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Bragg Gratings Inscription in Highly
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Abstract— We report for the first time, the fast inscription of
high-quality Bragg gratings in highly birefringent microstruc-
tured polymer optical fibers by the phase mask method using
248-nm UV radiation. The fibers birefringence is created through
a special design of the structure of holes through the fiber.
A Bragg grating in these type of fibers allows the creation of
two reflection peaks, where the peak separation is related to the
phase birefringence.

Index Terms— Plastic optical fiber, Bragg gratings, optical
polarization.

I. INTRODUCTION

H IGHLY birefringent (HiBi) microstructured fibers are
a special type of fibers where the geometry imposes

two effective refractive index values, one for each of the
orthogonal axes. Compared to conventional polarization main-
taining (PM) fibers, birefringence arising from microstructural
asymmetries has several interesting features. Among them are
the higher birefringence that can be achieved [1], and the
relative temperature insensitivity, which is an important benefit
for sensing applications. To create this kind of fiber structure,
the symmetry of the hexagonal structure in the microstructured
cladding needs to be broken. The practical implementation of
this kind of structures in polymer optical fibers (POFs), is
easy to create with flexible technologies, namely drilling [2],
and preform casting [3]. Thus, different PM microstructured
polymer optical fibers (PM-mPOFs) have been created explor-
ing different properties, such as high birefringence in the
visible and near infrared (NIR) regions [2], [4], where the
fiber losses are acceptable for short length fiber devices.
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Fiber Bragg gratings (FBGs) written in HiBi silica fibers
have interesting properties involving the possibility to reflect
different wavelengths for each polarization mode. Therefore,
some applications have been proposed regarding its advan-
tages, such as in the sensing field [5], [6], and optical commu-
nications [7]. Thus, combining the Bragg grating technology
with PM-mPOFs can bring new opportunities due to the
special properties of the polymers related to silica.

In fact, POFs are mainly composed of polymethylmethacry-
late (PMMA), a material with a Young modulus thirty times
lower than silica [8]. Together with this feature, PMMA
has higher tensile strength, a higher thermo-optic coeffi-
cient [8], high water sorption capabilities [9] and biological
compatibility [10]. These advantages are attractive especially
the large Young modulus in which large strains can be imposed
in POFs without breaking the fiber.

To date, polymer fiber Bragg gratings (PFBGs), have
been written in different spectral windows, in doped,
undoped, step-index (SI) [11], mPOFs [11]–[13] and graded-
index (GI) POFs [14], with writing wavelengths near 325 nm.
Additionally the effects of the 325 nm UV radiation on the
birefringence, in different POFs, including an HiBi mPOF,
were already reported [15]. However, the tested HiBi POF has
a narrow PMMA core, due to the existence of two close large
holes. Therefore, the fiber does not allow light propagation
in the middle region of the core, instead, the propagation
is done as a dual core fiber. Furthermore, the results were
obtained with 325 nm UV radiation, where tens of minutes
are needed. Hence, a demand to improve such achievement is
still necessary.

It is known that for longer wavelengths the PMMA photo-
sensitivity decreases and, instead, going to shorter inscription
wavelengths will strongly increase its absorption [8]. For that
reason, recently our group was able to produce a Bragg grating
in a few mode mPOF with a 248 nm UV radiation, at low
fluence (I = 33 mJ/cm2) and low repetition rate (R = 1 Hz),
in a record time [16].

In this letter, the effective refractive index of the two polar-
ization modes, obtained from the simulation results, were used
to estimate the phase birefringence (Bphase) of two different
PM-mPOFs. The results show that the Bragg peak separation
of the two resonance wavelengths will be clearly seen in the
NIR region, due to the high Bphase obtained. Based on that,
and taking into account the high capabilities provided by the
248 nm UV radiation, we have successfully inscribed different
Bragg gratings in two different PM-mPOFs in that region in
a few seconds.
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Fig. 1. (a), (b), Microscope images of the PM-mPOFs, for
structure 1 ((a), (b)) and 2 ((g), (h)), with different magnifications;
(c), (i), refractive index profile of the drawn structures, 1 and 2 respectively,
where the blue regions refer to air and the red region to PMMA; (d), (j) is
the near-field image (@1550 nm) recorded at the output of the PM-mPOF
for the mPOF structure 1 and 2 respectively; simulated effective mode index
(@1550 nm), for the fast and slow axis of the: mPOF structure 1 ((e), (f))
and for the mPOF structure 2 ((k), (l)).

