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Abstract: We obtained chirped gratings by performing hot water gradient thermal annealing
of uniform poly (methylmethacrylate) (PMMA) microstructured polymer optical fiber Bragg
gratings (POFBGs). The proposed method’s simplicity is one of its main advantages because
no special phase mask or additional etching are needed. It not only enables easy control
tuning of the central wavelength and chirp characteristics, but it also leads to obtain flexible
grating response, compared with tapered chirped POFBGs. Therefore, a flexible and low-cost
chirped POFBG devices fabrication technique has been presented by using a single uniform
phase mask.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Polymer optical fibers (POFs) bring new opportunities for fiber Bragg grating (FBG) devices
due to a lower Young’s modulus and a larger range of applying strain [1]. Furthermore, POFs
are ideal candidates for bio-sensing applications [2—5] due to their flexibility in bending,
biocompatibility and non-brittle nature. Since the first polymer optical fiber Bragg grating
(POFBG) was reported in 1999 [6], different polymer materials are used for FBG fabrication
with specific purposes, such as low attenuation CYTOP [7], high temperature resistance and
humidity insensitive Zeonex [8], polycarbonate [9], TOPAS [10], and mixtures thereof [11].
However, poly (methyl methacrylate) (PMMA) is the most common material for Bragg
grating devices [1,6].

POFBGs are usually obtained using the phase mask technology, which is a simple and
reliable method. However, the phase mask can only inscribe gratings with a given period, i.e.,
with a specific Bragg wavelength, whereas a Bragg grating centered at a different wavelength
requires a new phase mask with another pitch value or using additional techniques, such as
post-annealing [12], shown to provide a 230 nm tuning range [13], or straining the POF
during FBG writing, shown to provide a 12 nm tuning range [14]. At the same time, non-
uniform devices, such as chirped FBGs (CFBG) are attractive for other applications, such as
dispersion compensation [15] and biomedical sensing [16], where POF materials show huge
advantages compared with silica fibers, such as a lower Young’s modulus, higher
sensitivities, and biocompatibility and biodegradability [17]. In 2005, CFBGs in POF were
proposed for the first time by Liu et al [18] based on taper technology. Recently, the first
CFBG in POF was fabricated by using chirped phase mask technology [19], whereas tunable
POF CFBGs have been obtained using taper technology [20] for a variety of applications,
such as bio-medical thermal detection [21] or variable delay lines [22]. The use of a chirped
phase mask is expensive and not flexible, whereas taper technology needs accurate tapering
process and chirp characteristic changes with strain.
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Recently, Woyessa et al [13] reported the effect of the relativity humidity (RH) during
annealing on the properties of PMMA based POFBGs. Such effect is due to the fact that
water acts as plasticizer for PMMA and lowers its glass transition temperature (Tg). Fasano
et al [23] investigated the effect of PMMA based POFBGs immersion in methanol/water
solutions at room temperature, and a clear permanent wavelength blue shift was obtained after
several hours although sealed conditions are required due to fast evaporation of methanol.
Pospori et al [24] reported a novel thermal annealing methodology for tuning POFBGs to
longer wavelengths based on stretching the optical fiber with 1% or 2% strain during the
annealing process. This annealing employs hot water without a high accurate temperature
control, and the same research group also demonstrated [25] that annealing under 55°C and
60 °C temperature water can also enhance the stress and force sensitivities of Bragg gratings
in POF with different response time. This effect can be explained as molecular relaxation of
the polymer when the fiber material temperature is raised above the -transition temperature
[26]. All these works [13,23-25] focus on permanent wavelength shift of uniform POFBG.

In this paper, we propose to produce permanent CFBGs by applying gradient thermal
annealing to uniform POFBG which reduces the overall cost for fabricating POF CFBGs and
leads to obtain flexible gratings response compared with strain tapered POF CFBG [20] or
chirped phase mask fabrication techniques.

