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Abstract

Gratings written in tin-doped silica fibers by using a 248 nm excimer laser exhibit
extremely high thermal stability. Isothermal measurements up to 1100 K demon-
strate significant advantages over conventional fiber gratings. Extrapolations from
experimental data indicated that gratings operating at 500 K for ten years will retain

more than 99 % of the initial strength.




Some Bragg grating devices require extremely small tolerance on the optical propertiés
over a long time scale to assemble reliable wavelength division multiplexing (WDM) com-
ponents. Other applications, such as sensors, are required to survive high temperatures.
Therefore thermal stability of gratings and their lifetime forecast has received much atten-
tion in the last 7 years'7. New materials® ! and post-fabrication treatments'? * have
been proposed to achieve enhanced thermal stability in optical fibers. Tin-phosphosilicate®
and tin-germanosilicate® fibers are low-loss in the third telecom window at 1.55 um (40
and 2dB/km, respectively) and exhibit high photosensitivity, but they have high numerical
aperture (NA)(NA>0.2)%, thus boor compatibility with telecom fibers. Oxynitride fibers
are not photosensitive to 248 nm excimer laser radiation and require shorter wavelength
lasers!0. Post-fabrication techniques require the fibers to be hydrogen loaded!?™'4; this is
time-consuming and induces high-loss at 1.55 um. Ultraviolet (UV) sensitization can be
optimized to reduce the induced loss but still requires the fiber to be hydrogen-loaded®.
Compared to Boron-codoping and Hydrogen-loading, the use of SnO, keeps the absorption
at 1.55 um low, is less time consuming and potentially cheaper. In particular, if tin is used
as the only dopant, fibers with telecom compatible NA can be fabricated'®!”. Bragg grat-
ing sensors written in tin-silicate (SS) fibers can have large-scale multiplexing and remote
interrogation.

In this paper, the temperature stability of gratin‘g_.stwritten in SS fibers is evaluated by

using the isothermal method®.

If the grating reflectivity (R) is reco‘r:d_ed‘f: as q.function of time ¢ and the refractive index
modulation (Anyy,.q) is evaluated from R at the. B;'égg Wavélength (Ap) and the grating length
(L) using the relation R()\B)zﬁAnquL, it is. possible to measure the grating decay with
the normalized integrated coupling constant (n), defined as the ratio -ﬁ{:ﬁ"’%))- between Any,oq
at time ¢ and its initial value Ang,qq(0). 'I"hé time ,d_épeﬁdence of n is well approximated by

a power-law dependence’:
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where the temperature-dependent coefficients B and € can be easily expressed as B = Boé‘bT
and e = & (B, b and Ty are constants).

The power law has been used to explain the observed temperature dependence with defect
dynamics®®. In this model the refractive index change is induced by electrons that are excited
to the conduction band by UV radiation and are then trapped in a continuous distribution of
energy states situated within the band gap'*. In other words, the induced refractive index
change at time t seems to be strictly proportional to the total number of electrons N (1)
trapped (Anpmoq(t) = aN(t)). Thermal erasure is the process of emptying the traps; the
depopulation is ruled by statistiéal processes and is supposed to follow an exponential-law
relation'. The detrapping rate is enhanced at high temperatures and is time dependent. It
is possible to define an aging parameter (called demarcation energy E;(T,t)=kgT In(vpt)')
that includes both time and temperature (kp is the Boltzmann constant, v, the characteristic
frequency of the electron in the trap). The demarcation energy increases with time to take
into account the electrons that moved to the conduction band.

