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ABSTRACT 

Long Period Fibre Gratings (LPFGs) were fabricated by femtosecond (fs) laser direct writing in a standard single mode 

fiber (SMF-28e). Then, LPFGs were optimized with annealing treatment, for the deposition of a titanium dioxide (TiO2) 

coating by physical vapor deposition (PVD) process. Different thin film thicknesses were deposited and the wavelength 

and optical power of the LPFG attenuation band were measured. The characterization of the spectral response of the 

femtosecond LPFGs bare, with 30 nm and 60 nm of titanium dioxide thick film to variations of the surrounding refractive 

index (SRI) was performed achieving sensitivities of ~570 nm/RIU at 1.3600 RIU in the case of the LPFG coated with 

60 nm of TiO2, a 10-fold increase over the corresponding for a bare LPFG. For SRI values higher than the cladding 

refractive index, a sensitivity over ~3000 nm/RIU was determined for 30 nm of titanium dioxide thick film, a region where 

the bare LPFGs are useless. A limited range of SRI values can be accessed by using the optical power shift with a bare 

LPFG. For 30 nm of titanium dioxide, the LPFG is useful from 1.3100 to 1.4320, where the optical power shift is a quasi-

linear function of the SRI, with a range of ~10 dB. Moreover, values as high as 50 and 120 dB/RIU at 1.3200 and 1.4200, 

respectively, can be obtained by choosing the proper film thickness. Preliminary studies revealed that coating femtosecond 

laser direct writing LPFGs with titanium dioxide improves their performance. 
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1. INTRODUCTION 

The operation principle of LPFGs relies on the coupling of radiation between the core and co-propagating cladding modes 1 

and, therefore, they are intrinsically sensitive to external phenomena, such as mechanical strain and temperature. The 

grating period, the refractive index (RI) modulation, and the surrounding refractive index (SRI) disturbs the coupling 

conditions leading to variations in the output spectra 2, thus making LPFGs sensitive to different parameters [2–5]. 

Several methods have been developed for LPFGs fabrication in a variety of fibers 4, such as exposure to UV or CO2 laser 

radiation 6, induced electric-arc discharge 7, ion beam irradiation 2, chemical etching 8, and femtosecond laser written 9. 

Femtosecond laser-based fabrication does not require any special fiber pre-treatment 3. The induced refractive index change 

has the possibility of being thermally stable over a broader temperature range after a proper annealing process, compared 

to UV induced gratings 2. The fs-laser direct writing technique used in this work opens the possibility to inscribe LPFGs 

inside the core volume with high spatial resolution due to the underlying non-linear light-matter interaction 9. The phase-

matching condition, which results in coupling of wavelengths between the fundamental core mode and forward propagating 

cladding modes is given by 2: 

𝜆𝑟𝑒𝑠 = (𝑛𝑐𝑜𝑟𝑒
𝑒𝑓𝑓

(𝜆) − 𝑛𝑐𝑙 𝑙,𝑚
𝑒𝑓𝑓

(𝜆))Λ     (1) 

where 𝑛𝑐𝑜𝑟𝑒
𝑒𝑓𝑓

 is the effective refractive index of the propagating core mode at wavelength 𝜆, and 𝑛𝑐𝑙 𝑙,𝑚
𝑒𝑓𝑓

 is the refractive 

index of the  𝑚𝑡ℎ cladding mode, respectively. The coupling resonant wavelength 𝜆𝑟𝑒𝑠, can easily be controlled by simply 

tuning the grating period, Λ. with its period being defined by the laser beam’s modulation frequency, fmod and fiber 

translation velocity, 𝑣 along its axis 9. 
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The LPFGs inscribed through the fs-laser exposure have a far greater polarization response and the ability to couple to 

further sets of cladding modes [3,10,11]. The technique is suitable for automated fabrication of a large number of devices 

as well to the production of hybrid devices, such as fibre Bragg gratings in tandem with LPFGs 12. The highest sensitivity 

to the SRI index occurs for values slightly lower than the cladding refractive index (CRI), and it increases for higher-order 

modes [2,5]. When the SRI is higher than the CRI, there is a considerable sensitivity reduction. It was determined by 

simulation and experimentally demonstrated that LPFGs coated with a high refractive index thin film induces changes on 

the typical LPFGs spectral characteristics [13–15]. 