II. EXPERIMENTAL SETUP

The Bragg gratings were inscribed with a KrF Bragg Star
Industrial-LN excimer laser operating at 248 nm. The laser has
a beam spot of 6 mm in width and 1.5 mm in height, with pulse
duration of 15 ns. The fibers used are composed of undoped
PMMA and they were supplied by InPhoTech (structure 1)
and Universidade Estadual de Campinas (structure 2). They
are polarization maintaining fibers, where the birefringence is
created by the different holes structure around the core region,
building an effective refractive index difference between the
two orthogonally polarized modes. The mPOF structure 1 has
250 μm cladding, 5 μm × 8 μm core and 3 layers of holes
spaced by a pitch of 5.3 μm, where the large holes have
a diameter near 6 μm, and the smaller ones approximately
3.5 μm. For the mPOF structure 2, the external diameter is
270 μm. It has 6 layers of small holes and 2 larger holes
side by side in the central region. The diameters of the large
holes, small holes and pitch are 6.3 μm, 3.2 μm and 6.3 μm
respectively, giving a core dimension of 6.5 μm×8.6 μm. The
attenuation on the NIR for both mPOFs is estimated to be the
same value of the bulk PMMA, which is around 2 dB/cm.
Prior to the inscription, both ends of the 20.6 cm long
PM-mPOFs were cleaved by hand with a hot blade and
polished with suited tools (i.e. [17]), to give a smooth flat end
face (Fig. 1 (a), (b) for the mPOF structure 1 and Fig. 1 (g), (h)
for the mPOF structure 2). The fibers were also annealed at
65°C for 24 hours, to remove any residual stresses created

during the fabrication process and also to remove possible
twists present on it.

In order to be sure that the mPOFs are in fact birefringent,
the wavelength scanning method [18] was used to measure the
group birefringence (Bgroup) on the samples were the PFBGs
were written. From that, we extrapolate Bphase following the
relations described on [19]. The characterization was taken
in the visible and in 1550 nm region, where the PFBGs are
intended to be written. Therefore a broadband source (SC),
an SLED operating at 1550 nm, together with two polarizers
and an optical spectrum analyser were used.

The gratings were inscribed by the phase mask technique,
where a cylindrical lens together with a slit with a width
of 4.5 mm shapes the beam before it arrives at the phase
mask. The fiber was secured with two clamps and kept in
strain to avoid undesired curvatures, improving at the same
time its photosensitivity [12]. The gratings were monitored
in reflection by an interrogation system (SM125 from Micron
Optics), with wavelength accuracy of 1 pm. A temporary con-
nection was made using an SM silica pigtail fiber (9/125 μm)
cleaved at an 8° angle and the PM-mPOFs. A small amount
of index matching gel was used in the coupling to reduce
Fresnel reflections and to lower the background noise. A 20 X
magnification lens, followed by a beam profiler, was placed
at the end of the polished mPOF to check if the modes were
being propagated in the fiber core (see Fig. 1 (d) and (j)).
After proper alignment of the silica pigtail related to the
mPOF, to ensure mode propagation in the core of the mPOF,
the excimer laser was turned on with R = 1 Hz and pulse
energy of 3 mJ, giving I = 33 mJ/cm2. It should be noted
that the energy together with repetition rate were tailored to
low values, allowing the modification of the core refractive
index of the POF at the incubation regime [20], and avoiding
polymer ablation [16]. At the same time, the grating growth
was seen in real time by the interrogator, allowing to decide
when the UV laser should be turned off.

III. NUMERICAL MODELING

In order to know Bphase of the PM-mPOFs, a simulation
was carried out in a two-dimensional full-vector finite element
model (FEM). Using the dimensions of the mPOFs end face
microscope images (see Fig. 1 (a), (b); (g), (h)), it was possible
to draw the geometries of each fiber (see Fig. 1 (c) and (i)
for the mPOF structure 1 and 2 respectively). The refractive
index of the PMMA material used for the simulation was
calculated from the coefficients of the Sellmeier equation given
in [21]. From the simulation results, the effective mode index
of the fundamental mode, for each polarization state was
calculated (see Fig. 1 (e) and (f) for mPOF structure 1, and
Fig. 1 (k) and (l) for mPOF structure 2). Moreover, the com-
puted higher order modes were located at the microstructured
cladding and the calculated confinement loss reach values of
several dB/m.

Bphase was therefore obtained by taking the difference
between the effective indices of the two polarization modes,
for each wavelength (B = |ny

eff − ny
eff |).

The phase birefringence calculated for each fiber structure
(see Fig. 2) was fitted to a 3rd order polynomial curve.
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Fig. 2. Phase and group birefringence from the simulation of the effective
mode indices as well as from the wavelength scanning method.

Higher values of Bphase were obtained for longer wavelengths
as expected. Therefore, the Bragg gratings were recorded
in the near infrared region, even taking into account the
higher material losses in this spectral region. From the fitted
polynomial equations, applied to the simulated Bphase, we have
calculated Bgroup, through the formula Bgroup(λ) = Bphase(λ)−
λdBphase(λ)/dλ [22]. The results are shown on Fig. 2.

