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In this paper we report on strong fiber Bragg gratings (FBGs) with reflectivity over 84%, photo-written in a novel 
photosensitive photonic crystal fiber (PCF) using a conventional phase-mask technique and 248 nm KrF excimer laser. Two 
types of highly Ge-doped core PCFs having different structures were employed in experiments. The high photosensitivity of 
fiber allowed us to achieve strong FBGs without hydrogen loading thus avoiding the inconveniences related to loaded fibers 
splicing, possible decrease of the grating reflectivity due to annealing and power losses. A significant effect of the PCF 
structure on the Bragg resonance wavelength of the FBG was observed. In addition to the core Bragg resonance, the 
secondary resonances have been displayed. The temperature and strain sensitivity of the FBG in PCF has been derived 
and compared it with a standard single mode fiber. The FBG photo-imprinted in PCF could be used as temperature, strain 
and chemical sensors. 
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1. Introduction 
 
Since the first demonstration of the photonic crystal 

fiber (PCF) in 1996 [1], it has become an interesting and 
extensively developed subject in the worldwide optical 
field research, leading to a large variety of its designs and 
applications [2, 3]. The PCFs known as microstructured 
fibers also, are distinguished from standard “step-index” 
optical fibers by their cladding formed by low refractive 
index inclusions, such as air holes, that run along to the 
entire fiber core length. In the case of PCF having a solid 
core, due to the presence of the air holes, the 
microstructured cladding has the effective refractive index 
lower than that of the core thus guiding the light through 
the core by total internal reflection principle. This type of 
fiber was named index-guiding PCF [4]. The PCF fiber 
core could be also empty, formed by a hollow air 
surrounded into the center of a microstructured cladding. 
In this case, the cladding plays the role of a 2D loss-free 
mirror, guiding into the core, the strong resonance 
wavelengths reflected by the cladding microstructure at 
certain angles and wavelengths. These fibers were called 
photonic bandgap fibers (PBGF) [5].  

The unique properties of PCFs have created many 
opportunities for controlling the transmission properties of 
guided modes by creating PCF with an appropriate holes 
microstructure design to the purposed scope. By tailoring 
the geometrical parameters of PCFs such as the air holes 
diameter, the distance between them or filling the air holes 
with a liquid, it is possible to fabricate fibers with 
extended range of cutoff wavelength, dispersion, mode 

field diameter and bandwidth of the transmitted spectrum 
[6, 7]. Furthermore, these characteristics of PCF would 
allow for new properties of fiber Bragg gratings (FBGs) 
written in PCF as compared with those written in standard 
fiber [8]. 

A common method to write FBG into a standard fiber 
core is the phase mask technique which consists in 
exposing the fiber core to an UV laser beam interference 
pattern coming from a phase mask placed within 
approximately few micrometers distance to the fiber. 
Under the influence of UV light pattern, the core refractive 
index is modulated and resulting a FBG [9]. The silica 
fiber core is usually doped with a photosensitive material 
(e.g. germanium, phosphorous [6], or germanium-boron 
codoping [10]) in order to increase its photosensitivity. 
Further, it can be additionally photo-sensitized by loading 
it with hydrogen prior to UV exposure. However, the 
presence of hydrogen in the fiber core is always related 
with a significant loss in signal transmission. Hence, 
annealing operation of the FBG written in a loaded fiber 
compulsory succeeds the photo-imprinting stage, for 
hydrogen out-diffusion purpose. Both hydrogenation and 
annealing processes take long time and introduce some 
inconveniences related to the splicing of the loaded fibers, 
possible attenuation of the grating reflectivity due to 
annealing and power losses, therefore they are better to be 
avoided. However, writing the FBG into a PCF core using 
the phase mask technique, as it was described before, it 
raises a series of additional problems respect to standard 
fiber. Firstly, the cladding microstructure adds extra 
scattering which alters the UV fringe pattern of the phase 
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mask structure, making the photo-imprinting process of 
the FBG in PCF less efficient than in standard fiber. 
Secondly, improving the PCF photosensitivity by 
hydrogen loading imposes some experimental restrictions 
coming from the rapid hydrogen out diffusion due to the 
proximity of the air holes along the fiber core. An amount 
of 95% of the molecular H2 initially existent in fiber 
diffuses out in a few minutes, (8 min – at the room 
temperature) [11] which is less than is typically necessary 
to manage and complete FBG writing. The solution to 
overcome these issues consists in writing FBG in 
hydrogen loaded PCF spliced to its both end facets with 
short pieces of standard fibers before hydrogenation stage. 
However, this is still an inconvenient solution because this 
operation requires extra time and it has the multiple typical 
disadvantages of the loaded fibers. Even its fabrication is a 
challenge task for any researcher, difficulties coming from 
experimental constrains, the Bragg grating directly photo-
imprinted in PCF is very desirable, in order to use the 
presence of air holes around the core, which can be filled 
or not with a liquid [12, 13], gas [14] or biofilm [15] in 
sensor applications [4]. 