In this work, a femtosecond laser direct writing system was developed to fabricate LPFGs in SMF-28e fibres. Then, the 

LPFGs annealing treatment was realized to stabilize their spectra for the deposition of TiO2 coatings by physical vapour 

deposition (PVD) process. The whole process used in the fabrication, deposition, and characterization of the LPFGs is 

described. The LPFGs were coated with a TiO2 thin film, and the spectral behaviour to variations of the SRI greater and 

lesser than the CRI was measured and analysed. The experimental results show that coating femtosecond laser direct 

writing LPFGs with TiO2 improve their performance. 

2. MATERIALS AND METHODS 

The fabrication of LPFGs inside a standard single mode optical fiber (SMF-28e, Corning) through localized RI 

modifications was performed with a femtosecond laser direct writing system. The writing system uses a femtosecond fiber 

amplified laser (Satsuma HP, from Amplitude Systèmes), emitting a 2nd harmonic beam at 515 nm with a pulse duration 

of ~250 fs at 500 kHz. The linearly polarized beam was adjusted to be parallel concerning the scanning direction and 

focused inside the fiber core with a 0.55 NA aspherical lens (New-Focus 5722-A-H). The writing lens is mounted in the 

Y (Newport (M-)ILS150CC) and Z (Newport VP-25XA) precision linear stages, which allows motion in the direction 

transversal to the fiber axis and the beam propagation direction, respectively. Before writing, the optical fiber coating was 

removed around the writing section and mounted on an X air-bearing linear stages (ABL10100-LN), customized with a 3-

axis optical fiber positioner holder, providing a scanning direction parallel to the fiber axis. The precise positioning of the 

grating on the fiber core is realized through the writing lens image, acquired with the CCD camera. The real-time 

monitoring and the adjustment of the fabrication tension (1 N) are possible due to a load cell (Interface SML series) 

previously calibrated. The control of the writing parameters of the LPFGs structures was performed by homemade 

LabVIEW software, which was optimized for the LPFGs fabrication, allowing design flexibility 9. For writing the LPFGs, 

the laser gate was externally controlled by a periodic square time function with a duty cycle of 50 % generated by a 

synthesized function generator (DS345, Stanford Research Systems). This simple arrangement allows the automatic 

writing of LPFGs by simply translating the optical fiber at a constant velocity, along X, with the signal modulation turned 

on. The LPFGs were fabricated with a 140 nJ pulse energy, 50 μm/s scan velocity, 2.5 cm of length, a refractive index 

modulation period of 372.5 μm, fiber tension of 1 N, and the writing beam polarization aligned with the scanning direction. 

The spectral characteristics of the LPFGs during the fabrication process was monitored with a customized setup. Thus, the 

broad spectrum of a halogen lamp signal transmitted in the grating was measured with the Optical Spectrum Analyzer 

(OSA, ANDO AQ-6315B) without polarization control from 1000 nm to 1700 nm with a 10 nm resolution. All spectra are 

normalized to the transmitted spectrum of the light source. A temperature characterization setup was therefore mounted to 

annealing the LPFGs after the fabrication. The LPFGs were placed in a tubular oven (Termolab, Portugal), and annealed 

at constant temperature (300 °C), for a dwell time of 25 minutes 9. 

