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Abstract. Fiber Bragg gratings have found widespread application in sensor systems, e. g. for 
temperature, strain or refractive index measurements. The concept of fiber Bragg gratings allows 
also in a simple way the realisation of arrays of such sensors. The development of such optical fiber 
sensor systems often requires special fibers and grating structures which may go beyond more 
conventional Bragg grating structures in typical communication fibers. Concerning fibers there is, 
for example., a need of achieving fiber gratings in small diameter fibers and fiber tapers as well as 
in microstructured fibers. Special fiber grating structures are of interest e.g. in the visible 
wavelength range, which requires smaller spatial structures compared to more conventional gratings 
in the near infrared wavelength region. Examples for such modern developments in fiber Bragg 
grating technology for sensor applications will be presented and discussed.  

Introduction 

Fiber Bragg gratings (FBGs) have become standard elements in the development of new types of 
fiber optical sensors and sensor systems [1-2]. Standard techniques for making such fiber Bragg 
gratings are phase mask recording technique and the interferometric recording technique. Such 
gratings have been developed also for use in harsh environments like high temperatures [3]. 
Multiple gratings are of specific interest in sensor systems in order to allow quasi distributed 
sensing and for achieving sensor multiplexing. So called draw tower gratings, which are recorded 
by single pulses during the fiber drawing process, have been developed especially for this purpose 
[4-7]. These examples show the need for specific developments adapted to the needs of fiber sensor 
applications. Further special developments should therefore extend our capabilities to apply fiber 
Bragg gratings for additional sensing applications. We will discuss in the following such 
developments for improved and extended sensor applications such as: 
 

- FBGs in small diameter fibers  
- FBGs in fiber tapers 
- FBGs for short wavelengths 
- FBGs in microstructured fibers 

 
 
Fiber Bragg gratings in small diameter fibers 
 
Due to their small diameter, optical fibers are attractive sensor elements for embedding in structural 
materials. Examples are fiber reinforced thermoplastic composites. By embedding sensors, such as 
fiber Bragg gratings, into the material it becomes possible to monitor the structural behaviour 
during production and/or operation. For such applications it should be avoided that the composite 
structure is disturbed by the sensor element. Therefore smaller diameters of optical fibers than 
typically used in communication application are desirable. Special fibers for this purpose have been 
fabricated with fiber diameters of 80nm for grating inscription during the fiber drawing process. It 
has been shown that also for such small diameter fibers efficient gratings can be achieved, which 
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show similar properties to gratings in conventional sized fibers with a diameter of 125µm (fig. 1) 
(see also paper C-4: L16 [8]). 
. 

                                                    

 
 
Fig. 1  Comparison of experimentally achieved fiber Bragg gratings in a conventional fiber with 
           diameter of 125 µm (left) and a fiber with diameter of  80µm (right) 
 
 
Fiber Bragg gratings in tapers 
 
The interaction of the guided light in a fiber with a FBG with the surrounding material can be used 
for a refractive sensor. In a more complex setup with metallized fibers also the effect of generating 
plasmonic waves can modify in a sensitive way the reflection properties for FBGs. Such effects 
require, however, an efficient overlapping of the guided light. For this purpose fibers with a small 
core diameter are needed with a reasonable extension of the evanescent wave in the medium to be 
measured. One possible approach are side polished fibers. In this case only in one orientation good 
overlapping of the guided light is obtained, which is a limiting factor for the achievable sensitivity. 
Optimized sensitivity can be therefore expected for tapered fiber structures with extremely small 
fiber cores. Typical techniques for making fiber tapers are drawing or etching technologies.  
The concept for such a tapered sensor probe is shown in fig. 2. In the short tapered fiber end a fiber 
Bragg grating structure is inscribed. Additional layers of metal and high refractive index 
tantalpentoxide are applied to achieve increased field amplitudes at the core boundary and to shift 
the surface plasmon resonance to smaller refractive index values of the surrounding medium 
(adapted to water refractive index). This FBG is combined with a second FBG in the conventional 
part of the fiber for temperature measurements and temperature compensation. This FBG sensor 
element can now be used as a refractive sensor, where the refractive index value can be modified by 
specific biological binding reactions. Specific senor elements were made by an etching process 
achieving sensor tip diameters of a few micrometers and down to submicrometer dimensions. A 
result from a sensor probe with a diameter of 3µm is shown in figs. 3 and 4.  
Besides the good field overlapping such FBGs in tapered fibers also give the opportunity of small 
scale sensor nano probes. In a similar way it is possible to use tapers made by a taper drawing 
process. 
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Fig. 2  Principle of the fiber grating probe for refractive sensing 
 

  
 
Fig. 3  Spectra of the FBG sensor probe with          Fig. 4  Bragg wavelength shift depending 
           surrounding analytes of different refractive            on refractive index for a tapered 
           index            fiber probe 
 
