching, the penetration depth of the optical
mode into the liquid analyte is relatively low. To extend the
penetration further, a high-index overlayer may be applied
to the etched surface [32]. This has the effect of lifting the
optical mode up towards the analyte, resulting in a much
higher penetration depth and a much greater sensitivity to
refractive index. A number of methods and materials may be
used to achieve this effect depending on the desired upper
surface material and the required refractive index sensitivity.
To date several materials have been utilised including, silica,
silicon nitride, silicon oxynitride, fluorinated polymers,
titania, zirconia, and alumina. The different materials all
require different processing steps and results in different end
products.

To perform measurements the etched and overlayered
chips are pigtailed using single mode fibre, and optical
spectra are obtained with the use of commercially available
Bragg grating interrogators.

Figure 7 shows a photograph of a typical sensor chip after
fabrication but before optical fibre pigtailing. The etched
window containing the sensing region can be seen as a small
oval to the right of the chip. Temperature measurement
gratings are embedded in the left-hand side of the chip.

It should be noted that the process of etching the chip and
subsequently adding a high-index overlayer brings about a
very high level of birefringence in the Bragg grating section of
the device. In many applications this would not be tolerable
as it would cause large amounts of polarisation dependence.
Here, the effect is sufficiently large that TE and TM modes
can be independently resolved. This means that instead of
requiring polarisation control to obtain a reliable mode of
operation, the more simple route of using an unpolarised
optical source can, if desired, be taken.

Similarly, whilst overall optical loss would in many
applications be required to be minimal, it is of less concern
here. It is critical to measure changes in Bragg wavelength as
accurately as possible but this is not dependant on the optical
power that is reflected.
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with refractive index.

4., Refractive Index Sensitivity

The ability to detect changes in refractive index depends on
two key aspects when using a Bragg grating device. Firstly
and most obviously, the rate at which the Bragg wavelength
varies with refractive index, the intrinsic sensor sensitivity,
must be considered. Secondly, the resolution and accuracy
to which the Bragg wavelength can be determined must be
taken into account.

To address the first of these considerations, a simple
sensitivity curve may be generated. Such a curve is shown
in Figure 8 where Cargille refractive index liquids are used
on the sensor chips, and the resultant Bragg wavelengths
are measured. It must be noted that there is a very slight
uncertainty in this data as the RI liquids are quoted at
589nm, not at 1550 nm used here. As a result of material
dispersion, there will be small but currently unknown offset
between the RI values quoted in this graph and their true
values.

It is easy to see that over a refractive index span of 1.30
to 1.40 the Bragg wavelength shifts by approximately 15 nm,
giving rise to a particularly high sensitivity to refractive
index. The sensitivity of this device increases at higher
refractive indices as expected [20]. The gradient of the curve
provides the sensitivity measured in refractive index units
(RIUs) per nanometre. At an index of 1.31 the sensitivity
shown is 92RIU/nm rising to 155RIU/nm at an index
of 1.36. The upper end of the curve shown here gives a
sensitivity of 193 RIU/nm at a refractive index of 1.39. At
analyte refractive indices much above 1.40 this particular
device ceases to act as a waveguide. The combined effect
of the high-index overlayer and the refractive index of the
analyte means significant modal mismatch occurs as the light
travels into the etched window region, and all of the optical
mode is lost to the overlayer and analyte with the result that
the Bragg signal is completely lost.

In addition to the RI liquid data shown on Figure 8,
data points associated with several solvents are included.
These data points were obtained by simply using the relevant
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FIGURE 9: Steady-state Bragg wavelength determination showing
subpicometre stability.

solvent as the analyte on the sensor. The measured Bragg
wavelength allows the solvent data points to be interpolated
onto the existing RI curve such that the measured RI of the
solvents can be determined. Clearly the five solvents, namely,
water, methanol, acetone, ethanol, and isopropyl alcohol, can
all be easily resolved and thus identified by measurement
of the Bragg wavelength. These liquids represent just a
small subset of the liquids that may be monitored in this
way.