Titanium dioxide films 30, and 60 nm thick were produced around the grating region by thermal evaporation of pure 

titanium in a controlled oxygen atmosphere using an electron beam evaporator Auto 306 (Edwards Ltd, U.K.). The 

equipment is fitted with a homemade rotary system positioned in the vacuum chamber in order to rotate the LPFGs. The 

rotation velocity was set to 5 rpm, a value which was found to produce homogeneous thin films around the cylindrical 

fibres, for the range of TiO2 thicknesses used in this work. A quartz micro balance model FTM5 (Edwards Ltd., U.K.) 

gives the value of film thickness deposited on a flat substrate in order to calibrate the deposition process 16. The LPFGs 

before and after the deposition of the thin film were characterized in SRI measurements. The SRI characterization was 

realized with a set of RI calibrated oils (Cargille-Sacher Laboratories Inc., N.J., U.S.A.), varied from 1.3000 to 1.6400. 

The grating region was introduced at the glass V-groove, parallel aligned to the fiber axis, and previously prepared with 

the oil sample to be tested. After each measurement, both optical fiber and the V-groove were cleaned with acetone to 

avoid contamination to the next oil sample. In the characterization, the optical fiber was stretched with an axial tension 

produced by a weight of 5.8 g. Besides, the broadband light source (BBS, model ASE2000) signal transmitted in the grating 

was measured with the OSA (model Yokogawa AQ6370D) without polarization control from 1200 nm to 1700 nm with a 



 

 
 

 

 

 

2 nm resolution. All spectra are normalized to the transmitted spectrum of the light source. The described processes are 

illustrated in Figure 1. 

 

Figure 1. Schematic illustration of the fabrication, coating, and characterization processes of LPFGs. 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

The transmission spectrums corresponding to the LP1,6 cladding mode of three LPFGs, from 1425 to 1575 nm, uncoated 

(bare) and coated with a 30 and 60 nm thick TiO2 films with air (RI = 1.000) as the SRI are showed in Figure 2. 

 

Figure 2. Transmission spectra of the LPFGs, bare and coated with 30 and 60 nm thick TiO2 films, in the air (RI = 1.000). 



 

 
 

 

 

 

The coating of the LPFGs with 30 and 60 nm thick TiO2 films, leads to a shift to shorter wavelengths of the attenuation 

band of about 4.06 and 7.93 nm, respectively and a decrease of the resonance amplitude, as shown in Figure 3. This 

behaviour is consistent with the results presented in the literature, for the LPFGs fabricated by the electric arc technique 

SMF28 fiber, and coated with TiO2 16. The wavelength and amplitude of the attenuation band depend on the effective 

refractive index of the cladding modes, which in turn depend on the SRI. The thin film induces a re-distribution of the 

cladding modes that leads to wavelength shift and amplitude intensity variation of the attenuation bands. The transmission 

spectra of a bare, 30 and 60 nm thick TiO2 coated LPFGs were measured for SRI in the range 1.0000 to 1.6400, and the 

recorded spectrums presented in Figure 3 (a) and (b) for the LP1,6 and LP1,7 cladding modes. For clearness, the spectra 

corresponding to a few SRI values are not shown. 

 

Figure 3. LPFGs transmission spectra (LP1,6 and LP1,7 cladding modes) for several values of the SRI, for: (a) uncoated, and 

(b) coated with 30 nm thick TiO2 film. 

As the SRI increase from 1.0000 to 1.4520 RIU, the resonance wavelength is gradually blue-shifted, and the intensity loss 

decrease. However, for SRI higher than the CRI (1.4570), the coated LPFG presents a resonance wavelength shift and 

intensity loss increase, while the bare LPFG present an intensity loss increase, and is wavelength-independent. The 

normalized wavelength shift, and the optical power variation to the initial values (RI = 1.000) as a function of the SRI, 

from 1.3000 to1.6400, are shown in Figure 4 (a) and (b), for the LPFGs uncoated and coated with 30 and 60 nm thick TiO2 

films, respectively. 

 

Figure 4. LPFGs uncoated, and coated with 30 and 60 nm thick TiO2 films: (a) normalized wavelength shift (b), and optical 

power variation as a function of SRI. 