By using the fitted equations of Bphase, for the wavelength
range between 1500 and 1600 nm, we found values between
3.4 × 10−4 to 4.2 × 10−4 for the mPOF structure 1, and
1.6 × 10−4 to 2 × 10−4 for the mPOF structure 2.

IV. EXPERIMENTAL RESULTS

From the wavelength scanning method used to provide
evidences that the mPOFs are actually birefringent, we have
calculated Bgroup, which is shown with good agreement with
the simulated ones on Fig. 2. The missing points on the graph
were related with the imperfections from the SC source as
well as the high attenuation of PMMA at longer wavelengths,
compromising the detection of the beat signal. Since the
attenuation on the 1550 nm region is too high, an SLED was
used to characterize this region. From the experimental Bgroup
and based on the assumption that Bphase follows a power law
dependence with wavelength (B = αλk), we have calculated
Bphase as Bphase = −Bgroup/(k − 1) [19].

In order to confirm that Bphase and Bgroup are of opposite
signs we have applied pressure at a point L and L+dL, follow-
ing the procedure mentioned at [4]. The spectral interferences
arising from the wavelength scanning method have shown a
blue shift when the point pressure was applied at an increase
of L. Therefore we conclude that Bphase and Bgroup are of
opposite signs.

In order to check the validity of the simulation results
and experimental ones from the wavelength scanning method,
two phase masks suited for 248 nm UV radiation, with
pitches (�) of 1033 and 1061.56 nm were selected to produce
Bragg gratings in two different wavelengths. The gratings
were written in a few seconds to avoid saturation but with
enough time to have high quality gratings. A polarization
controller (PC) was placed after the interrogator and before

Fig. 3. Linear reflection spectra obtained at different states of polarization
for two different regions (∼1520 nm and ∼1560 nm). Left and right
images correspond to the inscription with 1033 nm and 1061.56 nm phase
masks respectively. The top and bottom images are referred to mPOF struc-
ture 1 and 2 respectively.

TABLE I

PHASE BIREFRINGENCE ANALYSIS

the silica pigtail fiber, which is butt coupled to the mPOF.
After collecting the different reflection spectra for the different
polarization states, there was clear evidence of a PM behavior
for the different PM-mPOFs. The correspondent linear spectra
can be seen in Fig. 3 for three different polarization states
of light, for the mPOF structure 1 (Fig. 3(a) and (b)) and
structure 2 (Fig. 3(c) and (d)).

From the experimental results the correspondent �λ was
obtained. The phase birefringence was therefore calculated
using the relation Bphase = �λ/2�, where � denotes the pitch
of the PFBG. The results for Bphase, related with simulation,
wavelength scanning method and Bragg peak separation are
summarized on Table 1.

As can be seen, Bphase is similar for all the experiments.
However, the values obtained from the �λ have some devi-
ations from the two other methods, which is the result of
different contributions. First the written PFBGs may have
some additional birefringence from the inscription process, as
already reported [15]. Additionally, the PFBGs have 4.5 mm
in length and Bphase from the Bragg peak separation is
calculated for this specific region of the fiber. Moreover,
Bphase estimated from Bgroup for the wavelength scanning
method, is the result of the mean birefringence in the whole
fiber length (20.6 cm). This is extremely important since the
current mPOF manufacturing process have still problems in
maintaining the integrity of the dimensions during the fiber
fabrication. This will add also some errors for the simulated
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Bphase since the dimensions of the fiber were taken only from
one image of the tip of the mPOF fibers. The estimation of
the structures dimension from the microscope images have
also errors from the detection software and also from the
resolution of the cameras. Furthermore, the method used to
calculate Bphase through Bgroup was based on the assumption
that Bphase follows a power law dependence with wavelength,
which is not strictly true.

While the PFBGs spectra obtained for both mPOFs are quite
similar, it is important to mention that due to the different holes
structure present on the two mPOFs, it is expected that they
will present different responses to external conditions such as
bending or lateral stress.

The Bragg gratings were inscribed quickly, due to the high
photosensitivity of the PMMA under shorter wavelengths.
Additionally, the inscription time was closely monitored to
avoid saturation, preserving thus the desired spectral charac-
teristics, as the ones shown on the different spectra collected.

V. CONCLUSIONS

In this work, the fast inscription of high quality Bragg
gratings in two different PM-mPOFs is reported for the first
time. The gratings were created through the phase mask
technique, using 248 nm UV light. The Bragg gratings were
created in the NIR region, where the birefringence is more
noticeable This allows a clear Bragg peak separation on the
Bragg reflection spectra. The characterization of the reflection
gratings clearly shows the behavior of a PM fiber. This type
of Bragg gratings are of extreme value in the sensors field,
due to the intrinsic advantages of PMMA over silica and also
due the presence of two Bragg reflection peaks for the fast
and slow axis.
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