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Second-order Bragg gratings in single-mode chalcogenide fibres

M. Bernier, K. Asatryan, R. Vallée, T. Galstian, S.A. Vasil’ev, O.1. Medvedkov,

V.G. Plotnichenko, P.I. Gnusin, E.M. Dianov

Abstract. Bragg gratings with a second-order resonance
wavelength in the near-IR spectral region have been inscribed
into single-mode chalcogenide (As,S;) glass fibre by a
He—Ne laser beam using a configuration typical of Bragg
grating fabrication in germanosilicate fibre, with the use of a
phase mask that ensures effective diffraction of the writing
light into the +1 and —1 orders. The spectra of the inscribed
gratings show no resonances due to cladding mode excitation
because the cladding material is photosensitive.

Keywords: single-mode chalcogenide fibres, Bragg gratings, phase
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1. Introduction

Chalcogenide glass waveguiding structures are of consid-
erable practical interest because they offer low optical losses
in the IR spectral region (1—12 pm) [1-3]. The high optical
nonlinearity of chalcogenide glasses makes them candidate
materials for all-fibre tunable optical filters, switches,
modulators and other nonlinear devices [4—6].

Optical exposure gives rise to a variety of effects in
chalcogenide glasses, including refractive-index changes that
persist after the exposure. Such changes can be utilised to
produce planar waveguides and index gratings [7—10].

The fabrication of Bragg gratings in chalcogenide optical
fibre has a number of distinctive features relative to that in
germanosilicate fibre. Note first of all that use is made of
longer writing wavelengths (0.5—1 um), at the fundamental
absorption edge of the chalcogenide glasses. It is worth
pointing out that, when selecting a laser source for grating
inscription in chalcogenide fibre, one should take into
account that their core and cladding are similar in glass
composition, so the penetration depth of the writing light
should be comparable to the fibre diameter rather than to
the core diameter, in contrast to germanosilicate fibre,
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whose undoped silica cladding does not absorb UV radia-
tion. Moreover, chalcogenide glasses have a considerably
larger refractive index, which leads to a significant reduction
in grating period. In particular, a fibre Bragg grating (FBG)
with a resonance wavelength of 1550 nm should have a
period of ~ 350 nm for the first-order resonance in As,S;3-
based glass. In combination with the relatively long writing
wavelengths, this short grating period significantly compli-
cates Bragg grating inscription in chalcogenide waveguiding
structures.

In spite of these difficulties, several techniques have been
proposed to date for first-order Bragg grating inscription in
single-mode chalcogenide fibre. In particular, Brawley et al.
[9] wrote Bragg gratings with a resonance wavelength of
1550 nm in single-mode arsenic selenide (As,Ses) glass fibre
using a high-index prism and immersion liquid. Florea et al.
[10] inscribed first-order Bragg gratings into single-mode
As,S; fibres by a He—Ne laser beam inclined at a
considerable angle (79°) to the plane of a 0/—1 phase mask.

Unfortunately, these and other reported techniques for
FBG inscription are more complex than and inferior in
grating quality to the standard writing technique with a
phase mask that ensures diffraction into the +1 and —1
orders [11]. Successfully employed to fabricate high-quality
first-order Bragg gratings in germanium-doped fibres by
exposure to UV light, this technique cannot be used to write
first-order Bragg gratings into chalcogenide fibre because of
their short period and the long writing wavelength.

To obviate these problems, we propose using high-order
Bragg resonances in chalcogenide fibre, which is possible
because the photoinduced refractive index change in the
chalcogenide glasses is a nonlinear function of exposure
dose. Second-order gratings are widely used in the case of
germanosilicate fibres, where the writing technique does not
ensure a short grating period, e.g. in point-by-point FBG
inscription [12, 13]. Moreover, the radiation reflected by an
FBG into the second order has first-order phase matching
across the fibre axis [14], which allows one to locate the
grating and control the spatial distribution of its parame-
ters.