It must be noticed that for SRI values from 1.300 to 1.400, characteristic of many biological materials 16, the normalized 

wavelength shift is higher for the TiO2 coated LPFGs. This is, the higher the film thickness, the higher is the wavelength 

shift. In this range, a bare LPFG provides very low sensitivity. In addition, for SRI greater than the CRI, the attenuation 
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bands shift to higher wavelengths, and an increase in the attenuation bands is observed. This behaviour is similar for bare 

and coated LPFGs. However, the wavelength shift with the SRI is much more noticeable for the coated LPFG due to the 

higher effective index of the modified cladding layer. The bare LPFG is wavelength insensitive to SRI variations above 

the CRI, as demonstrated, 16. 

The first derivative of the data plotted in Figure 4 (a) and (b) were calculated, to assess the wavelength and intensity 

sensitivities. The results are shown in Figure 5 (a), (b) and (c). 

 

 

Figure 5. Wavelength sensitivity for (a) LP1,6 and (b) LP1,7 cladding modes and (c) optical power sensitivity of the LPFGs 

uncoated, and coated with 30 and 60 nm thick TiO2 films. 

It was observed that the sensitivity increases for higher TiO2 coating thickness being possible to choose the film thickness 

according to the SRI that needs to be measured. For example, from 1.3400 to 1.3700 RI range, the average normalized 

wavelength shift is lower than 60 nm/RIU for the bare LPFG, and ~570 nm/RIU for the LPFG coated with 60 nm TiO2, as 

shown in Figure 5 (a). For SRI values higher than the cladding refractive index, a sensitivity over ~3000 nm/RIU was 

determined for 30 nm of TiO2 thick film, as shown in Figure 5 (b). From Figure 5 (c) it can be observed a region where a 

linear fit was obtained for SRI smaller that the CRI, which enables the use of the intensity power variation to measure the 

SRI variation. However, a limited range of SRI values can be accessed with a bare LPFG. Small optical power changes 

were verified up to 1.4400. Between this value and 1.4560, a variation of ~9 dB was measured. For 30 nm of TiO2, the 

LPFG is useful from 1.310 to 1.432, where the optical power variation is a quasi-linear function of the SRI, with a range 

of ~10 dB. Moreover, from Fig. 5 (c) values as high as 50 and 120 dB/RIU at 1.320 and 1.420, respectively, can be obtained 

by choosing the proper film thickness. A limited range of SRI values can be accessed by using the optical power variation 

with a bare LPFG. 
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4. CONCLUSIONS  

LPFGs were fabricated in an SMF-28e through fs-laser direct writing and coated with TiO2 thin films of different 

thicknesses. The coating of the fs-laser direct writing LPFGs with titanium dioxide improved their performance. Is was 

observed an increase of the wavelength and optical power sensitivities over broader ranges of SRI, including for values 

higher than the CRI. A limited range of SRI values can be accessed by using the optical power variation with a bare LPFG. 

Compared with the LPFGs fabricated by electric arc discharge, and coated with 60 nm of TiO2, where a sensitivity of 

525 nm/RIU at 1.3600 was reported [16, 17], the fs-laser fabricated LPFGs, and also coated with 60 nm of TiO2 presented 

in this work has higher sensitivity, reaching values of ~570 nm/RIU at 1.3600. For SRI values higher than the cladding 

refractive index, a sensitivity over ~3000 nm/RIU was determined for 30 nm of TiO2 thick film, a region where the bare 

LPFGs are useless. For 30 nm of TiO2, the LPFG is useful from 1.3100 to 1.4320, where the optical power shift is a quasi-

linear function of the SRI, with a range of ~10 dB. Given the preliminary results presented, further research is necessary 

to improve the performance of such fibre based sensors, for instance, optimization of the TiO2 thickness for a specific SRI 

range is still to be done, as well as a more thorough optical characterization. 
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