The second factor in determining refractive index res-
olution is that of the measurement technique. Firstly, an
optical spectrum must be obtained in an easy to manipulate
format. Within this spectrum the Bragg reflection must be
identified and the centre wavelength determined. A number
of Bragg grating interrogators are available in an off the shelf
configuration, typically operating in wavelengths between
1500 and 1600 nm. The stability and repeatability of the
interrogators is of obvious importance as is the reliability
of the centre wavelength determination from the reflection
spectrum.

Using a simple weighted average calculation on a reflec-
tion peak a quick and easy measurement of centre wavelength
may be made. Figure 9 shows the result of such a calculation
on a single Bragg reflection from a sample made according
to the techniques outlined earlier. The chip was held at
a constant 35°C using a PID temperature controller in a
stable environment such that the Bragg wavelengths of the
peaks would remain constant as no external changes were
permitted. Measuring the Bragg wavelength for a period of
time allows an estimate of the stability and the calculation to
be made.

This data shows that over the 12 minute section in
the graph the wavelength varies by a maximum of 0.7 pm
representing excellent stability. Each data point shown is the
mean wavelength of 5 seconds worth of data collected from
single Bragg reflection peak. A common method of quoting
the stability is to multiply the standard deviation of the data
set by three, a calculation which provides a stability of just
0.36 pm.
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With the assumption that any change in wavelength
greater than 0.36 pm should be the smallest change in wave-
length that can be resolved with this combination of chip,
interrogator, and analysis technique, we can determine the
refractive index resolution. Figure 8 allowed the sensitivity
to refractive index to be measured at 193 RIU/nm; so with a
wavelength resolution of 0.36 pm we obtain a refractive index
resolution of just 1.9 x 107° RIU. Further time-averaging
may allow this to be further improved but this would come at
the expense of data update rate which in many applications
is an important parameter.

5. Temperature Measurement

As mentioned earlier, the UV written chips may be used
as temperature sensing devices as well as refractive index
sensors by choosing to leave one or more of the Bragg
gratings unetched. In this case thermal expansion of the silica
brings about a change in the Bragg period and therefore in
the Bragg wavelength.

Using a temperature controlled and stabilised environ-
ment a sensor chip was ramped up and down between
multiple temperatures and allowed to stabilise at five degree
intervals. Both the Bragg wavelength and the actual chip
temperature were recorded throughout the process. Tem-
perature was measured using a 100 O PRT monitored using
a Measurement Computing USB-Temp module. This data
is shown in Figure 10 with the data points between stable
temperatures being removed for clarity. The steps in output
as the temperature was ramped up and down are easily seen.
In order to see the relationship between temperature and
wavelength the data is replotted in Figure 11 where a linear
relationship between temperature and wavelength is clear.
Whilst this graph appears to show only nine data points,
there is in fact over twenty five thousand points plotted. The
points are very closely clustered due to the stability of the
temperature and therefore wavelength.

The data in Figure 11 yields a temperature coefficient for
this unetched grating of 0.011 nm per °C, which when using
the wavelength resolution of 0.36 pm derived earlier gives
a temperature resolution of just 0.03°C. This resolution is
easily equal to that obtainable by many electrical methods
and is made more attractive as the optical nature of the
measurement will not be compromised in electrically noisy
environments which may degrade the signals from PRT
and thermistor type devices. Additionally, this temperature
measurement technique is entirely compatible with the
refractive index sensing technology as well as being safe for
use in volatile or flammable environments.

6. Real World Measurement Techniques

One of the great challenges in creating a sensor technology
is the conversion from development laboratory experiment
into a robust, easy to use package suitable for real world
applications. The packaging needs to meet end-user require-
ments and be sufficiently robust to allow installation by
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unskilled workers but retain the performance of the labora-
tory prototypes. To this end, the sensor technology discussed
above has been integrated into a variety of application
specific packages which allow the liquids for analysis to be
easily delivered to the sensing region.

