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Abstract

Enhanced photosensitivity has been observed in hydrogen-loaded tin-phosphosilicate
fibers by using a 248 nm excimer laser. Isothermal measurements up to 860 K
demonstrate significant advantages over fiber gratings written in conventional H-

loaded fibres.



Hydrogen loading has been shown to be a powerful sensitising method to achieve high
photosensitivity in germanosilicate fibres!>. While the unloaded standard telecom optical
fibres show small induced refractive index changes when exposed to UV radiation, hydrogen
(or deuterium) loading can enhance photosensitive response by up to more than two orders
of magnitude. Hydrogen loading has been tested on silicate fibres doped with other elements
than germanium. While in phosphorus®#, aluminium® or cerium® doped or codoped fibres
it induces or enhances photosensitivity, no improvements have been observed when the
dopant is nitrogen’. High photosensitivity in phosphorus-doped silica fibres is enhanced by
hydrogen-sensitisation only when the gratings are written by using a 193 nm excimer laser®
or by heating the fibre during the exposure with the 248 nm laser®. A we;ik effect has been
observed in unheated H-loaded phosphosilicate fibres when exposed to the KrF laser!t. A
common feature of all the gfatings written in hydrogen-sensitised fibres is the extremely
poor temperature stability. In fact in most fibres the photoinduced refractive index change
starts to be erased at 100 °C in one hour.

In this paper the results on photosensitivity of hydrogen-loaded tin-doped fibres are
presented, with particular stress on the excellent thermal staBility.

The fibre used in the experiments was a tin codoped phosphosilicate fibre produced
via modified chemical vapour deposition (MCVD). Sn was introduced in the optical fibre
preform bubbling nitrogen in SnCly bubbler heated up to 40 °C. The fibre external diameter,
numerical aperture and cut-off were d=110 ym, NA~0.14 and A, ~1.42 pm respectively.
The ﬁ'bre was placed in a hydrogen loading cell at 165 bars and 25 °C. The photosensitivity
of samples taken from the vessel was tested by writing gratings at ~1.55pum with a 248 nm
KrF excimer laser and a phase-mask.

Gratings were written by exposing the loaded fibre for 30 minutes to a KrF excimer laser
delivering pulses at 20 Hz and I, ~300 mJ/cm?®. In order to let the hydrogen outdiffuse, the
fibre samples were left at room temperature for a period of 7-14 days before being spliced to
a fibre-coupled diode. Spectra were collected using an optical spectrum analyzer. The inset

of figure 1 compares the reflectivity spectra of the grating written in the fibre hydrogen-
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loaded for 14 days to the grating fabricated in the as-produced fibre. Similarly to what
has previously been observed in fibres doped with Ge, Al and Ce, hydrogenation enhances
photosensitivity to UV laser radiation in the Sn-doped phosphosilicate fibre. The induced

refractive index modulation (Any,,q) was evaluated from the reflectivity R by using

1
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where L is the grating length, k=% An,.q the "ac” c;)upling constant, A the wavelength,
v = \/;2— :(—aﬁw—l——d—)_i the propagation constant inside the grating, oz%\lAnave the ”dc” cou-
pling constant, § = § — % the detuning, 8 the propagation constant in vacuum and Ang.
the induced average refractive index change. In the unloaded fibres ‘Anmod('was estimated to
be ~1.3-107%, in the fibre loaded for 14 days ~1.4-10~3. Figure 1 shows the An,,,q growth
in the fibres. The fit curves for the unloaded and loaded fibres are An,,,q= 1.097-10~%. (1-
e~ 0-0679) and An,,eg=1.109-1073 - (1-e~00782) regpectively. While the absolute value differ
by an order of magnitude, the time constant of the process does not show any significant
modification.

The dependence of An,,,q on hydrogen loading time was sfudied by taking out fibre seg-
ments from the hydrogen loading vessel over a period of 15 days and testing photosensitivity.
All the gratings have been written by exposing the fibre samples to KrF laser pulses at 20
Hz and I, ~300 mJ/cm? for 30 minutes. Figure 2 shows the dependence of Any,yq on the
hydrogen loading time.