In this paper, we describe a technique for Bragg grating
inscription into chalcogenide fibres by scanning a writing
beam over a phase mask that ensures light diffraction into
the +1 and —1 orders.

2. FBG inscription procedure

In our experiments, we used single-mode arsenic sulphide
fibre produced from high-purity glass by the double-
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crucible method [15]. The fibre core had the stoichiometric
composition (AsgSey), and the cladding was enriched in
sulphur (AssgS¢,). The relative core—cladding index diffe-
rence 4 was ~ 0.3 % and the first higher order mode cutoff
wavelength was ~ 1.1 pum. The core and cladding diameters
were 4 and 125 um, respectively. The fibre was coated with
an F-42 fluoropolymer (vinylidene fluoride/tetrafluoroethy-
lene copolymer) layer ~ 10 um in thickness.

FBGs were written by a 20-mW He-Ne laser (1=
632.8 nm). The laser beam was focused onto the fibre
surface by an f'= 30 mm cylindrical lens. The dimensions
of the elliptical beam spot in the focal plane of the lens were
Lx W=15mmx10 um (Fig. 1). Therefore, the power
density in the spot was ~ 133 W cm 2. The fibre was
secured to the backside of a silica phase mask having
rectangular grooves (50 % duty cycle). The groove depth
was optimised so as to minimise the diffraction of the He—
Ne laser beam into the zero order. The groove spacing was
1070 nm. The beam polarisation was parallel to the grooves,
which was necessary for generating a high-contrast inter-
ference pattern. At normal incidence, three diffraction
orders (0 and +1) emerged, with diffraction efficiencies
of ~44% (~9mW) in the £1 orders and ~12%
(~ 2.45 mW) in the zero order.

Fibre

Figure 1. Schematic of Bragg grating inscription into chalcogenide fibre.

The writing beam was scanned over the immobile mask
and fibre along the fibre axis at a rate of 11 pm s~ using a
linear translation system with a translation range of 20 mm.
Under these conditions, the laser fluence delivered to the
fibre core during FBG inscription was ~ 20 kJ cm 2. The
protective coating of the fibre was not removed because it
was transparent at the He—Ne laser wavelength.

The spectral characteristics of the FBGs were measured
using an all-fibre supercontinuum source. Its radiation was
coupled into the fibre using a 20 objective. To couple out
the excited cladding modes, the polymer coating was
removed from a length of the fibre near its input end,
and it was immersed in liquid gallium, which ensured the
desired decay of the cladding modes [3]. The output end of
the fibre was butt-coupled to an SMF-28 standard single-
mode fibre connected to an ANDO-6317B optical spectrum
analyser, whose spectral resolution in our measurements
was 0.01 nm. With the described phase mask, the second-
order FBG resonance wavelength was ~ 1290 nm.

3. Results and discussion

Figure 2 shows the transmission spectra of the FBGs
measured during writing at several positions, z, of the
translation system. Note that the length of the FBGs
exceeded z by the length of the writing beam spot,
L~ 1.5 mm.

As seen, the displacement of the translation system (as
the FBG length increases) leads to a monotonic increase in
the reflectivity of the FBGs and a decrease in the spectral
width of the resonance. The resonance wavelength (lgg =
1290.6 nm), determined by the average photoinduced index
change, remains unchanged, as expected. Note that, during
FBG inscription, no nonselective optical losses were
detected in the transmission spectrum. At the same time,
almost from the very beginning of exposure the spectrum of
the FBG showed an additional peak shifted by 0.85 nm to
shorter wavelengths relative to the fundamental mode
resonance. Its intensity was found to increase with that
of the fundamental resonance peak.

At z =20 mm, we observed distortion of the trans-
mission spectrum of the FBG (Fig. 2). Nevertheless, in spite
of its marked nonuniformity, the reflectivity of the grating
reached ~ 97 %. The full width at half maximum of the
Bragg resonance was then ~ 0.14 nm. We think that the
nonuniformity of the spectrum was primarily due to the
mechanical instability of the writing system and can be
eliminated.