6.1. High-Flow Industrial Process Control Flow Cell. Moni-
toring pipelines in a process can be an invaluable tool for
protecting the overall process integrity in many applications.
An unknown or uncontrolled concentration of reagents
entering a process at any point may severely compromise
or totally write-off a complete processing batch. In order to
allow pipeline contents to be measured in situ and in real
time, Stratophase has defined a series of sensor chip products
(Figure 12) that have been designed into a robust stainless

FIGURE 12: Industrial sensor cell for high-volume flow applications.

steel unit designed for incorporation into high-flow, high
pressure pipelines. The industrial process control (IPC) flow
cells are designed to accept standard 1/4" Swagelok fittings
and pipes and allow liquid pressures up to 6 bars to be used.

6.2. Reaction Vessel Insertion Probe. Many applications, par-
ticularly those requiring fermentation processes for pharma-
ceutical, biofuel, or food and beverage must monitor their
reactions in large reaction vessels or in multiple bench-top
bioreactors. In these applications, a flow cell configuration
is not always suitable as it requires a portion of the
liquid to be tapped off from the main tank and pumped
through a separate sensing loop. Instead, insertion probes
are commonly used to allow sensors to be pushed through
the walls or lids of the reaction vessels. A common solution
uses a standard form-factor, typically with a Pgl3.5 thread
to allow sensors to be screwed into standard ports fitted
to the fermenters or reactors. A probe-housing compatible
with standard ports has been designed to allow the planar
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F1GURE 13: Probe sensor for in-vessel monitoring applications.

Bragg sensors discussed here to be used in an insertion
probe format (Figure 13). The probes may be used in static
or retractable housings and require only an optical fibre
connection to access the sensor data.

7. Example Applications

Using the inline flow cell and insertion probe formats, the
planar Bragg grating devices are capable of monitoring many
aspects of process evolution over many weeks. Whilst the
focus of this paper has so far been on the sensitivity to
refractive index, it is more common to require an insight
into changes in a process due to concentration variation or
biological growth rather than in absolute refractive index.
Even the smallest change in the properties of a liquid will
result in a refractive index change regardless of whether
the change is due to temperature, concentration, or other
reaction events. By measuring both temperature and RI
simultaneously and detailed picture of process evolution may
be obtained.

7.1. Real Time Monitoring of Fermentation Processes. The
process of fermentation using yeast to convert sugar to
alcohol is as old as it is commercially important. The
presence of sugars, nutrients, and final alcohol content are
the key factors of interest, and the variation of these may be
observed through refractive index change. To demonstrate
this capability the IPC flow cell described above was plumbed
into a standard fermentation process using a pump to
circulate the fermenting liquid over a sensor. Tracking the
variation in Bragg wavelength over a number of weeks reveals
clear events that correlate to distinct phases of the process.
Figure 14 shows how the sensor output varies with the
process evolution over several weeks. The refractive index
output of the sensor is shown on the left-hand axis and is
plotted in units of nanometres and provides the change in
Bragg wavelength over time. These units are used rather than
conversion to refractive index units as it is overall insight into
the fermentation process that is desirable, not the absolute

Journal of Sensors

refractive index at any given moment. In contrast, the output
of the sensor that provides temperature has been calibrated
into degrees C.

During the initial stages it is clear that the Bragg
wavelength drops steadily due to the reduction in sugar
concentration as it is consumed by the yeast. Following this
initial activity the rate of change of concentration decreases
as more and more of the sugar is consumed, and the
sensor output indicates that a steady state has been achieved.
Between about 500 and 700 hours of process time several
fining agents are added to the brewing liquid in order to
assist in separating out the yeast and from the liquid product
of interest. This causes step changes in both positive and
negative directions as the decrease in suspended particles is
reduced and as further chemicals are added, respectively. In
the final stages, additives to improve flavour and mouth-
feel are added to the liquid, causing a distinct change in the
sensor output.

The lower trace on the graph, which corresponds to the
right-hand axis, shows the optically measured temperature
variation and allows events in the liquid sensor trace to be
decoupled from temperature effects. For example, at about
500 hours of processing time a fault in the environmental
temperature controls caused an oscillation of several degrees
in the temperature. This is reflected in the upper fermen-
tation trace. Other key events in the fermentation trace
are known to be “real” effects of the process and not due
to environmental changes as they are not mirrored by the
temperature reference data.

