


Fiber and Integrated Optics Sensors: Fundamentals and Applications 19 

higher refractive index than that of the fiber cladding.112,113 As an 
example, an opto-chemical sensor employing LPFGs coated with 
polymeric sensitive overlays (syndiotactic polystyrene (sPS) in the 
nanoporous crystalline δ form) has been proposed.114 A monolayer of 
colloidal gold nano-particles has also been proposed for improving the 
spectral sensitivity and detection limit of long-period gratings.115,116  

This kind of sensors have been demonstrated to be able to measure 
refractive indices in the range of 1.34 to 1.39 with resolution of 10-3 to 
10-4, suggesting that these devices may be suitable for use with aqueous 
solutions in applications such as medical diagnostics, biochemical 
sensing, and environmental monitoring.117 

6. Micro-structured Fiber Sensors 

Photonic Crystal Fibers (PCFs) constitute a class of optical fibers that 
has a large potential for sensing applications. Their novel structure, with 
a lattice of air holes running along the length of the fiber, offers 
extraordinary control over the waveguiding properties in a way that is not 
possible with conventional fibers. 

PCFs are commonly classified by the light-guidance mechanism in 
two categories, namely index guiding and photonic band gap (PBG) 
fibers (Fig. 9). In the two types, the microstructured cladding surrounds a 
solid and a hollow core, respectively. 
 

 
 
        Figure 9. Structure of index guiding (left) and photonic band-gap (right) fibers. 
 

In the index guiding fibers, the refractive index of the core is higher 
than the effective refractive index of the cladding and a modified form of 
total internal reflection guides the light; in the second type photonic band 
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gap effect provides guidance, allowing for novel features such as light 
confinement to a low-index core.118 

The PCFs design suggests a variety of strategies for optical sensing of 
different physical parameters (temperature, hydrostatic pressure, 
elongation, force, bending, etc.). The most studied approach involves the 
interaction with an evanescent field of PCF modes for the detection and 
analysis of liquid and gas phases species infiltrated in air holes of the 
cladding in index-guiding PCF119,120 or with a guided field in hollow core 
of the PBG fibers.121 Even if the majority of sensors reported in literature 
is based on index guiding fibers, because first introduced into the market, 
for sensing applications there are considerable advantages also in band-
gap fibers: one of them is the possibility of guiding light in hollow cores 
filled with liquid or gas solutions of molecules.  

In a well designed photonic band gap fiber, the largest part of the 
mode field (< 90%) is guided in the sample volume, thus providing a 
strong interaction between molecules and light over several tens of 
centimetres using few microliters of sample.122 For acetylene detection 
with high sensitivity, Ritari et al.123 investigated the feasibility of using 
PBG fibers. A significant interaction between light and molecules in the 
air holes of the cladding can take place also in index guiding PCFs, but 
the effect is smaller because it concerns only the evanescent field. For 
evanescent-wave sensing of biomolecules, such as DNA or proteins,124 

this effect can be enhanced using index guiding PCFs based on polymers. 
An improvement of this sensing technique is represented by new 

geometries of cladding holes and, very recently, by the development of 
defected solid core.125 

When the evanescent field sensing method may be impractical or 
inconvenient, an improvement is achieved by tapering the fiber.126 There 
are two possibilities during the tapering: the holes structure may be 
preserved or may collapse. In both cases the guided mode of the PBG 
fiber spreads out, and the tapered PBG fiber results highly sensitive to 
external environment. The mechanism is very similar to what happens in 
tapered conventional fibers.127 The collapse of the holes makes the core 
mode to couple to multiple modes of the solid taper waist, which is a 
solid multimode fiber. Several interference peaks appear from the 
beating of the multiple modes of the collapsed region, and they shift as 
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external index changes.128 The tapering technique has been successfully 
employed with fibers formed by a Germanium doped core surrounded by 
large air holes in the cladding,129 demonstrating to be of particular 
interest also for biophotonic sensing. 

The optical properties of PCFs are strongly controlled by the 
geometry of the holey region, and in sensing application this tunability is 
widely employed. One of the most promising advantages of PCF is the 
possibility of fabrication of multi-core fibers. A two-core index guiding 
fiber130 bends in the plane containing the two cores, each of them 
supports a single guided mode. Because of the bending, the outer and the 
inner cores undergo an increase and a reduction in length, respectively. 
The PCF with these two cores acts as a two arms Mach-Zehnder 
interferometer in which the phase difference is a function of curvature in 
the plane containing the two cores fiber, demonstrating a resolution of 
about 170 μrad/rad.132 

A particular advantage of PCF based sensors is the possibility of 
writing additional periodic structures on fibers such as Bragg and Long 
Period Gratings (LPGs). Standard grating fabrication techniques applied 
to PCFs have enabled the fabrication of gratings with original properties, 
mainly due to the complex index profile and dispersion properties of 
PCFs. From the point of view of fabrication, LPGs are generally easily 
fabricated, and can also generate well-isolated resonance, by proper 
selection of cladding mode for coupling, that can be highly sensitive to 
different measurands such as temperature, bending, strain and external 
refractive index. In particular for DNA sensing, this kind of gratings can 
be employed to detect the average thickness of a biomolecules layer 
within a few nm with sensitivity of approximately 1.4 nm / 1 nm in terms 
of shift in resonance wavelength per thickness of DNA layer.131 

The control of the dispersion properties of core and cladding can be 
used, in principle, to increase the sensitivity to one measurand and to 
make the device insensitive to another. Recently it has been reported that 
LPGs inscribed in a dopant free endlessly single mode (ESM) PCF and 
in a large mode area PCF by electric arc discharges eliminate the cross-
sensitivity132,133 to temperature perturbations. 

