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Abstract: We demonstrate chirped Bragg gratings fabrication in doped microstructured
tapered polymer fibers by using a uniform phase mask. The use of high photosensitive benzyl
dimethyl ketal (BDK) doped core fiber allows to obtain chirped Bragg gratings by means of a
single krypton fluoride laser pulse. The stability of the gratings has been confirmed and the
strain and temperature sensitivity measurements demonstrate their tunable properties. Finally,
different tapered profiles have been implemented in order to show the potentiality of this
fabrication technique in polymer optical fibers.
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1. Introduction

Chirped Bragg gratings are promising devices in optical fiber technology due to their well-
known applications such as dispersion compensation [1], beam forming [2], microwave
photonics filtering [3] and a variety of sensing applications [4, 5]. Several different chirping
methodologies have been demonstrated in silica fiber. Previous works demonstrate chirped
gratings fabrication by using refractive index gradient [1], temperature gradient [6], strain
gradient [7] and also, varying the period of the grating [8]. Actually, the use of chirped phase
mask is the most convenient way to fabricate chirped Bragg gratings by a single exposure
process. This method offers high repeatability and easy implementation. However, fabricated
gratings are limited by the phase mask chirp and a number of phase masks are required to
fabricate gratings with different chirp parameters, which leads to an expensive technique.
Oppositely, chirped Bragg gratings irradiated under strain gradient offer flexibility since the
fiber is subjected under strain which is modified during the UV beam scanning and therefore,
the chirp parameter can be accurately controlled [7]. Furthermore, non-uniform fiber diameter
is obtained by tapering the fiber and applied strain results in a strain gradient. Consequently,
different chirp parameters can be obtained by accurately control of the etching process [9].

Polymer optical fibers (POFs) have some advantages compared to silica fibers, such as a
lower Young’s modulus, a higher thermo-optic coefficient and a larger elongation before
breakage which are exploited in a large variety of applications in sensing and
telecommunications field [10-13]. Fabrication of polymer optical fiber Bragg gratings
(POFBGs) is under research during the last two decades where recent achievements include
uniform fiber Bragg gratings (FBGs) [10], birefringent Bragg gratings [14], tilted fiber Bragg
gratings [15] and phase-shifted grating [16]. Unlike chirped Bragg gratings fabrication in
silica fiber is a mature technology, chirped gratings in POFs are still a challenge. In 2005, a
simple method based on axial tension and uniform heating was theoretically proposed to
obtain linearly chirped Bragg gratings in POF tapers [17]. However, the first chirped POFBG
was successfully fabricated by using a chirped phase mask in 2017 [18]. Nevertheless, this
latter result was obtained by using special phase masks, leading to expensive and fixed
fabrication parameters. Flexible fabrication techniques based on uniform phase masks are
then required to be adopted as mass production of these optical components for different
applications.
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Regarding the UV-induced refractive index change in POF, high photosensitivity benzyl
dimethyl ketal (BDK) doped microstructured POFs (mPOFs) have been recently reported
[19,20]. The use of 248 nm UV pulsed laser system has been proposed to obtain the shortest
time Bragg gratings fabrication with a single pulse Bragg gratings fabrication in doped fibers
[21] and with few pulses using undoped fibers [22].

To the best of our knowledge, in this paper we present the first chirped Bragg grating in
POF fabricated by using a uniform phase mask. Tapered optical fibers in the grating segment
are employed in combination with strain in order to obtain tunable chirped Bragg gratings in
microstructured BDK core doped POF.

2. Basics of chirped Bragg grating using tapered fibers

Considering a grating written in a tapered fiber with radius profile » (z) under external tension
F along the fiber axis. The Bragg wavelength, A, shifts 443 (z) at z position, which can be
calculated as [9]:
84, (2)
A’B

=(1-p,) (1)

Er (z)2
where E is Young’s modulus and p, =0.04 is the photoelastic constant for polymer material.

As a result, the inscription of a Bragg grating using a phase mask with uniform period leads to
a chirped grating with a chirp profile given by the radius profile of the taper and the tension
applied to the fiber during fabrication. The Bragg wavelength along the grating is given by:

A (2) =25 (0)+-4, - f(2) ()

where A, (0) is the Bragg wavelength at z = 0 and A4, is the total chirp of the grating. The

chirp function of the chirped gratings f (z) and the fiber radius r (z) are related by the
following expression [9]:
r(0)r(L
JIrO7 =r(L)? ] £ (z/ L) +r(Ly

where L is the grating length. Therefore, by accurate control of r (z), it is easy to obtain
various chirped grating profiles when the external tension is applied.