On the basis of experimental results, the following energy distribution of trap density

has been proposed’:

N,
9(E) = OE—g:J,_ . (2)
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where go(E) is the energy density of states, IcBTo is related to the full width at half maximum

(FWﬁM) (FWHM~3kgTy) and E, = f‘kBT(_)_ln(Bo) represents the peak of the distribution.
If post-processing is not carried out?, thegratmg Stability is uniquely determined as a
function of E, and Ty. The higher and narrowgr the energy density of states (high E, and
low Tp), the higher the grating thermal stabilify. |

In order to compare the thermal _s_tability (_)f gré.tihgs written in SS fibers, isochronal
experiments were carried out. Gratings were- Wfit;ﬁen using a KrF excimer laser and a phase
mask in four different fibers: SS, gerrhz;nosilicate (GS), borogermanosilicate (BGS) and

hydrogen loaded telecom (HLT). The SS, GS and BGS fibers were produced via modified
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chemical-vapor deposition (MCVD). The numerical aperture (NA), cut-off wavelength (Ae)
and loss (@) of the fibers are given in table I. The SS fibre loss, evaluated using the cut-back
method over 250 m, was o ~8 dB/km at 1.55 um and a ~16dB/km at 1.3 pum. The water
content ( 1ppm) was estimated from the absorption at 1.38 pm of the second harmonic of the
OH peak (~45dB/km). Any,q was calculated from the R(Ap)). The gratings were spliced
together and placed in a furnace. The experimental set-up allowed in-situ measurements to
be carried out. Light from a LED passed through a 50/50 coupler and reached the gratings
in the furnace. The reflected light passed through the coupler and was then collected by an
optical spectrum analyzer. A reférence grating was placed outside the furnace and used to
compensate for eventual output oscillations of the light source. An additional thermocouple
was inserted in the furnace to have a better measurement of the furnace temperature. The
grating temperature was increased at a rate of ~25 K/min and left at each temperature for
8 hours. The furnace temperature was then decreased and R(Ap) measured. The thermal
cycle was subsequently repeated increasing the maximum temperature in steps of 100 K.
Several cycles have been performed starting from 360 K.

The grating coupling constants 1 were evaluated from the reflection spectra and then
plotted versus temperature. Figure 1 summarizes the measurements performed on all the
fibers. Although the BGS and HLT fibers showed high photosensitivity, their thermal sta-
bility was very 1;oor. From figure 1 the gratings are $egn to be completely erased at 760 K
(n(760K)=0). In particular, the grating fabrica.tegl; mtheHLTﬁber cannot even survive ther-
mal treatment at 560 K. Gratings written in germén;siliéate (GS) fibers (NA~0.28,A, ~1250
nm) show lower photosensitivity than t;hosve“in' BGS and HLT fibers but they have a slower
decay. Nevertheless GS fiber g‘ratings' still showed a gradual decrease in reflectivity with
increasing temperature and vanished after treétment at 960 K.

On the contrary, the grating fab;igatéd »in the SS fiber showed extremely high thermal
stability and still maintained more than 20 % of’tlie initial An,,.q after the treatment at 1060
K (n(1060K) >0.2). According to the ” défects theory” the enhanced temperature stability

indicates that the traps are very deep in energy and their distribution is narrow. Since An
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is given by structural changes!™!8, it is possible to use the same mathematical formalisxﬁ to
describe the changed configuration if go(E) is assumed to represent the energy distribution
of the modified structure. The energy distribution of electronic traps in GS fiber has been
evaluated previously from the isothermal method®.

Three gratings were written at ~1543 nm using a 248 nm KrF excimer laser and a phase
mask. Repetition rate, pulse duration, pulse fluence, grating length and exposure time were
20 Hz, 20 ns, I, ~0.1 J Jem?, L=4 mm and 40 minutes respectively. The reflectivity at
the Bragg wavelength was ~90%. Each grating was placed in the furnace at a different
temperature and the transmissic;n at the Bragg wavelength was continuously monitored.
Figure 2 shows the time decay of the gratings for three different temperatures (T=750, 920
and 1100 K). It must be noted that reversible changes in the spectral characteristics of the
fiber Bragg gratings have been observed when the temperature is changed'®. In order to have
a qﬁantitative correct measurement, correction have to be adopted to compensate for the
temperature-induced changes. This corrections have been shown to be non-negligible when
the Ge-doping level is high or when the core contains B. The experiment reported in figure 1
has shown that no similar temperature-induced reversible changes have been observed in the
refractive index of SS fibres. While at 750 K the grating undergoes just a small decay within
4 hours, at 1100 K a considerable decay is observed in the initial 10 minutes. A comparison
with the measurements made on gratings written in }G.S fibers! shows that a similar decay
occurs at T=820 K. | | = ‘