The fit, curve represent the H concentration C in the fibre core as estimated from Fick’s
laws of diffusion in cylindrical coordinates!!. Assuming that the hydrogen is concentration
constant over time at the optical fibre surface and equal to zero in the fibre at t=0, C can

be expressed as a series of zero- (Jo) and first-order (J;) Bessel functions'®:

o x3t 2r
C(T) = 2Cma:1: 1 - 2=:1 5(-]:;6_(_2&)(]_0]1(2((_;:‘1)_2 ,

(2)

where x, represents the n-th root of the equation Jo(x,)=0, Cpnqs the hydrogen solubility in

silica, 7=d?/4D the ”time constant” of the diffusion process, D the diffusion constant and r
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the radial coordinate. The optimum fit was obtained for 7 ~ 12.3 days and D~2.84-10"!
cm?/s.

The thermal stability of gratings written in hydrogen loaded fibres was studied by means
of the master curve method!?. In this accelerating aging approach the grating decay is
recorded at different temperatures and all the data are combined to give a master curve
from which it is possible to predict the grating reliability in different conditions. The aging
parameter (also called demarcation energy Eg) is defined as E;=kpTln(vt), where kp is the
Boltzmann’s constant, T the temperature and t the time. v represents an attempt frequency
and is determined during the data fit. In our experiment, four samples of fibre were hydrogen
loaded for 6 days at 165 bars. Gratings were written as previously e){plainéd. The reflection
spectra of the gratings, placed in the furnace, were measured in reflection by means of a
white light source, a coupler and an optical spectrum analyzer. The time evolution of the
normalized An,,,q (defined as 77:%’ where An,,,4(0) is the initial value of Angpmeq)
is shown in figure 3 for four different temperatures. It is worth stressing the enhanced
thermal stability of these gratings. While gratings written in unloaded germanosilicate
fibres had 27% erased in 60 mins at 350 °C'?, in the same conditions the gratings written
in the hydrogen-loaded phosphosilicate fibre had a change n ~24%. The v used to fit the
data resulted to be 2.5:10'° min~!, considerable smaller than the value found for hydrogen-
loaded germanosilicate fibres!®. The master curve was at best approximated by the equation
n=(1+ egg.'l_zls‘—gs)"l. From the curve it is possible to evaluate what is the thermal decay of a
gratiﬁg after 25 years at 80 °C: for E;=1.23eV 7=0.966, meaning that ~3.4% of the original
grating has been wiped away. As expected, the decay is considerable higher than the one
observed in unloaded tin-doped fibres 145(<1%); nevertheless it is comparable or better
than the values of degradation reported in literature for unloaded traditional fibres, such as
germanosilicate!? or borogermanosilicate fibres®.

In summary, hydrogen loading enhances the photosensitivity of tin-doped phosphosilicate
fibres. The photo-induced refractive index change of the gratings written in hydrogen-loaded

fibres is one order of magnitude stronger than the gratings written in the unloaded fibres.
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The dependence of fibre photosensitivity on loading time showed that saturation is reached
after ~8 days at 25 °C and 165 bar pressure. The thermal stability of gratings written
in hydrogen-loaded tin-phosphosilicate fibre has been tested with iso-thermal annealing and
proved that >15 % of the initial photosensitivity survived a treatment at 860 K for 14 hours.
The excellent thermal behaviour can be explained by the small characteristic frequency v of
the photo-induced defects.

The author is grateful to Eleanor Tarbox for her helpful discussions.
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FIGURES

Fig. 1. Reflection spectra of gratings written in loaded and unloaded tin-phosphosilicate fibres.
Grating length, exposure time, repetition rate and pulse fluence are L=2mm, t=30 minutes, RR=20
Hz and I, ~300 mJ /cm? respectively. In the inset, temporal dependence of Anp,eq for loaded (3

days at 165 bars and 25 °C) and hydrogen-unloaded fibres.

Fig. 2. Dependence of induced photosensitivity on H-loading time. Any,,q represents the
change in the refractive index modulation. The fit represents equation 2 for 7y ~12.3 days and

D~2.84-1071! cm?/s.

Fig. 3. Decay of the grating written in H-loaded tin-phosphosilicate fibre for different furnace

temperatures. 7 represents the normalized refractive index modulation change.
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