These steps show that the processes may be monitored
continuously in real time. Perhaps more importantly, they
also show that additive or sugar concentration may be
measured throughout the process such that remedial action
may be immediately taken should the process deviate from
the required path.

7.2. Industrial Feedstock Monitoring. Another example appli-
cation is in the protection of pharmaceutical production
from contamination of the feedstock. A solvent that is
contaminated with another product may significantly affect
process vield and efficiency, ultimately costing large sums
of money. By monitoring the supply of liquids prior and
throughout the process, errant steps may be avoided.

Figure 15 shows the output of a sensor mounted into
an IPC flow block and connected to an ethanol supply line.
Contamination of the ethanol with water at regular intervals
causes the clear steps in sensor output to jump. The large
changes shown here make it clear that very small amounts of
water contamination (approximately 0.1% by volume) may
be detected.

8. Summary

In this paper we have provided a review of the capabili-
ties of planar waveguide Bragg sensors. Starting with the
background physical principles we have shown how different
types of refractive index sensor may be considered to operate
on common principles and then indicated the advantages
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of using a Bragg grating-based device using a modal light
confinement approach. We have reviewed in detail the
fabrication and packaging routes for such devices and given
examples of their behaviour in a range of industrial appli-
cations. Data presented shows refractive index sensitivity of
order 1.9 x107%, and corresponding temperature resolution
of 0.03°C. The devices offer the advantages of temperature
self-referencing and a microfluidic based silica-on-silicon
platform.
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1. Introduction

During the last decade there has been a rapidly growing
interest in integrated optical sensors because of their many
advantages over the nonplanar optical sensors. Many of
integrated optical sensors (IOSs) primarily allow for sen-
sitive, real-time, label-free, and on-site measurements of
very small changes of biological and chemical parameters of
species. There are different methods for IO sensing and the
majority of them imply a change of the optical properties of
the sensing, area such as its refractive index and thickness,
which will be translated into a change in output intensity
of optical sensor. In nearly all integrated optical sensors
it is the change of effective index of refraction, N, that
is utilized, and in some cases measurement methods rely
on the phenomenon of optical interference [1]. That is
clearly visible in the so-called interferometric sensors in
which the output beam of the sensing waveguide interferes
with a reference beam. Between the sensors in which
they work, based on interference concept, here are a few
to mention: Mach-Zehnder interferometers (MZIs) [2-6],
Young interferometer [7-9], and Michelson [10], of course
resonator-type sensors also rely on interference such as ring

resonator [11, 12] and Fabry-Perot resonator [13]. The
typical resolution of these classes of sensors is in the
order of 1077-107" refractive index units (RIUs). The most
widespread sensing scheme is surface-plasmon resonance
(SPR) [14] in which biochemical interaction on the surface
of a grating translates into the changes of refractive index
and will be monitored by resonance behavior of a guided
wave at the surface of a thin metal film. Recently some
sensing schemes based on surface-plasmon interference have
been proposed [15, 16]. For these types of sensors typical
resolution is in the order of 107~107>. The grating coupler
has been realized in the area of IO sensors as well, using
wavelength interrogation or angular interrogation [17-20].
In many cases an improved resolution of the sensor is
obtained at the expense of limited operating range.

In this paper a novel type of IO sensor has been intro-
duced. This sensor is based on a slotted multimode interfer-
ence (MMI) waveguide in which the changes in refractive
index are read out as change in output intensity. Due to
its compactness, robustness, large operating range, and high
sensitivity, the proposed device is a novel contribution to the
field of optical sensing. MMI-based optical devices have been
widely used for a variety of sensing purposes among them
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FIGURE 1: Schematic configuration of a, MMI coupler.

temperature [21] and chemical/biological sensors [22, 23]
but in the best of our knowledge, slotted MMI devices have
never been investigated for sensing applications.

This work describes the design and optimization param-
eters of the proposed device as well as the detailed description
of fabrication process. The performance of the device in
terms of sensitivity to bulk refractive index changes of
covering medium has been experimentally investigated. The
preliminary experimental results demonstrate the applicabil-
ity of this specific configuration to detection of wide range of
chemicals and biological species.