3. Experimental chirped fiber Bragg gratings using etched technology

All fibers used in this work were pre-annealed at 70°C for 12 hours, to remove any residual
stresses created during the drawing process and also to remove possible twists present on it.
Each fiber sample (long POF pieces up to 20 cm) were cleaved using a portable cleaver [23]
and attached to demountable FC/PC connectors in order to simplify the interrogation of the
POFBG. The use of tapered POFs to fabricate Bragg gratings with high performance utilizing
the material changes exhibited in the POF due to etching process was well demonstrated in
[24]. Pure acetone can be efficiently used to remove the cladding of PMMA POF. Two
different POFs were used: a) PMMA mPOF with a three-ring cladding microstructure and
BDK doped core close to endlessly single-mode (Fiber 1) [19] and b) Endlessly single-mode
PMMA mPOF with BDK produced using the selected center hole doping technique (Fiber 2)
[20]. Fiber 1 shows an average hole diameter and pitch of 1.74 pm and 3.7 um respectively,
with the external and core diameter of 130 um and 8 um, respectively. The ratio of the hole
diameter to the pitch was calculated to be 0.47, therefore, the fiber could have either a single
or a few modes, depending on the wavelength. Fiber 2 has the average hole diameter and
pitch of 1.5 um and 3.79 um, respectively. Thus, the ratio of the hole diameter to the pitch
was calculated to be 0.4, confirming that the mPOF is endlessly single-mode [20]. The
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diameters of the core and the cladding are 6 pm and 150 um, respectively. Each piece of fiber
used in this work was tilted and immersed in a container full of acetone in order to get
different radius along the fiber based on the volatile property of acetone (see Fig. 1(a)). The
etching time depends on the required cladding thickness [25]. Figure 1(b) shows an example
of linearly tapered fiber with L =1 cm, r (0) = 64 um and » (L) = 55 um. Due to the limited of
microscope sight, here we just show a part of L, instead of the total length.

I R

Fig. 1. (a) Photograph of acetone container, (b) Linearly tapered fiber profile showing a part of
L.

A Coherent Bragg Star Industrial-LN krypton fluoride (KrF) excimer laser system
operating at 248 nm wavelength was employed for the chirped Bragg grating inscription with
a 2.5 mJ energy per pulse. The laser beam profile was measured as a rectangular Tophat
function of 6.0 x 1.5 mm® size and divergence 2 x 1 mrad”. The laser beam is focused in the
fiber core utilizing a plano-convex cylindrical lens (Newport CSX200AR.10) with effective
focal length of 200.0 mm. The effective spot size of the beam on the fiber surface is 16.0 mm
in width and 32.4 um in height. For the grating inscription, we used the typical phase mask
technique as depicted in Fig. 2. A 10 mm long uniform phase mask, which defines the
physical length of the grating structure, of 567.8 nm period was employed in the setup and the
grating is subjected to 1% strain during fabrication. The reflected optical power by the FBG
was monitored during irradiation by employing a super luminescent diode (Superlum SLD-
371-HP1) and an optical spectrum analyzer (Yokogawa AQ6373B) with 0.02 nm resolution
bandwidth. A cross-section image of the Fiber 1 is shown in inset of Fig. 2.
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i

Fiber

Fig. 2. (a) Experimental setup for chirped Bragg grating inscription based on uniform phase
mask. Inset: mPOF cross-section (Fiber 1).

Figure 3 shows the 1 cm long grating response of Fiber 1 just after fabrication where a
0.26 nm chirp was created due to 1% strain applied to the 1 cm long linear taper where initial
and final diameter are 128 um and 110 pum, respectively, being (» (0) = 64 um and » (L) = 55
um), which leads to a taper of 9 pm/cm. Figure 3 also shows a uniform Bragg grating with
the sake of comparing it with the chirped grating obtained under 1.0% strain. We can observe
that the uniform Bragg grating, fabricated on a not tapered optical fiber piece under 1% strain,
reflects a narrower and stronger bandpass compared with the chirped one [26]. The higher
bandwidth of the chirped grating is directly related with the linear variation of the period
since the resonance condition occurs for various wavelengths, resulting in a grating with a
bandwidth much higher than conventional FBGs.
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Fig. 3. Reflected optical power by the FBG fabricated on a 1% strained tapered fiber section
obtaining a chirped FBG. Also, reflected spectrum of a uniform FBG for comparison with
chirped grating after irradiation.

