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High-temperature-resistant chemical composition
Bragg gratings in Er**-doped optical fiber
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Chemical composition gratings (CCGs), unlike standard fiber Bragg gratings (FBGs), do not suffer a signifi-
cant decrease in reflectance or an irreversible wavelength shift when they are exposed to elevated tempera-
tures. To date, the growth of CCGs has been related to the fluorine content of the fibers in which they are
written. It is shown that FBGs with high thermal stability, resembling CCGs, can be fabricated in
Er3*-doped optical fibers that do not contain any fluorine. © 2005 Optical Society of America
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The application of fiber Bragg gratings (FBGs) for the
measurement of both temperature and strain is at-
tractive because the wavelength-encoded signal is
unaffected by intensity varlatlons in either the hght
source or the fiber path."? The usefulness of FBGs in
standard communications fiber for measurement at
elevated temperatures, however, is severely re-
stricted, since the reflectance tends to decrease.’
Generally the reflectance of type I FBGs written in
standard telecommunications-grade fiber starts to
drop, and the Bragg wavelength experiences an irre-
versible shift toward shorter wavelengths, when the
grating is subjected to temperatures above ~100°C. 4
The decay of FBGs in a range of fibers, particular-
ly for characterization of their 10ngev1ty by acceler-
ated aging has been studied extensively,*® to provide
predictions of the grating lifetime at particular
temperatures.

The most important determinants of grating sur-
vivability at elevated temperatures are the grating
type, the fiber composition, and the possible use of
hydrogen loading. Type II gratings written with a
single high-power pulse are able to remain operable
at temperatures as high as 800°C but at the expense
of inducing damage tracks in the optical fiber.® Simi-
larly, type IIA gratings written in Ge—Si and B-Ge-Si
fibers exhlblted greater thermal stability than type I
gratings.” A varlety of fiber compositions have been
characterized in terms of how the Bragg reflectance
of FBGs inscribed in them survive when subjected to
an isochronal heating process at various tempera-
tures. For example, the aforementioned Ge-Si
fibers,” with either type I or type IIA gratings sur-
vived up to ~750°C but with low grating strengths
compared with the B—Ge-Si fibers, in which both
type I and type IIA gratings were inscribed that were
almost erased by 350 and 500°C, respectively. The
addition of tin (Sn) to Ge—Si fiber enhanced FBG sta-
bility compared with Ge—Si and B—Ge—Si fibers, with
Sn—Ge-Si fibers surviving temperatures close to
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800°C but with relatively low reflectance.® Similarly,
gratings inscribed in hydrogen-loaded telecommuni-
cations fiber and borogermanosilicate fiber were
erased when exposed to temperatures less than
500°C, Whereas those in tin silicate fiber survived up
to near 800°C.?

Gratings with superior high-temperature stability
referred to as chem1cal composition gratings (CCGs)
have been reported.”!! It has been proposed that UV-
induced chemical reactions result in the formation of
certain molecules that subsequently diffuse out of the
UV-exposed regions of the core while the fiber is sub-
jected to high-temperature heat treatment. The con-
sequential variation of chemical composition along
the fiber core results in a corresponding refractive-
index modulation and hence a Bragg grating. These
CCGs in Ge-F-Si- doped fiber remain stable at tem-
peratures up to 1000° c? They are fabricated by in-
scribing a standard type I FBG in a hydrogen-loaded
sample of this fiber and then subjecting the FBG to
very high temperatures (>800°C) for an extended
period of time (>1 h).1° During this time the initial
type I Bragg grating disappears and subsequently a
CCG appears. Studies of the decay of these gratings
above 1000°C reveal how the grating decay increases
with temperature and support the proposition that
this decay is associated with the diffusion of fluorine
compounds. 1

For the work discussed in this Letter two different
Er3*-doped fibers were used (denoted as Erl and
Er2), as detailed in Table 1, neither of which con-
tained fluorine. The fibers were fabricated at the Uni-
versity of Nice (Nice, France) by use of a modified
chemical-vapor-deposition technique with solution
doping. Type I FBGs were fabricated by use of a
frequency-doubled cw argon-ion laser operating at
244 nm and a phase mask that produced a Bragg
wavelength of ~1540 nm. Table 1 also summarizes
the hydrogen loading, FBG writing conditions, and
characteristics of each fiber. Short lengths (~10 cm)

© 2005 Optical Society of America



608

OPTICS LETTERS / Vol. 30, No. 6 / March 15, 2005

Table 1. Characteristics of the Two Er-doped Fibers Used and the Type I FBGs Inscribed Within

Fiber Designation Erl Er2
Core composition Si—Ge—-Py,05—Al Si—Ge—Sn
Fiber cutoff wavelength (nm) ~1530 ~1410
Core/cladding diameters (um) 8/125 5/125
Er?*-dopant concentration (parts in 108) ~1400 ~100
Hydrogen-loading Pressure (atm) 80 123
Temperature (°C) 80 55
Duration (h) 168 168
UV power density on the fiber (W/cm?) ~4 ~25
UV exposure time (min) 9 1 (scanning mode)
Grating Reflectivity (%) ~90 ~95
Length (mm) 10 2

of Er3*-doped fiber, in which FBGs were inscribed,
were spliced between longer lengths of Corning
SMF28 telecommunications fiber, to allow real-time
monitoring of the FBG transmission spectra during
the writing and annealing processes.