2. Design

Multimode interference (MMI) device compromises single
mode input and output waveguides and a multimode
region. This waveguide region is typically single mode in
the transverse direction and multimode in lateral direction.
Figure 1 shows a schematic configuration of a simple off-
center-fed MMI [24].

The MMI region supports many lateral modes. The input
signal excites these modes, which propagate with different
phase velocities along the length of the MMI region and
become out of phase. The input field will reproduce itself
when the superposition of the modes in the MMI region
matches the original modal distribution at the input plane.
This condition occurs at planes where the phase differences
among the excited modes are integral multiples of 277, which
allows the excited modes to constructively interfere and
reproduce the input’s modal distribution. The propagation
distance at which this occurs is known as the self-image
length and is described in (1):

2
_ 4ncore Weff

Lr = =3 (1)

The self-image length depends upon the wavelength (1) and
the polarization of the light, as well as upon parameters of the
device such as refractive index (ngore) and width (Weg which
is slightly larger than MMI width).

Recently Mackie and lee [25] have introduced a new
modification in MMI region which reduces the self- imaging
length. The modification involves introducing one or more
slots along the entire longitudinal length of the MMI region
(Figure 2(b)). The term “slot” refers to a narrow subregion
of the MMI region, with a specific width and position that
has a different effective refractive index than the rest of the
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FIGURE 2: Schematic representation of (a) a simple MMI and
(b) a MMI with one slot of width (Wy). (c) Top view of field
distribution in a MMI device with no slot and (d) one slot.

MMI region. A single centered slot with the right parameters
such as refractive index of slot, width and separation of the
slot reduces the self-imaging length by a factor of 2 and does
so without adversely affecting the performance. Introducing
N slots reduces the self-imaging length by a factor of N + 1.
Figures 2(a) and 2(b) represent a simple and one-slot (N =
1) MMLI. The field propagation along both devices is depicted
in Figures 2(c), and 2(d), assuming a fused quartz wafer
as the substrate (ng.q = 1.445) and SiON as core material
(Mcore = 1.49). The refractive index of the sample fluid film
to be analyzed is 1.45, and it completely fills the slots. The
operating wavelength is 1300 nm, and the width of the slot
(Wyot) s set to 520 nm. Length of the MMI region (Length)
is 2.2 mm, and the height of waveguide is to 2.5 ym.

As each mode of the MMI region propagates, it acquires
a modal phase delay, given by (2):

_ mpz
bm = I (2)

where p is the mode number, z is the propagation distance,
and L, is the self-imaging distance for the MMI without
a slot. For slotted MMI regions, each mode also acquires
an extra phase delay from the slots. This extra phase delay
depends upon z, dn (the difference in effective refractive
index between the slot region and the rest of the MMI
region), the slot width Wy, and the value of the mode
across the slot. One can approximate the last parameter as
the value of the mode at the center of the slot. In fact, the
extra phase delay from a slot will be zero for modes that
have nodes (i.e., are zero) at that slot position. Self-imaging
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FIGURE 3: Schematic representation of a MMI with six-slots of equal widths (Wy,,) which are separated by equal distances.
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occurs whenever the difference in total phase delay between
all successive modes is either an odd multiple of 7 resulting
in inverted image (cross state) or else an even multiple of 7
resulting in noninverted image (bar state).

Slotted MMIs waveguides have raised a lot of inter-
est due to their potential as MMI devices for separa-
tion/combination of wavelength/polarization, powersplit-
ting, and novel types of MMI switches [25] but they have
never been used for sensing purposes. This paper investigates
the potential sensing application of this class of devices.
Figure 3 represents a MMI with six-slots of equal widths
which are placed symmetrically relative to the center of
device.