In this paper we report on strong uniform FBGs, 
photo-written in a novel photosensitive PCF using a 
conventional phase-mask technique and 248 nm KrF 
excimer laser, without hydrogen loading. We have studied 
two types of highly Ge-doped core PCFs having different 
structures. The high photosensitivity of fiber allowed us to 
achieve strong FBGs, with the reflectivity over 84%, 
avoiding the inconveniences related to loaded fibers. It 
was observed that the PCF structure has a significant 
effect on the Bragg resonance wavelength of the FBG. In 
addition to the fundamental Bragg resonance, the 
secondary resonances have been displayed. All gratings 
imprinted in these fibers were rigorously tested. 
Particularly, the temperature and strain sensitivity of the 
FBG in PCF have been derived and compared with those 
written in a standard single mode fiber. The FBG photo-
imprinted in PCF could be used in variety of sensing 
applications such as temperature, strain and chemical 
sensors. 

The paper is organized as follows: in Sect. 2 we 
present the experimental conditions including materials 
used and experimental setup. In Sect. 3 we show the 
relevant results and in Sect. 4 we draw the conclusions of 
this work. 

 
 
2. Experimental conditions 
 
2.1. Materials 
 
A. Standard fiber 
 
In this work OFS single-mode fiber was used with the 

following main properties: core diameter of 4.4 µm, and 
numerical aperture of 0.16. The OFS fiber was highly 
hydrogen loaded prior inscription by placing it into a 
pressure controlled hydrogen chamber for at least 7 days, 
under pressure of 130 atm and room temperature.  

B. Photonic crystal fibers 
 
Two types of highly Ge-doped core PCFs having 

different structures (labelled as PCF #1, PCF #2) were 
employed in experiment. They were supplied by the Fiber 
Optics Research Center of the Russian Academy of 
Sciences from Moskow, Russia. The cross sections of the 
PCFs used in the work are shown in Fig. 1(a) and (b). As it 
is observed, the microstructures of the both PCFs are 
formed by two air-hole rings with a hexagonal 
configuration, disposed around the core. The difference in 
the two micostructures is made by the values of the 
diameter of the air-holes and interhole spacing, which vary 
between the rings and the PCFs. 
 

 
 

Fig. 1. Cross sectional SEM images of the PCFs  
structures; (a)  PCF #1 and (b)  PCF #2. 

 
The measurements made by scanning electron 

microscope (SEM) show that the core diameters are 
approximately 4 µm (PCF #1) and 3.6 µm (PCF #2) with 
the photosensitive region of 1.9 µm for the both fibers. In 
the case of PCF #1, the air holes which form the inner ring 
have the diameter value in the range of 2.51÷3.06 µm with 
approximately of 750 nm distance between them; the 
exterior ring is formed by air holes with the diameter of 
approximately 1.8 µm having the interhole spacing around 
of 1µm. The microstructure of the PCF #2 is rather 
uniform, with the air holes diameter approximately of 2.5 
µm and the period closed to 500 nm, for both holes rings. 

 
 
2.1. Set-up for writing FBGs 
 
All gratings were written using phase-mask technique. 

The photo-printed process was carried out using a 248 nm 
KrF excimer laser with a repetition rate of 30 Hz, an 
exposure time in the range of 40 s – 2 min, and the beam 
energy between 20 mJ – 26 mJ. The highest values in both 
energy and time were used during the photo-imprinting 
process of the PCFs. The phase-mask supplied by Stocker 
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Yale had the uniform period of 714.99 nm and the length 
of 1 cm for all gratings. The FBGs were interrogated by a 
broadband spectrum of an Yb-doped fiber ASE source, 
while the Bragg resonance wavelengths have been 
displayed and measured using an optical spectrum 
analyzer (OSA) – ANDO AQ6317B, with the resolution of 
0.01 nm. 

Each piece of PCF in which we have written the FBG 
was spliced with OFS single mode fiber to both ends in 
order to connect it to the interrogation light source and to 
the OSA. The fusion splicing was carried out by using a 
commercial splicing machine (Ericsson FSU 995 FA 
Fusion Splicer). For an optimal fusion splicing, the optical 
power of the laser source was launched into the fiber and 
collected at the output end with a powermeter. When the 
output signal was at maximum through optimization of the 
fibers alignment (between OFS and PCF), the fusion splice 
was completed [6]. 

After the photo-imprinting process, the reference OFS 
fiber containing FBG was annealed by leaving it into an 
oven for 48 hours at 60 oC for hydrogen out-diffussion. 

 
 
2.2. Characterization of the FBGs on strain and  
        temperature sensitivity 
 
The most tempting way to characterize an FBG for 

sensing purpose is basically related with its well known 
sensitivity on strain and temperature. Further, by covering 
standard fiber [16] or filling with different substances the 
air holes of the PCF within grating area, the FBG becomes 
a very useful tool for many other sensing applications such 
as: gas sensor, refractive index sensor, bio-sensor [4, 15]. 
Hence, it is very interesting to determine and compare the 
specific sensitivity of the FBG written in PCF with that of 
the FBG written in standard fiber. 