It shall be noted that the method used in this work is applying tension to the fiber during
the inscription process. The grating is chirped during inscription due to the stress-optic effect
caused by the strain gradient along the fiber. When the tension is removed, the chirp due to
the stress-optic effect disappears, but another chirp is developed as different parts of the taper
relax differently from the initial strain gradient. The same phenomenon occurs using tapered
silica fibers [27]. Using this method presented here, the chirped grating can be packaged as
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strain-free. It can create a larger chirp (than the method with no strain applied) for the same
applied strain level, because the stress-optic effect has an opposite sign to the lengthening
effect, and a chirp cancellation occurs.

Then, after two minutes of the fabrication we increase the strain to demonstrate the
stability of the chirped grating. Figure 4 shows the spectrum of the reflected power when
1.3% strain was applied; the initial bandwidth was 0.7 nm (see red line in Fig. 4 (a)) but it
increased up to 1.25 nm in 160 s (see blue line in Fig. 4(a)) due to the photosensitivity
increase of BDK doped fiber, similar to post growth performance described in [21]. Figure
4(b) shows the chirped POFBG reflected bandwidth response evolution in time. From Fig. 4
we can notice a slight instability of the response over the time and it shall be noted that this
results were collected after two minutes of the fabrication where the grating is in growing and
spectral stabilization process [21]. The time to reach stability was around 280 s and the
temporal stability in this case affects the bandwidth, but surprisingly not the reflected power
[21]. So far it is still not clear about the mechanism. But we do believe that the thermal stress
induced by UV irradiation in POF plays an important role. The thermal stress might induce
the refractive index change with an opposite sign of that induced by UV photoreactions to the
polymer fiber. The polymer FBG becomes stable when the thermal stress is completely
relaxed. After this, the grating presents high level of stability for a long time (controlling the
environmental room conditions).

a b
@ 60 5, ( )716
£ g
g -65 " S12 B > A
= \ 3 . *
3 -70 z e
£ A 208
g -75 m
3 Y E 04
% -80 ‘ i
~ g 3
[ £ Sl ~
85 ! gt i 0
844 8445 84S 8455 846  846.5 100 150 200 250 300 350 400

Wavelength [nm] Time [second]

Fig. 4. (a) Reflected power by chirped POFBG (Fiber 1) under 1.3% strain two minutes after
irradiation. (b) Chirped POFBG optical bandwidth response vs time during 360 seconds.

4. Strain and temperature response of chirped fiber Bragg grating

After the previous experiment, we released the strain and the resonance shifted to 835 nm
with 1.6 nm bandwidth as displayed in Fig. 5(a). Similar performance happens in tapers
fabrication using silica fibers where the strain gradient is formed along the grating when the
fiber is held under tension producing a varying shift in the periodic refractive index and
consequently, results in a tunable chirped grating [28]. As long as the strain is increased, the
POFBG reflected spectral bandpass narrows up to 1% strain condition (irradiation was carried
out under 1% strain) whereas additional strain causes a central wavelength shift to longer
wavelengths as well as broader bandwidths, as shown in Fig. 5(a). Figures 5(b) and 5(c) show
the spectral response of two gratings fabricated in two different tapered sections of Fiber 1
with r (0) = 63 um and r (L) =59 pm (taper of 4 pm/cm) and » (0) = 64 pm and (L) =50 pm
(taper of 14 pm/cm), respectively, under different strain conditions. The grating in Fig. 5(b)
shows a narrower bandwidth than the one depicted in Fig. 3. Only 0.5 nm bandwidth is
observed after the strain release whereas 1 nm bandwidth is measured under 1.65% strain.
However, the grating in Fig. 5(c) shows a 2.6 nm bandwidth under 1.50% strain which is
broader than others due to the strong tapered profile also showing a high strain sensitivity
[27]. It shall be noted that the deep peak in reflected bandwidth of chirped fiber Bragg grating
under 1.50% strain (see Fig. 6(c)) is due to some mismatch in the position of the grating
respect to the tapered section, which will become more clear with strain increase. An accurate
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and smooth control of such strong tapered profiles is required by using expensive and high
resolution setup.
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Fig. 5. Chirped FBG tunability by using strain on different tapers: (a) 9um/cm, (b) 4pum/cm, (c)
14pm/cm.