In our design, we assumed a glass wafer as the substrate
(ndad = 1.445) and SiON as core material (#1¢ore = 1.49). The
fluid film to be analyzed forms the cladding and completely
fills the slots. Therefore, we studied the behavior of the device
for a typical range of refractive index of many solvents, which
ranges between 1.33 for water and 1.5 for protein solution
[26, 27]. The experimental results presented in this paper
focuses on materials with index of refraction of around 1.5
and the operating wavelength of 633 nm. Experiments are
in progress for the same device dimensions for refractive

index of around 1.3 and operating wavelength of 1300 nm. It
should be mentioned that wavelengths greater than 1300 nm
are not ideal choices, since most of the liquid-based samples
contain water in which they strongly absorb signals at these
wavelengths. Slots widths are set to 520 nm value that can
be realized in a reproducible way when using our SiON
technology. Since the sensitivity of the sensor is proportional
t0 Lsensor> the long sensing structure would be desired. In our
design, the length of the device is 8.1 mm. The height of SION
waveguide is optimized to 2.5 ym.

Every sensor application is characterized by its own
specific set of requirements. Because integrated optical
sensors are most competitive if high resolution is required,
we will focus on this aspect and analyze the resolution
prospects of the slotted MMI sensor. Resolution is defined
as the smallest change in bulk refractive index that can be
detected and measured by the complete sensing system. In
slotted MMI sensor, more variation in field distribution has
been observed for higher number of slots as the refractive
index of sensing material varies.

Figure 4 represents the field propagation in MMIs with
even number of slots with the parameters mentioned and
Miiquid 18 set to 1.48. As depicted in Figure 4, two arbitrary
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FIGURE 6: (a) and (b) 3D power distribution and 2D cross-section image of a Six-slot MMI sensor with cover liquid refractive index of 1.468
at A=633nm. (c) and (d) 3D power distribution and 2D cross-section image with cover index of 1.465848 at A = 633 nm. (Horizontal axis
and vertical axis are width of the device and output intensity, respectively, with the arbitrary units).

positions at the end face of the slotted MMI sensor have been
selected to study the behavior of the field distribution with
the change in the refractive index of covering material for
different number of slots. The output signal is the relative
differential intensity defined as AP = (P1 — P2)/(P1 + P2),
where P1 is the power in the right output and P2 corresponds
to power in the left output. Relative differential intensity
was plotted versus refractive indices of sample material and
presented in the graph of Figure 5. As the number of slots
increases more oscillations will appear in the output signal,
corresponding to an increase in responsivity of sensor for a
small range of refractive index. The most oscillations have
been detected for the highest number of slots. For six-slot
MMI we can distinguish three maxima and minima, which
oscillate from —1 to 1 in a small range of refractive index
where 1 differential output corresponds to all power in right-

hand output port of MMI and —1 corresponds to all power
in left-hand port.

Rather than limiting ourselves to only two data points in
the output side, we could monitor the intensity distribution
at every point of the output face. Figure 6 represents the
intensity distribution at the endface of a six-slot MMI sensor
with the material parameters and dimensions as defined
above while the refractive index of top liquids is 1.4682
and 1.465848. Figures 6(a) and 6(c) present a 3D intensity
profile at the output end of device if the refractive indexes
of sensing materials are 1.4682 and 1.465848, respectively.
Figures 6(b) and 6(d) represent the cross-section of intensity
distribution for two different refractive indexes of 1.4682 and
1.465848, respectively. A significant change in the output
profile could be observed only if the refractive index of the
covering material was changed by 2 x 107°.
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FIGURE 7: (a) 3D power distribution and (b) 2D cross-section image of a six-slot MMI sensor with cover liquid refractive index of 1.468 at
A=780nm. (c) 3D power distribution and (d) 2D cross-section with cover index of 1.465848 at A =780 nm.

As Figure 5 shows, the response of slotted MMI devices
is periodic in general which could lead to measurement
ambiguity. In order to resolve this potential problem, we have
investigated a wavelength interrogation method in which
more than one wavelength at any time should be used so
that the combination of sensor response at these wavelengths
would lead to a unique value of refractive index.

In order to analyze this solution we simulated the
behavior of the six-slotted MMI device used to obtain the
results of Figure 6 at two new wavelengths. Therefore, we
maintained the same material properties, dimensions, and
covering liquid indices; however, the operating wavelengths
are of 780 nm and 800 nm.