2. Polymer optical fiber Bragg grating fabrication

POFBGs were inscribed using a 248 nm KrF (Coherent Bragg Star Industrial-LN) laser
system emitting 15 ns duration pulses. The fiber was an endlessly single-mode BDK-doped
PMMA mPOF [27] which was fabricated in DTU Fotonik with the center hole doping
technique. Before using the fiber, it was annealed with 55 °C hot water [25] for 10 mins.
Details about the fabrication setup, POF cleaving and connection between POF and silica
fiber for testing can be found in [28,29]. A uniform phase mask with 567.8 nm period was
used to fabricate a 10 mm long FBG at 850 nm wavelength region. Figure 1 shows a uniform
FBG reflected power spectrum after irradiation with a single pulse (15 ns of duration).
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Fig. 1. Reflected spectral power of a 10 mm long uniform FBG inscribed by a single 15 ns
pulse.

3. Gradient thermal annealing

The setup employed for thermal annealing is shown in Fig. 2(a) where a uniform POF grating
is immersed in a container (height: 2 cm, radius 6.5 cm) filled with water (~1.4 cm height). A
hot plate was used to control the temperature of the water, which was monitored by a multi-
function standard CEM DT-8820 environment meter. The sensor probe was immersed in the
hot water and attached to the move stage, which controls the distance from the hot plate of
each measurement. The reflected spectral power of the grating was monitored by a super
luminescent diode (Superlum SLD-371) and an optical spectrum analyzer (AQ6373B)
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connected by using a silica optical fiber circulator (Thorlabs TW850R5A1). Figure 2(b)
shows the temperature of the water measured at different depths of the container by moving
the stage attached to the temperature sensor. As expected, the water heating by a hot plate was
linear with the water depth (the temperature in the container showed a decrease of 0.23 + 0.02
°C/mm from the bottom hot plate). In order to get uniform thermal annealing of the POFBG
with a uniform temperature, the grating must be kept parallel to the hot plate, as shown in Fig.

2(a).
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Fig. 2. (a) Experimental setup for annealing POFBG, (b) Temperature vs hot water depth in the
container.

Figure 3(a) shows the Bragg wavelength shift during the annealing process with 52.5 +
1.0 °C (grating part in ~12 mm depth of hot water). From Fig. 3(a), we can notice that the
central wavelength of the grating shifts about 14 nm when the grating is brought out from the
hot water after 90 mins immersion, compared to the response before immersing showing
similar behavior than reported by Pospori et al [25] where a uniform FBG was annealed in
hot water at 55 °C and 60 °C. After that, we observed that the wavelength shift was stable
after 10 mins, according to stability of gratings response under humidity conditions [30]. The
bandwidth of the grating evolution is also plotted in Fig. 3(a). Just after immersing in hot
water, the reflected power and the bandwidth increased during the first ~4 mins, then kept
considerably stable, and the reflected spectrum bandwidth remained stable during annealing
(Fig. 3(b)), similar performance reported in [31]. After this process, both the wavelength and
the reflected spectrum was stable after thermal annealing, as was checked after 5 days. The
wavelength shift is due to the complex heterogeneous nature of fiber shrinkage and molecular
relaxation [25]. Stajanca et al [26] also reported it under higher temperature, where the Bragg
wavelength shift followed a more stretched exponential decay.
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Fig. 3. Measurements during uniform annealing: (a) POFBG central wavelength and
bandwidth, (b) Reflected spectral power.

Next experiment aims to use the benefits of gradient temperature in a hot water container
with a hot plate at the bottom. Figure 4 shows the experimental setup for gradient thermal
annealing where one magnet was used to fix the POF to the bottom of the container so the
grating was immersed in the hot water at an angle of 45°, chosen to avoid damage of the fiber
due to strong curvatures at steeper angles. As shown in Fig. 2(b), the linear temperature
change with height in the container is 0.23 £ 0.02 °C/mm, so the temperature varies along the
grating with 0.17 £ 0.02 °C/mm when the fiber was oriented at 45° angle direction.