 
Fiber Bragg gratings for short wavelengths 
 
The typical wavelengths for fiber grating applications lie in the near infrared region corresponding 
to the mostly used wavelengths in waveguide optics. In order to cover new application fields, there 
is a growing interest to have available fiber Bragg gratings also for shorter wavelengths than the 
communication window wavelengths, especially in the visible wavelength range. However, the 
fabrication of such gratings presents special challenges due to the requirement of very small grating 
periods in the range of a few 100 nm. 
We use a Talbot interferometer for inscribing Bragg gratings, where we can change the spatial 
frequency of the Bragg gratings by a variation of the angle δFBG of the interferometer mirrors. The 
Bragg wavelength λB is then a function of the Bragg period ΛFBG, the effective refractive index neff 
in the fiber and the UV laser source wavelength λUV according to: 
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By increasing the angle we have achieved to make FBGs down to a reflection wavelength of about 
475 nm (fig. 5) in a non-polarization maintaining single mode fiber. A reflectivity of about 80% 
with a spectral width smaller than 0.3 nm at an exposure time of 10 min was obtained. This 
wavelength value still does not represent the experimental limit of the setup, but was given by the 
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available light source for observation (Xenon light source with a band edge at 460nm). A 
theoretical limit considering the used recording wavelength, the experimental setup and the 
increasing Fresnel reflections has been derived for a wavelength of about 360nm. 
 

 
Fig. 5 (a) Short FBG with a length of less than 0.75 mm; b) FBG with shortest 

measurable Bragg wavelength 
 
 

The impressing high reflectivities, even for small fiber grating structures of about 200 nm, can be 
explained from coupled wave theory. The required refractive index modulation of a grating is given 
by [10, 11]: 
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For a constant grating length lFBG and a constant fiber diameter d, a reduced index modulation is 
still sufficient for good reflectivity. The mode overlap factor increases for shorter wavelengths. At 
the same time, also the number of grating periods increases within the constant grating length. Both 
factors are helpful to achieve good reflectivity values.  
 
 
Fiber Bragg gratings in microstructured fibers (Photonic Crystal Fibers) 
 
Microstructured fibers with holey parts in the core and cladding region offer new possibilities for 
modifying the transmission properties of optical fibers. Usually, such fibers do not require doping 
of the fiber core for achieving guiding properties. Therefore the question arises how to make FBGs 
in such fibers [9, 10]. 
As an obvious way, it is possible to make such microstructured fibers with a specifically Ge-doped 
fiber core. In this case the doping would be not used for achieving guiding properties, but for 
obtaining a UV-sensitivity. The holey structure may eventually cause reflections and scattering 
effects. Such effects could make the inscription of efficient gratings difficult. But experimental 
results show, that indeed high reflectivivties can be achieved with conventional interferometric 
recording techniques. As an example, in fig. 6 FBG properties are shown for different gratings, 
which were produced in a microstructured fiber as shown in fig. 7 (air hole diameter and the pitch 
of the PCF are 3.5 and 4.2μm, respectively). The gratings were written in the PCF by use of a 
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248nm UV laser and a Talbot Interferometer. Two FBGs, FBG1 and FBG2, with a reflectivity of 
35% and 33% are shown at the wavelength of 830.050nm and 1080.063nm, respectively, before 
hydrogen loading with a 3dB bandwidth of 0.148nm and 0.165nm. A FBG with almost 100% 
reflectivity was achieved after the PCF was hydrogen-loaded for one week with a pressure of 
200bar and at a temperature of 90ºC. For such highly photosensitive fibers several reflection peaks 
were observed near 830nm, resulting from the reflected higher-order modes. The gratings show 
similar sensitivities to temperature and strain as FBG in conventional solid fibers. 
Figure 8 illustrates the temperature characteristics for the reflected wavelength within the 
temperature range from 7ºC to 50ºC. As can be seen, the reflected wavelength was linearly shifted 
toward the longer wavelength with a sensitivity of 5.6pm/ºC. The temperature dependency is well 
applicable as a temperature sensor. 
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Fig. 6  Reflectivity of FBG1 and FBG2 written in PCF before       Fig. 8 Temperature characteristics  
       hydrogen loading                           of FBG1

 
 
 
 
 
 
 

Fig. 7  Cross section image of PCF 252b5 with air hole 
          diameter of 3.5µm and pitch of 4.2μm

 
 
 
 
If no UV- sensitivity is provided in the fiber core, then other techniques have to be used for writing 
FBGs. The inscription with femtosecond laser pulses is such an option. We have therefore 
investigated the same microstructured fiber for FBG inscription with a femtosecond laser. Usually 
such lasers are used in the near infrared wavelength region. In our case we have used femtosecond 
laser pulses at a wavelength of 262nm in order to inscribe FBGs with high spatial resolution. At this 
wavelength also effects of the UV sensitivity can be expected. As shown in fig. 9 it is possible to 
achieve high reflectivities of about 90% (without hydrogen loading) in such fibers. The 3dB-
bandwidth was larger (0.51nm) than for gratings recorded on the basis of the UV-sensitivity. 
 

142 Smart Optics



 
 

Fig.9  Wavelength dependent  
          reflectivity of a FBG in a 
          microstructured fiber according 
          to fig.7 with femtosecond laser 
          pulse inscription 

 
Conclusions 
 
Several techniques and concepts have been discussed which will allow to extend further the field of 
applications of FBGs. The great flexibility of such fiber integrated sensor probes concerning fiber 
types and dimensions underlines their growing potential in sensing applications. Additionally such 
flexibility will be of interest for further applications in information technology or for fiber laser 
resonators. 
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