The characterization of the strain sensitivity of the 
FBGs was carried out by applying longitudinal tension to 
the grating using a fiber handling device and a computer 
control (Fig. 2). The tension range was varied from 0 N to 
5 N. The tension values under the FBG were rigorously set 
each time by a dedicated LabView program. 

 
 

 
 
 

Fig. 2. Set-up for characterization on strain of the FBG 
written in PCF. 

 
 

The temperature measurements were made using an 
oven with a temperature accuracy of 0.1 °C as it is 
schematically shown in Fig. 3. The temperature range was 
varied from 25 oC to 195 oC. 

 
 

 
 
 

Fig. 3. Set-up for characterization on temperature of the 
FBG written in PCF. 

 
 

3. Results and discussions 
 
The measured FBG spectra corresponding to both 

types of PCFs are shown in Fig. 4 (PCF #1) and Fig. 5 
(PCF #2), respectively. Regarding these spectra, it is 
observed that the PCF structure has a strong effect on the 
Bragg resonance wavelength of the FBG. The FBGs 
written in the two types of PCFs reflect the light 
corresponding to the core Bragg resonances at different 
wavelengths, even the photo-imprinting process was 
carried out using the same phase mask in the both cases. 
Moreover, for the FBG written in PCF #2, in addition to 
the core Bragg resonance, the secondary resonances have 
been observed (Fig. 5). The measured reflectivity of the 
core Bragg resonances was of 84% (PCF#1) and it reached 
85% (PCF#2). 

 

 
 
 

Fig. 4. The transmitted and reflected spectra of the FBG  
written in PCF #1. 
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Fig. 5. The transmitted and reflected spectra of the FBG  

written in PCF #2. 
 
 

The measured FBG spectra corresponding to the FBG 
photo-imprinted in the OFS fiber are presented in Fig. 6. 
The corresponding Bragg wavelength was measured to be 
around 1039.6 nm with a reflectivity of 87%.  

Even if the FBGs writing in both fiber types (OFS and 
PCFs) was carried out using the same phase mask, a 
significant difference between their fundamental Bragg 
wavelength values is observed. This is mainly due to 
different core effective refractive indices of the different 
fibers. In addition the air holes microstructure of the PCF 
might alter the UV interference pattern of the phase mask 
during the photo-inscription process.  

Thanks to the high photosensitivity of the PCFs we 
obtained strong FBGs in PCFs without hydrogen loading. 
Their reflectivity values are comparable with that of the 
FBG written in hydrogen loaded OFS fiber. 
 

 
Fig. 6. The transmitted and reflected spectra of the FBG 

written in OFS fiber. 
 

The wavelength shifts of the fundamental Bragg 
resonances for the applied tension are presented for the 
PCFs in Fig. 7. The measured strain sensitivity coefficients 
corresponding to the core Bragg resonances were of 1.00 

nm/N (PCF#1), and 0.94 nm/N (PCF#2). There is not a 
significant difference between the values, that could be 
explained by the fact that the light is guided mainly within 
the solid core by index-guiding principle and not through 
to the microstructured cladding. However, the inner air 
holes microstructures of the two types of PCF we have 
studied were not dramatically different. 

 
Fig. 7. Dependence of the fundamental Bragg wavelength  

on applied tension for FBGs in both PCFs. 
 
 

Fig. 8 presents the wavelength shifts of the 
fundamental Bragg resonances for the applied temperature 
for FBGs written in PCFs. The measured temperature 
sensitivity coefficients corresponding to the core Bragg 
resonances were of 6.3 pm/oC (PCF #1), and 5.3 pm/oC 
(PCF #2). It is observed that there is a weak difference 
between them; the FBG written in PCF #2 is less sensitive 
in temperature change than the FBG written in PCF #1. 
From this point of view, the air-holes rings surrounding 
the fiber core have a thermal isolator role for the core. 
According to the microstructure design of the two PCFs 
displayed in Fig. 1 (a) and (b), it can be seen that the air-
holes diameters of PCF #2 are slightly bigger than those of 
PCF #1, hence the less sensitivity in temperature of the 
PCF #2 respect to the other one (PCF #1). 
 

 
Fig. 8. Dependence of the fundamental Bragg wavelength  

on temperature for FBGs in both PCFs. 
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We have investigated the FBG photo-imprinted in the 
OFS fiber, also. The corresponding strain and temperature 
coefficients of the FBG written in OFS fiber were 
measured to be 0.99 nm/N and 6.08 pm/oC respectively. 

 
 
4. Conclusions 
 
Strong FBGs in Ge-doped PCF having the reflectivity 

over 84% were fabricated by phase mask technique, 
without hydrogen loading indicating their high 
photosensitivity. The PCF air-holes microstructure has a 
significant effect on the Bragg resonance wavelength. The 
sensitivity level in temperature and strain of the FBG 
written in PCF are comparative with those written in OFS, 
because in the both cases (PCF and OFS fibers) light is 
guided through the solid core. The FBGs photo-imprinted 
in PCF could be used for a large variety of temperature, 
strain and chemical sensors. 
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