The results are illustrated in Figures 7 and 8.Comparison
of the results of Figures 8 and 9 illustrates that for any
given refractive index the near field intensity profile of
the sensor output depends on the operating wavelength.
However, when the intensity profiles at two wavelengths of

780 nm and 800 nm are simultaneously obtained, a unique
and unambiguous value for the index of refraction could be
determined.

Further investigations showed that this device is capable
of detecting very small variation of refractive index. A
very simple signal detection scheme could conservatively
recognize index variation in the order of 107°. Graph
in Figure 9 represents the normalized differential output
intensity between the first and sixth waveguides (from left
to right) as the refractive index of cover liquid changes
between 1.465652 and 1.466436 with step size of 9.8 x 107>,
The theoretical predictions agree well with the experimental
results, as will be demonstrated later.

3. Fabrication

Different technologies are being employed for producing
IO sensors which depend on the application. The SiON
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Chromium layer

(a) Growth SiON layer by PECVD.

(b) Deposition of chromium layer by PVD.

(¢) Photolithography.

(d) Develop photoresist.

(e) Chromium RIE.

(f) SiON layer RIE.

(g) Wet chromium etch.

F1Gure 10: Fabrication process of slotted MMI sensor.

FIGURE 11: SEM view of slotted MMI device. (a) Top view: 750, (b) cross-section 6500x.

technology [28-30], indiffusion of glass [31], and polymer
technology [32] are few to name. Between them, the SiON
technology is the large range of wavelengths from visible
to near infrared. With a precise control of process during
reactive ion etching (RIE), SION provides us with a high
quality, straight sidewall which is required to our application.
The chemical inertness of SION makes this material a good
candidate to avoid the reactivity with biological agents and
processing chemicals. Finally, SiON growth and processing
parameters have been well studied so that the desired

characteristics required for this proposed sensor could be
readily achieved.

Sensor is structured in the multilayer stacks deposited
on top of a silica substrate. SION has been deposited by
plasma enhanced chemical vapor deposition (PECVD), and
the refractive index has been tailored by mixing different gas
concentrations (SiHy, N,O, and NH3). Patterns are created
by photolithography and have been developed and etched by
RIE using C4Fg and O,. Figure 10 represents the fabrication
process of slotted MMI sensor which will be discussed
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FIGURE 12: 3D beam profiler image of 6-slot MMI sensor at
wavelength of 633nm and liquid refractive index of 1.465652
covering the sensor. (Horizontal axis and vertical axis are MMI
width and intensity distribution along the MMI width with
arbitrary units).
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FIGURE 13: Power distribution along the endface of 6 slot MMI
sensor for 9 different refractive indexes of cover medium. .
(Horizontal and vertical axis are MMI width and output intensity,
respectively, with arbitrary units).

in more details as we proceed. First a 2.5 ym-thick SiON
waveguide layer with refractive index of 1.49 was grown on
a quartz wafer using PECVD. A thin layer of chromium
deposited on SiON using PVD-Lesker 75 tools to a thickness
of 120 nm. To define the slotted MMI, a positive photoresist
S1813 diluted in PGMEA with the ratio 2 : 1 was spun on the
chromium layer. Pattern has been transferred by a stepper
tool, with a projection aligner with a reduction factor of 5.
After exposure and development of the resist, the pattern was
transferred into the 120 nm-thick chromium layer by liftoff.
The resist layer acted as an etch mask for the underlying Cr
layer by reactive ion etching (RIE) in O,—Cl, plasma. The
chief advantage of dry Cr. etch is that it etches anisotropically,
which significantly reduces the chrome etch undercut. As
a consequence, the critical dimension (CD) bias is greatly
reduced and resolution improves [33]. Finally the Cr layer
was used as a mask in a second RIE step to transfer the slotted
MMI structure into the SION waveguide layer. C4F8/02,
80/5 sccm-based plasmas are used for selective etching of
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FIGURE 14: Three-dimensional far-field intensity distribution of
output of six-slot MMI for refractive index of liquid (a) 1.466240
and (b) 1.466436 (Wavelength of 633 nm). (Horizontal axis and
vertical axis are MMI width and intensity distribution along the
MMI width, respectively, with arbitrary units).

high aspect ratio trenches in SiON. Additives such as oxygen
are often used to optimize the process [34, 35]. In the last
step fused silica wafers were cut in 1in? chips with a high-
speed saw, followed by a polishing step. Some Scanning
Electron Microscope (SEM) pictures of the devices are shown
in Figure 11. The cross-section of device shows an almost
perfect rectangular trenches and straight, smooth side walls.