The transmitted spectral profile of the Bragg grat-
ing was monitored with an optical spectrum analyzer
(0.05-nm resolution) with illumination provided by a
broadband 1550-nm superluminescent LED source.
The fiber containing the FBG was passed through a
tube oven, and a K-type thermocouple was placed
alongside the FBG for measurement of the tempera-
ture during the tests. The fiber was clamped at either
end, allowing it to be suspended in the tube oven to
prevent the FBG from touching any other surface
during the annealing process. A LabVIEW-based pro-
gram recorded FBG spectra at set intervals during
the testing procedure.

To measure the thermal stability of the Bragg re-
flectance, an initial isochronal annealing test was
performed on a FBG in an Erl (Erl-a) fiber sample at
24-h intervals. At each of these intervals as shown in
Fig. 1, isothermal annealing was performed at steps
of 100°C from 100 to 800°C. As shown in Fig. 1, dur-
ing the 800°C step the type I grating experienced
complete erasure. Subsequently, however, a new gra-
ting began to develop in a fashion that resembled the
growth characteristic of a CCG.° Unfortunately, ob-
servation of the growth process of the newly formed
grating was interrupted when it had reached a reflec-
tance of approximately 20% because of a sudden, un-
explained total loss of signal. The observed grating
decay at each temperature shown in Fig. 1, which in-
dicates that the FBG experienced an initial fast de-
cay followed by a subsequent slow decay, is typical of
a type I FBG.? The subsequent growth of another
grating after a period of ~2 h resembled behavior
similar to that observed in Ge-F-Si-doped fiber.

Three similar tests were conducted in other Erl
and Er2 fiber samples, and the growth dynamics of
the newly formed Bragg gratings is evident in Fig. 2.
No degradation in the propagating signal was ob-
served in these samples as was experienced with the
first sample (Erl-a). In each case a slightly different
annealing procedure was used to see if the details of
the annealing process affected the spectral properties
of the newly formed Bragg grating. The second Erl
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Fig. 1. Grating reflectivity in sample Erl-a during the
heating process, showing the erasure of the type I grating
and the subsequent growth of a newly formed grating.
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Fig. 2. Growth of newly formed gratings in Erl and Er2
fiber at 800°C.

sample (Erl-b) was preannealed for 24 h at 700°C
before being exposed to 800°C. The third sample
(Erl-c) was directly exposed to 800°C, while the Er2
sample was isochronally preannealed at 600 and
700°C for 24 h before being exposed to 800°C.

The investigation of the dependence of the newly
formed gratings to various annealing processes de-
picted in Fig. 2 indicates a correlation between the
annealing process and the resultant reflectivity that
can be achieved with the newly formed Bragg grat-
ings in the Erl fiber. In particular, exposing the
Erl-b sample to an additional isothermal step of
700°C for 24 h resulted in an approximate fivefold
increase in reflectance of the newly formed Bragg
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Fig. 3. Temperature dependence of a newly formed grat-
ing in Erl-b fiber. The solid curve represents a quadratic
fit.

grating. Grating growth in Erl-a appeared to be at a
slower rate relative to the Erl-b but appeared to still
be growing when the test was interrupted. The Bragg
grating formed in the Er2 sample exhibited the larg-
est reflectance. Although it has been shown that ad-
ditional annealing steps increase the final reflectance
of CCGs,? further tests are required before any con-
clusions can be drawn as to whether this increase in
reflectance was due to the additional annealing step
or to the different fiber composition than that of Er1.
Other variables that may affect the final Bragg grat-
ing strength are the different laser source, hydrogen-
loading conditions, and the initial type I grating
strength. It was noted that the newly formed Bragg
gratings exhibited a decrease of their Bragg wave-
length of ~0.7 nm compared with their initial type I
Bragg wavelengths at room temperature. This de-
crease is in contrast to standard FBGs and suggests
that the average refractive-index modulation experi-
ences a decrease rather than the usual increase.

The ongoing repeatability and stability of the
newly formed grating was investigated by tempera-
ture cycling a Erl-b sample from room temperature
to 800°C. The results shown in Fig. 3 for the tem-
perature calibration indicate that any hysteresis in
the response of the newly formed Bragg grating is
negligible. Figure 3 also shows how the dependence
of the Bragg wavelength on temperature departs
from linearity over a wide temperature range, an ef-
fect that was previously noted in standard FBGs™
and in other FBG samples in Er2 fiber.'* The solid
curve in Fig. 3 is best explained by the following qua-
dratic equation:

Ap=4.967 X 1075 T? + 1.029 x 1072 T + 1535.171,

where the Bragg wavelength \p is measured in na-
nometers and the temperature 7T is given in degrees
Celsius. The quadratic that was fitted to the data re-
sulted in an R? value of 0.9998. For sensing applica-
tions the Bragg gratings’ temperature accuracy was
also assessed. The root-mean-square error was found

March 15, 2005 / Vol. 30, No. 6 / OPTICS LETTERS 609

to be 3.4°C, which may be interpreted as a tempera-
ture accuracy of 0.4% over the temperature range in-
dicated in Fig. 3.

In conclusion, FBGs resembling CCGs, having re-
flectivities of up to 35%, have been fabricated in
Er3*-doped optical fiber that did not contain fluorine.
The FBGs obtained in these preliminary measure-
ments demonstrated very good thermal stability to
temperatures up to 800°C, with no sign of a reduc-
tion in reflectance or of an irreversible shift of the
Bragg wavelength. That this is so suggests that these
FBGs could be useful for high-temperature applica-
tions. Ongoing work is being performed to determine
the chemical processes involved in the formation of
these FBGs. This would aid in the optimization of the
spectral properties of these FBGs.
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