Another sensing technique makes use of birefringence in PCFs, 
which can indeed be made highly birefringent: the large index contrast 
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facilitates high form birefringence, allowing the development of a new 
generation of polarimetric fiber sensors which use polarization (phase) 
modulation induced by external perturbations. Different methods have 
been developed to introduce birefringence into PCFs, such as using 
elliptical air holes134,135 and/or asymmetric core or asymmetric 
distribution of holes.136,137 

Important engineering areas can be influenced by future advances of 
polarimetric PCF based sensors, in particular thanks to their direct 
sensitivity to strain. The best example is the measurement of axial strain 
for structural monitoring. The essential mechanisms for strain and 
pressure sensing are almost the same: physical changes in fiber 
dimensions and the elasto-optic effect. Taking advantage of these two 
effects, one can implement distributed sensing elements to assess length 
changes, internal stresses or pressure in civil engineering structures. 
Based on elasto-optical measurements of the polarization state of the 
fiber output, it is possible to determine the fiber birefringence (beat 
length) for different wavelengths and compare it with numerical 
simulations. A new and quite important application of highly birifringent 
PCF is in dynamic pressure sensing for tsunami detection,138 making use 
of standard polarimetric technique.  

7. Integrated Optic Sensors 

While the basic principles on which integrated optic sensors (IOSs) are 
based are the same as for fiber optic sensors, the two fields have 
developed at different paces and with slight different targets.  

Fibers have the unique capability of operating over extended gauge 
lengths (even km!) in either point sensing or distributed sensing format. 
In the former case, the FOS is configured in such a way that monitoring 
of the measurand occurs at a specified location along the fiber (generally 
at its distal end); in the latter case, the values of the measurand (e.g. 
temperature or strain) are probed as a function of the position along the 
fiber. Remote measurements are made possible by the low attenuation 
characteristic of an optical fiber. Integrated optics (IO), on the other 
hand, has been developed with the aim of implementing multi-functional 
miniaturized circuits, possibly of size of a few cm, if not mm.  
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High-quality fibers, for both telecommunications and sensing, are 
mostly made of a silica core (even if, of course, there are alternative 
materials, including polymers). IO waveguides can be fabricated in a 
variety of materials, from dielectrics to polymers, from liquid crystals to 
semiconductors, and none of them has so far emerged as the key 
material. The lack of a unique solution for IO in terms of material and 
fabrication technology, however, is at the same time its major limit and 
its greater advantage: it permits, in fact, very great flexibility both in 
design and manufacture. Thus, an IOS may fully exploit the combination 
of thin films technology with other planar technologies, such as surface 
acousto-optic interaction, laser writing, silicon micromachining, micro-
electro-mechanical systems (MEMS), optoelectronics integration on a 
semiconductor substrate, etc. Since two papers on IOSs, a temperature 
and a displacement sensor, respectively, were first published in 
1982,139,140 many other integrated optical devices for sensing have been 
proposed and demonstrated.141-147 In the following, some examples of 
IOSs will briefly presented and discussed. 

7.1. Integrated Optical Interferometers 

Mach-Zehnder Interferometers (MZI) are easily fabricated in integrated 
optics, by means of standard photolithographic processes, and are one of 
the most common structures exploited for the detection of the phase shift 
induced by a measurand. While the free-space configuration requires 
several optical components and a tight alignment, a single IO circuit a 
few mm long represents a very stable and efficient solution. The 
schematic structure of an integrated optical MZI is shown in Fig. 10a, 
while the field distribution in the waveguide (and the interacting 
evanescent field) is sketched in Fig. 10b.  MZI IO sensors have been 
fabricated in various materials, from glass to lithium niobate, from 
silicon-oxynitride on silicon to silicon-on-insulator. Several sensing 
devices have been demonstrated, e.g. for the detection of displacement, 
for refractometry and for bio-sensing.148-156  Some sensors of this type, 
especially for biomedical applications, are also commercially 
available.157 
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Figure 10. a) Top-view of an IO MZI structure. b) Behavior of the modal field 
distribution in the waveguide structure. 

7.2. Grating-Coupler Sensors 

Light coupling into an optical fiber usually occurs only by transverse 
coupling method (also called “end-fire” coupling), namely by focusing 
the beam from the laser source onto the fiber facet. In integrated optics, 
the light may be injected into the thin-film waveguide also by prism 
coupling, grating coupling, or fiber-to-waveguide butt-coupling.158 While 
prism-coupling is the most common technique in the laboratory, grating 
couplers, which can be fabricated directly on top or inside the waveguide 
itself, offer a more robust mechanism for practical application. 