1289.5 1290.0 1290.5 1291.0

Wavelength / nm

Figure 2. Transmission spectra of the FBGs measured during writing at
several positions of the translation system: z=3(17),4.5(2),6.5(3), 8
(4) and 20 mm (5).

At FBG lengths under 10 mm, the measured trans-
mission spectra were well represented by spectra
calculated for a uniform grating. Figure 3 compares the
measured and calculated transmission spectra of an FBG
for z=3 mm. The modulation amplitude of the photo-
induced index change in the second diffraction order was
~2x 107

The agreement between the calculated and measured
spectra is on the whole good, but the resonance in the
measured spectrum is somewhat deeper at the centre wave-
length. A similar deviation of experimental data from
calculation results was observed for curves (2-4) in
Fig. 2. Such a deviation appears, e.g., when the FBG
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Figure 3. (/) Transmission spectrum of an FBG around its fundamental
resonance for z = 3 mm; (2) theoretical fit.

spectrum having a relatively small polarisation splitting is
measured with unpolarised light. Birefringence in Bragg
gratings written in chalcogenide fibre may be both intrinsic,
due to fibre fabrication process imperfections, and induced
by the writing light [2, 16]. In our experiments, the
birefringence value was ~ 3 x 107°.

To find out the origin of the shorter wavelength
resonance in the transmission spectra of the FBGs
(Fig. 2), we measured the reflection spectrum of the FBG
with z =20 mm using an optical circulator. The spectrum
showed two peaks, corresponding to the minima in the
transmission spectrum (Fig. 4). This suggests that the
shorter wavelength peak in the reflection spectrum is due
to the excitation of the LP;; mode in the fibre core. The
point is that, even at a small grating tilt angle or when the
FBG lines are radially nonuniform, there may be significant
coupling between the LP,; and LP;; modes [17]. It seems
likely that it is the grating tilt which is responsible for the
coupling between these modes, because the radial nonun-
iformity of the photoinduced index change should not be
large as the absorption coefficient of the chalcogenide glass
is relatively small at the He—Ne laser wavelength.

Transmission, reﬂection/dB
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Figure 4. (1) Transmission and (2) reflection spectra of the FBG with
z =20 mm.

That the shorter wavelength reflection peak is due to
coupling between the LPj; and LP;; modes is also evidenced
by the good agreement between the calculated spectral shift,
AZ, of this peak relative to the fundamental FBG resonance
(0.86 nm), which can be found in the case under consid-
eration as 41 = AggBA/2 (B is the longitudinal phase
constant for the fundamental mode of the fibre [18]),
and the experimentally determined shift (0.85 nm).

As mentioned above, the cladding of chalcogenide fibre
is photosensitive, as is its core. For this reason, cladding
modes are difficult to excite at FBGs in such fibre [19, 20].
Indeed, the transmission spectra of the FBGs in Fig. 2 show
no resonances due to cladding mode excitation.

Experiments aimed at assessing the thermal stability of
the photoinduced index change showed that annealing for
30 min at 75°C had an insignificant effect on the spectral
characteristics of the FBGs. At the same time, annealing at
100 °C for 30 min reduced the modulation amplitude of the
photoinduced index change in the second diffraction order
by 10 %.

4. Conclusions

We have proposed and implemented a new technique for
FBG inscription into single-mode chalcogenide fibre by a
He—Ne laser beam. The technique employs a geometry
typical of FBG inscription into germanosilicate fibre, with
the use of a phase mask that ensures effective diffraction of
the writing light into the +1 and —1 orders. Because the
photoinduced refractive index change in chalcogenide
glasses is a nonlinear function of exposure dose, this
technique enabled inscription of uniform second-order
FBGs with a resonance wavelength in the near-IR spectral
region. The inscribed FBGs offer a high reflectivity and
small spectral width. Note that, because the chalcogenide
fibre cladding is photosensitive, the transmission spectra of
the FBGs contain no resonances due to cladding mode
excitation. The proposed technique can be used to fabricate
Bragg gratings in chalcogenide-glass planar optical wave-
guides.
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