The temperature at the bottom of the container was 55.2 + 1 °C whereas 51.5 = 1 °C was
measured at the top (see Fig. 2(b)). Figure 5 plots the central wavelength shift with time of
another FBG, similarly to Fig. 3, but showing larger wavelength shift due to higher
temperature at the bottom of the container, as shown in Fig. 2(b). It is important to note that
since the chirped gratings presented here and in the following have an asymmetric reflection
spectrum, we define the Bragg wavelength as the center between the recorded outer edges,
defined as the first minima (see marker points in Fig. 3(b)). The measurements confirm that
chirped performance is obtained as Fig. 5(b) shows that the bandwidth increases from 0.3 nm
to ~1.1 nm, which is more than twice the bandwidth obtained with uniform annealing in Fig.
3(a). But after ~20 minutes, although the central wavelength continued to decrease, the
bandwidth stopped increasing with time.
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Fig. 4. Experimental setup for gradient thermal annealing.
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Fig. 5. Measurements during gradient annealing: (a) POFBG central wavelength shift and
bandwidth, (b) Reflected spectral power.

However, the obtained chirp was somewhat limited due to the limitation in the gradient
thermal annealing setup, which offered ~3 °C difference along the water container. In the
following, we proposed a new method for enhanced gradient thermal annealing also based on
hot water, as depicted in Fig. 6. In this case, only a 4 mm section of the POFBG was
immersed in the water, whereas the rest of the grating (the total POFBG length was 10 mm)
was kept outside the water. Despite the room temperature was 22 °C, the area close to the hot
water container would be larger but much lower than 55 + 1 °C, and therefore, a higher
gradient thermal annealing was obtained when compared to the fully immersed grating in hot
water. Figure 7 shows the obtained results with different gratings (#1, #2 and #3) under
different annealing periods. Figures 7(a) and 7(c) show the spectra obtained after up to 40 s
and 155 s annealing time, respectively, showing the bandwidth increases with time, with
larger values than obtained in Fig. 5(a). In Fig. 7(b) and Fig. 7(d) we can observe bandwidths
around 1.75 nm in ~40 s and 5.5 nm in ~150 s, which lead to group delay dispersion (GDD)
values of 56.5 and 18 ps/nm, respectively, in a lcm long grating. Once the desired chirp is
achieved, the grating is brought out from hot water, although the bandwidth of the grating
continued to slightly increase up to 5% as shown in Fig. 7(a). It can be considered as still
having a small thermal annealing effect just after bringing it out from hot water, and then was
stable afterwards. Also, the wavelength shifts 1.5 £ 0.3 nm towards the blue wavelength, as
shown in Fig. 3(a), according to uniform polymer FBG response after annealing with hot
water [25] whereas the bandwidth keeps roughly similar. Figures 7(e) and 7(f) show the
results of another experiment (Grating 3) with longer annealing time of 510 s where the
grating chirp reached 11 nm bandwidth once the grating was brought out from the water with
stable behavior. Of course, the specific structure of the chirped grating, i.e. reflected
spectrum, depends on the actual thermal gradient over the fiber, and therefore, fine control of
the grating position relative to the water surface is required. Further work is currently being
done on the time delay characterization of the chirped gratings to learn about the actual
structure in order to optimize the method for obtaining chirped gratings with flat spectral
response.
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Fig. 7. POFBG under strong gradient annealing: Grating #1: (a) Reflected spectral power (total
annealing time of 40 s), (b) Bandwidth vs time; Grating #2: (c) Reflected spectral power (total
annealing time of 155 s), (d) Bandwidth vs time; Grating #3: (e¢) Reflected spectral power once
the grating is brought out after 510 s annealing time, (d) Bandwidth vs time (total annealing
time of 510 s).
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4. Characterization of POF chirped FBG