Grating couplers, however, are not simply another way of performing 
the access function to/from an optical waveguide. As their operation 
depends critically on the refractive indices of the guiding film and of 
surrounding media (once the wavelength is fixed), the precise 
measurement of the in-coupling angle constitutes a sensitive tool to 
detect changes in refractive index and/or wavelength induced by a 
measurand.159-161 

 Commercial grating coupler sensor chips are available. A 
producer, for instance, makes them available in either a single-layer 
version (namely a sol-gel guiding layer, in which the grating is 
fabricated, on top of a glass substrate) or a two-layer version (where a 
cladding layer has been added).162 This cladding layer modifies the 
optical, chemical or biochemical properties of the surface of the chip; the 
producer offers a wide choice of coatings, from thin films of SiO2, TiO2, 

measured parameter

In Out

a) b) 
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TaO2, ITO (Indium Tin Oxide), ZrO2, to thick films of PTFE, silicone 
etc., to functionalization by means of silanization with APTS.  Suggested 
biosensing applications include adsorption of protein at surface, 
immunosensing, drug screening, analysis of association and dissociation 
kinetics, and many more. Typical size of the chip is 48 mm (length) × 16 
mm (width) × 0.55 mm (thickness), and the guiding sol-gel layer has 
thickness in the range 170 to 220 nm; grating area is 2 mm (L) × 16 mm 
(W), its depth (the grating is a surface relief structure) is about 20 nm, 
and its pitch is ≈ 0.4 μm.  

7.3. Evanescent-Wave and Surface Plasmon Resonance Sensors 

The field of chemical and biochemical sensors is very likely the one 
where IO can find its largest market in the next years, at least in terms of 
number of manufactured devices. Other markets, like that of IO gyro 
sensors, may however retain larger economical importance, due to the 
much higher cost per item. 

Most of the chemical and biochemical sensors rely on the penetration 
of the propagating evanescent wave into the cladding layer (Fig. 4 and 
Fig. 10b) for detection of the measurand to occur: the change in a 
chemical or physical parameter of the clad (usually constituted by a fluid 
or an ultra-thin transducer film) is converted into an optically measurable 
quantity by means of a change in absorption of the guided wave or in its 
effective index. Alternatively, the evanescent tail of the propagating 
modal field can excite the fluorescence of the cladding material; this may 
be either natural fluorescence of the species or fluorescence of a label 
which will react only with the species of interest. 

A recently proposed sensing structure is based on a strip-loaded 
waveguide in which the strip consists of a several nanometers thick 
sensitive material. An attractive option is to realize this strip as a 
monomolecular antibody layer making the sensor capable to monitor 
chemical concentrations. This sensing structure relies on measurand 
induced changes of the field profile of the probing guided mode; this is 
in contrast to the big majority of the refractive IO-sensors in which the 
changes of the effective refractive index neff are exploited.163 
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The technique which is becoming a key tool for characterizing 
biomolecular interaction is that based on surface plasmon resonance 
(SPR).164 The optical excitation of surface plasmons by the method of 
attenuated total reflection (ATR) was demonstrated in the late Sixties, 
and very soon it was applied for characterization of metal thin films.165  
In early Eighties the use of SPR for gas sensing and biosensing was 
demonstrated166,167 and since then SPR sensor technology has continued 
to grow up168-172 and it is now commercialized.173 

An example of low-cost SPR sensor is represented by polymer-based 
chips, exploiting replication fabrication processes, which include a 
prism, microchannels and a chamber at microscale dimensions.174 

The reader is also referred to Chapter 5 for a more detailed discussion 
on SPR-based sensors and biosensors. 

8. Conclusions 

Optical waveguide sensors have certain advantages that include 
immunity to electromagnetic interference, lightweight, small size, high 
sensitivity, large bandwidth, and ease in implementing multiplexed or 
distributed sensors.  

Strain, temperature and pressure are the most widely studied 
measurands for optical fiber sensors, but biomedical applications are 
becoming the most interesting area for both fiber and integrated optic 
sensors. Nowadays, some success has been gained in the 
commercialization of optical waveguide sensors, even if in various fields 
they still suffer from competition with other mature sensor technologies. 

New ideas, materials and structures, however, are being continuously 
developed and tested not only for the traditional measurands but also for 
new applications. As an example, we can conceive that further advances 
in the fabrication and understanding of microstructured fibers and 
photonic crystal structures will provide a platform for new sensors, 
aiming at being alternatives for standard sensing technologies. 

Brilliant perspectives also exist for new "smart" optical sensors which 
mix nanoelectronics and micro/nano optical devices on the same silicon 
chip. These fully integrated optosensors would have the same, or better, 
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characteristics of current sensors, while being much smaller, lighter and 
lower power than the existing systems.  
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