The experimental data of figure 2 were ﬁtted by using equatlon 1. The coefficients B
and e for each temperature fit are given in table II

Table III shows the coefficients Ty, By and b that best fit the values of B and € reported
in table II with the derived values of E, and FWHM. Table III also reports the literature
data on gratings fabricated in GS and BGS ﬁbg_rs; A cbmparison of E, clearly shows that
SS has by far the highest E, and a relatively 's"'m’éll FWHM. This implies that the fraction
of electronic traps having low energy (Bélov& 1 eV) in the SS fiber is considerably smaller

than in the other fibers. Figure 3 shows 1 as a function of the demarcation energy. The
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experimental data are fitted by the solid line obtained from the parameters in table III. |

Figure 4 presents the trap energy-distribution g, obtained by inserting the coefficients
of table III in equation 2. Visual comparison shows a coﬁsiderable difference in the fraction
of traps at low energy. This implies an enormous improvement when very good stability is
required over a long time. For example, at 500 K a change of 1 % occurs after 0.2 us and 5
ms in the BGS and GS fibers and after 11 years in the SS fiber. A post-fabrication grating
anneal can also been carried out to empty the electronic traps at low energy and improve
the grating stability even further.

Isochronal measurements sdeed that Bragg gratings written in tin-silicate fibers are
more robust than those written in germanosilicate and boro-germanosilicate fibers. In par-
ticular, no significant degradation has been observed below 850 K over a few hours. Ex-
periments carried out using the isothermal method explain the enhanced stability with a
different energy distribution of the traps. In tin-doped silicate fibers the distribution peaks
at higher energy and has a smaller FWHM with respect to the distribution in germanosil-
icate fibers. The nearly complete absence of traps at low energy implies a great difference
in the erasure process. This exceptional temperature performance of the SS fiber makes it
the most suitable candidate to improve the reliability of high-temperature grating-sensing
applications and fiber Bragg-grating components for WDM systems.

The authors are grateful to Eleanor Tarbox for hey helpful discussions. G. Brambilla
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TABLES
Table I. Numerical aperture (NA), cut-off wavelength (\;) and loss (o) at 1.55 um of the

fibers used in the experiments. SS, GS, BGS and HLT represent tin-silicate, germanosilicate,

boro-germanosilicate and hydrogen-loaded telecom fibers, respectively.

Fiber ‘ NA A a
[pm] dB/km
SS 01 1.3 8
GS 0.28 1.2 : 5
BGS 0.12 1.4 ~200
HLT 0.11 : 1.2 -




Table II. Summary of coefficients B and ¢ used in the equation 1 to fit the data presented in figure
2.

T B €
K] [min ]
750 0.0327 0.2409
920 0.2906 0.2427
1100 1.6302 0.2480
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Table ITI. Comparison between thermal decay coefficients in tin-silicate (SS), germanosilicate (GS)

and boro-germanosilicate (BGS) fibers.

SS : GS @ BGS ®
B 8.132x1076 1.86x1073 1.92x10~*
b (K1) 1.12x10~2 7.64x1073 1.31x1072
Ty (K) 3.792x103 5.250x103 2.941x10°
vo (Hz) 4.64x10'6 1.9x10%° 5.40x10'6
E, (eV) 3.7 2.8 2.1
FWHM (eV) 1.13 1.54 0.86
SFrom!
bFrom5
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FIGURES

Fig. 1. Dependence of grating decay on temperature T. 7 is the normalized integrated coupling
constant. SS, GS, BGS and HLT represent the gratings written in tin-silicate, germanosilicate,

boro-germanosilicate and hydrogen-loaded telecom fibers respectively.

Fig. 2. Time decay of gratings written in the SS fiber at different temperatures. 7 represents the

integrated coupling constant. Solid lines are fits to the data obtained with equation 1.

Fig. 3. Dependence of normalized integrated coupling constant 7 on demarcation energy E;. The

solid line is the fit obtained with the parameters of table IIL.

Fig. 4. Energy distribution (equation 2) of the traps density of states (go(E)) in SS, GS! and

BGS?® fibers.
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