4. Experiments

Each chip containing 10 devices was mounted on a transla-
tion stage. Light from a He—Ne at 633 nm was launched into
a single mode fiber and coupled to the input waveguide of
the MMI sensor. The light output from sensor was imaged
on a BeamPro (Photon Inc.) camera. Over the depth of focus
of the imaging lens the output signal is integrated; therefore,
the intensity profile obtained with this method should be
considered to be the far-field distribution of the device, while
the simulations of Figures 6, 7, and 8 represent the near-field
intensity profile.

A liquid with refractive index of 1.4682 at 633 nm wave-
length and temperature coefficient of 0.000392/°C (Gargille
certified) were used as sensing material. The cover refractive
index was changed in very small steps between 1.4632
and 1.4682 by an infrared thermal emitter source element.
BeamProfiler software (version 2.84) was used to monitor the



10

far-field intensity distribution as the refractive index changes
and is compared with values published in literatures [2—
20]. Figure 12 shows a 3D far-field intensity profile of the
output end of six-slot MMI sensor with the dimensions and
device parameters mentioned in fabrication section with the
cover liquid’s refractive index of 1.465652 at the wavelength
633 nm.

The change in refractive index has been carried out
by heating the covering medium using infrared thermal
emitter source, while real-time intensity change of the output
endface is being monitored and stored in very small steps
by camera and software. Figure 13 plots power distribution
along the MMI width at the wavelength of 633 nm for nine
different refractive indices with 8#cover = 9.8 X 107°. For the
sake of clarity, not all # measured are shown in this Figure.
Graphs show a noticeable change in distribution of power, as
the refractive index of cover medium changes by the order of
1072,

Figure 14 shows a 3D image of intensity distribution
for two different cover indices in the far-field. As depicted,
the intensity distribution pattern at the output shifts as the
refractive index increases from (a) 1.466240 to (b) 1.466436.

Results of Figure 13 verify a resolution of the order of
10~ for change in the refractive index, as estimated in
the theoretical section. This resolution implies a control
of the temperature of the sensor and liquid system within
0.2°C, assuming typical thermo-optical coefficients of liquids
of interest in biochemical and chemical monitoring. This
could be overcome by developing a calibration process and
implementing a dual wavelengths interrogation method.
Although the results presented in this paper are for the
refractive indices of around 1.46, this device could be easily
used for much lower refractive index range, around 1.33, to
detect water-soluable chemical. In such a case all the device
parameters and dimensions should remain the same, but the
operation wavelength would be at 1300 nm. This wavelength
is below the absorption spectrum of water.

At this point no assessment of the repeatability of the
fabrication process has been done, but all devices on a single
chip were functional. Further study should be conducted to
compare their performance characteristics. Another aspect
of this project that requires further investigation is the
development of a practical calibration method. As Figures 6—
8 illustrate, the dynamic range of slotted MMI sensors can
be enhanced if two or more wavelengths are incorporated
to overcome the ambiguity problem. Another solution that
is being considered is to develop an image processing tool
to identify the power distribution associated with a unique
index of refraction.

5. Conclusion

A novel configuration of integrated optical sensors based
on slotted MMI structures has been proposed and demon-
strated. The results confirmed that higher number of slots in
the multimode area increases the sensitivity of device to the
change in bulk refractive index of sensing species. Material
of choice was SION which is a robust material in terms of

Journal of Sensors

interaction with detectable chemicals comparing to sol-gels,
and the technology for depositing SION has been already
developed. A maximum resolution of 9.8 x 10~> RIU at a
specific operating regime is expected.
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