The recoverability of the grating with r (0) = 63 pm and r (L) = 59 pm has been examined
through the strain increasing and decreasing processes. In the experiment, the strain was
gradually applied to the grating up to 1.65% and then slowly decreased to zero strain. Judging
from the variation of the resonance wavelengths and the peak intensities of the grating during
the increasing-decreasing experiment, hysteresis is observed in the resonance wavelength and
intensity as displayed in Fig. 6. Figures 6(a) shows a maximum variation of 4.7 dB of the
peak intensities during the increasing-decreasing experiments, observed at a strain of 0.75%.
Figures 7(b) shows the maximum resonance wavelength change, around 0.5 nm, which is
achieved at a strain of 0.3%. Also, Fig. 6(b) shows the chirped POFBG response as a function
of the strain and an average sensitivity of 0.71 = 0.02 pm/pe is achieved. The reflected
bandwidth vs strain is shown in Fig. 6(c), and indicates a great potential to explore when large
strain is applied to the chirped POFBG.
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Fig. 6. Strain increasing-decreasing cycle of chirped POFBG (Fiber 1): (a) reflected peak
power, (b) resonance wavelength and (c) reflected bandwidth.

A tapered section of Fiber 2 [20] with  (0) = 66.5 pm and » (L) = 61 pm was irradiated to
produce chirped POFBGs with the same conditions presented in previous cases. The results
under different strains are shown in Fig. 7(a) and indicate that etching technology for chirped
POFBGs fabrication can be explored using POFs with different characteristics such as fiber
diameter. From Fig. 7(a) we can also achieve a high sensitivity level. The bandwidths of three
different tapered samples (with both fiber types) are shown in Fig. 7(b), indicating that
stronger tapers lead to broader bandwidths.
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Fig. 7. (a) Reflected power spectrum of a 5.5 um/cm tapered chirped Bragg grating under
different strain using Fiber 2, (b) 3dB bandwidth of POFBG using three different tapered
samples vs strain.

A chirped POFBG based on Fiber 1 was placed in the climatic chamber (Angelantoni
Industrie CH340) with 50% humidity under varying temperature values. The temperature was
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N

increased from 22 °C to 52 °C with steps of 5 °C and each temperature value was held during
10 minutes. Figure 8(a) shows the chirped POFBG response as a function of the temperature
and a sensitivity of —56.7 pm/°C is achieved (see Fig. 8(b)). Regarding to reflected bandwidth
response, it keeps close to stable as shown in Fig. 8(c).
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the temperature, (b) Central wavelength vs temperature under 1.6% strain, (c) Reflected 3 dB
bandwidth vs temperature under 1.6% strain.

Figure 9(a) shows the grating stability under two-hours monitoring in the second day after
fabrication. The grating shows a stable response with less than 1.5 dB decrease in reflected
power. Also Fig. 9(b) shows the same grating one week later and the measurement confirms
the stability of the spectral profile and strength although higher level of noise was measured
due to significant connectorization losses. A shift of 0.5 nm is observed which can be
attributed to random changes in environmental conditions, such as temperature and air
humidity variations, being responsible for the observed drift of the Bragg peaks positions
within £ 0.5 nm margin.
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Research Article Vol. 26, No. 4 | 19 Feb 2018 | OPTICS EXPRESS 4420

Optics EXPRESS

5. Conclusion

We demonstrated the fabrication of tunable chirped Bragg gratings in polymer optical fiber
using a uniform phase mask for the first time to our knowledge. Chirped POFBGs fabricated
with different tapered profiles indicate the potentiality of this method. The strain and
temperature sensitivity measurements demonstrate their tunability properties. By proper
etching of the section we obtained 2.6 nm reflected bandwidth under 1.50% strain, and
stronger tapered profiles would lead to chirped POFBGs with broader bandwidths. This work
paves the way for different photonics applications of chirped fiber Bragg grating in POF.
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