In this section, we report the full characterization of the chirped POFBG obtained in Fig. 7(a)
in terms of temperature, strain and humidity. The temperature sensitivity was measured by
placing the grating on a Peltier plate, which contains a small v-groove and allows the
temperature control by an electronic temperature controller. Some silicone grease was used to
increase the temperature conduction. The central wavelength of the grating reflection
bandpass was measured every 10 mins during 60 mins when temperature was changed from
27 °C to 52°C in steps of 5°. The central wavelength shifts towards the blue wavelengths
about 3.2 nm (see Fig. 8(a)), which corresponds to a sensitivity around —0.106 + 0.005
nm/°C, a bit higher than reported for uniform POFBGs about (-0.077 £ 0.007 nm/°C) [14]
due to the different pre-annealing conditions. The reflected power of grating increased with
temperature, whereas the bandwidth and the spectrum were similar as shown in Fig. 8(b),
similar to the behavior shown by tapered CFBG under various temperature [20]. Although the
reflected spectral power showed a non-flat profile, differently than reported in [20], note that
the presence of peaks at both wavelength edges and, also, sharp slopes allow to provide
precise measurements of the grating bandwidth and central wavelength as required for
applications.
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Fig. 8. (a) Central wavelength shift (the center of the wavelength spacing between the first
minima (nulls)) vs time when temperature is changed. (b) Reflected spectra vs temperature.

In order to characterize the strain sensitivity of the chirped POFBG, a 15 c¢cm long fiber
containing the grating was placed on the X-Y-Z translation stage and fixed with glue between
two X-Y-Z stages spaced by a distance of 11.3 cm. The fiber was strained 0.18% step-by-step
awaiting 5 min between each step at room temperature. The evolution of the central
wavelength was monitored when the strain was changed from 0 to 1.44% and also, decreasing
it, as depicted in Fig. 9. A small hysteresis is observed in the resonance wavelength as shown
in Fig. 9(a). The bandwidth keeps stable during strain, which is a different performance
compared with tapered CFBG [20]. A wavelength shift of 11.6 nm was observed for the
applied 1.44% strain, which indicates a linear strain sensitivity of 8.05 £ 0.05 nm/%, similarly
to the results obtained with annealed PMMA mPOFBG at 850 nm spectral region [25].
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chirped POFBG. (b) Reflected Spectra vs strain.

Finally, the chirped POFBG was placed in the temperature chamber (Angelantoni
Industrie CH340) at a constant temperature of 22 °C and 30% of relative humidity (RH) to
perform the humidity characterization measurements. The RH was increased up to 90% in a
step of 20% RH with a stabilization period of 70 mins. The cycle can be observed in the Fig.
10(a) and the optical spectra evolution is shown in Fig. 10(b). The total wavelength shift was
1.5 nm and the sensitivity was calculated to be 0.025 + 0.005 nm/%RH, according to the
measurements shown in Fig. 10, the obtained result is similar to one obtained with annealed
phase-shifted PMMA mPOFBG at 850 nm spectral region [32].
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Fig. 10. (a). Central wavelength of the chirped grating vs time when humidity is changed. (b)
Reflected spectrum vs humidity.

5. Conclusion

We have demonstrated a new low cost fabrication technique of chirped POFBGs based on hot
water assisted gradient thermal annealing of uniform POFBGs. The proposed method is
simple since no special phase mask or additional etching process is needed, and it enables an
easy and flexible tuning of the wavelength and chirp performance with a permanent and
stable chirp characteristic. A chirp larger than 11 nm has been obtained for the first time in
less than 10 min. The central wavelength linearly changes with temperature, strain and
humidity whereas the bandwidth keeps stable, similar to CFBG response when a chirped
phase mask is employed for fabrication. Sensitivity measurements to external parameters
have been provided for future potential applications such as high resolution large bandwidth
thermal detection in bio-sensing and delay lines in microwave photonics subsystems.
Moreover, the use of liquids with different specific heat coefficients will also lead to
variations on the temperature gradient. In this way, investigations of different liquids and
temperature gradients will be considered as future work.
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