Photoinduced processes in Sn-doped silica fiber-preforms

N. Chiodini, S. Ghidini, and A. Paleari

Dipartimento di Scienza dei Materiali, Istituto Vazionale Fisica della Materia, University of Milano-Bicocca, via

Cozzi 53, 20125 Milano, Italy

G. Brambilla, and V. Prunen

Optoelectronic Research Centre, Southampton University, S017-1BJ, United Kingdom

Effects induced by ultraviolet excimer laser on Sn-doped silica fiber preforms were analyzed by
means of optical and electron param agnetic resonance (EPR) techniques. Bond breaking in
substitutional Sn sites was evidenced “»y the Sn-E’ EPR signal due to sp3 unpaired electrons in
three-fold coordinated Sn sites. Red pl dtoluminescence excited at 633 nm, due to non-bridging-
oxygen sites, was also observed after laser exposure. The intensity of this emission did not follow
the Sn concentration profile, being obs=rved at the core-cladding interface and in the core center.
Birefringence data showed that these effects are accompanied by stress relief in the Sn doped
region. Different structural features of core and cladding were evidenced by micro-Raman

measurements and related to the observed photosensitivity.

Corresponding author:

Alberto Paleari

Dipartimento di Scienza dei Materiali, Universita di Milano-Bicocca
_via Cozzi 53, 20125 Milano, Italy

Tel.: +39 02 64485164

Fax: +39 02 64485400

e-mail: alberto.paleari@mater.unimib.i:



The generation of spatially modulated réfractive index changes in silica-based optical fibers can
be obtained by exposure to & periodi> pattern of ultraviolet (UV) radiation [1]. In this way,
longitudinal gratings can be written and used for optical signal processing in fiber optics.
However, the photoactivated mechanisms underlying the refractive index changes are not yet
fully understood. Two main processes jrpbably contribute to the final effect: the photoconversion
of optically active point defects and the structural densification of the material [1]. Several papers
showed that doping with substitutional atoms, such as Ge and Sn, is crucial for the enhancement
of photorefractivity. In particular, Sn doping gives enhanced and more stable photosensitivity
with respect to Ge doping, although it s more difficult to achieve. Little data is available on Sn-
doped silica and the origin of the photorefractivity in this case has never been investigated in
detail, In a recent paper, we obtained optical fibers with enhanced photorefractivity by doping
silica with 0.15 mol% of tin oxide [2] Absorption data on preforms of this material in the UV
region up to the band—to-band absorpti m edge [2,3] indicated that the absorption changes due to
photoconversion of optically active dufzcts cannot account for the change of refractive index
observed in the fibers, This is somewh.t different from that observed in normal Ge-doped fibers,
and suggests that the photorefractivity 3 Sn-doped material is a more complex process. In order
to clarify the kind of processes which :zke place in Sn-doped silica fibers when exposed to UV
radiation we have carried out in this stady a broader analysis of the effects induced in Sn-doped
fiber preforms by 248 nm laser exposure by means of electron paramagnetic resonance (EPR)
spectroscopy, micro-Raman mappin:, photoluminescence (PL) measurements and stress
polarimetry.

Skices about 100 um and 1 mn: thick were cut and optically polished from silica optical

fiber preforms obtained by the mo-ified-chemical-vapour-deposition method, with a core
diameter of about 0.8 mm and an avcrage core doping of 0.15 mol% SnoOs. Different samples

were exposed to an increasing number of pulses from a KrF excimer laser (emission wavelength



248 nm, pulse fluence 80 mJ/em?, repelition rate 20 Hz). EPR measurements were carried out at
room temperature with an EMX Bruke - spectrometer operating at about 9.6 GHz. Micro-Raman
and PL mapping were performed by 1 eans of a Labram Dilor spectrometer excited by a HeNe
laser or Ar laser in backscattering cor figuration. The excitation spot was about 3 pmz. Stress
birefringence images were collected wi h‘ a polarimetric microscope working at 633 nm with two
crossed polarizers and a quarter-wave plate. The dependence of the transmitted intensity map on
the angular position of the quarter-wave ILlate was analysed by the Jones matrices formalism (4].
In Fig.1 we show the EPR specttum observed in a sample aﬁer' exposure to 3x10° laser
pulses. The spectrum shows structures af about 343, 343.5, 345 and 347 mT corresponding to g-
values of 2.001, 1.994, 1.984 and 1.!:")]6. Spectral position and linewidth of the signal with
g=2.001 are those of the Si-E’ center of sjlica, consisting of a sp’ unpaired electron of a three-fold
coordinated Si site [5]. The other curhplex signal resembles that of the Sn-E’ center [6],
consisting in the Sn variant of Si-E’ cenler with a tin atom substituting for Si. The presence of Sn-
E’ signal confirms the incorporation of tin in the fiber core and clearly indicates that tin has been
accommodated in substitutional positio 15 in the Si sites of the silica network. The growth of the
Sn-E’ signal intensity as a function of t1: UV exposure time (inset of Fig.1) follows a behavioﬁr
similar to the refractive index change in the fiber [3]. The estimated number of UV induced E’-Sn
centers after 3x10° laser pulses corresponds to about 1% of Sn sites within the core. The
formation of E’ centers (that are cocrdination defects) may be an indication of a network
structural rearrangement which probab.y starts froﬁx bond breaking in the neighbourhood of Sn
substituted sites. On the contrary, the :contribution of UV-induced E’ centers to the optical

absorption spectrum has been observed to be negligible [3] and therefore no significant refractive

index change can be ascribed to it.
Raman spectra inside the core aad in the cladding are compared in Fig.2. The spectra

show the typical pattern of the 8iO; aman spectrum [7] with rather broad bands peaked at



w;=430 cm”, ;=800 cm™', @y(TO)=1100 cm™ and cy(LO)=1200 cm™ and two narrow peaks D;
and D- at 490 and 610 cm’, less intersé in the core. These latter peaks are due, respectively, to
four-fold and three-fold planar rings of §iO; tetrahedra which give rise to vibrational modes quite
decoupled from the other network viotations [8]. D\ and D, peaks are representative of the
coordination properties of pure silica end their intensities were observed to increase in densified
silica [9]. On the contrary, a decrease wal observed in GeO,-doped silica by increasing the doping
level [10]. This fact suggests that St isubstitutional doping, as well as Ge doping, probably
inhibits an optimum packing of the network and decreases the statistics of low order tetrahedra
rings. After laser exposure, no detecable change appears in the Raman spectra, except for
specific portions of the preforms whe: @ a strong red luminescence, not observed in unexposed
samples, dominates the collected spectra when excited by HeNe laser at 633 nm. This
luminescence was attributed to non-bric.ging-oxygen centers (NBO) [11].

Maps of spectrally integrated schttered and emitted light excited at 633 nm have been
collected and, through the huge diffe-ence between the weak Raman scattered light and the
intense red emission, the spatial distribution of PL in the preforms has been determined. A section
of PL map across the diameter (after 30D laser pulses) is shown in Fig.3 and compared with the
refractive index profile. The UV inductd PL does not follow the Sn concentration profile, and PL
centers are mainly distributed at the clailding-core interface and in the core center.

Results of the polarimetric analysis are reported in Fig.4, showing specific stress-induced
birefringence data. ‘Stresses are eviderced in most doped regions. In fact, tensile stresses arise
during the production process as a rasult of the different expansion coefficient and melting
temperatures of the cladding and core raterials. From the data in Fig.4 (assuming for simplicity
the stress-optic conmstants of pure si lica) the largest stress value may be estimated to be
approximately 400 MPa. A easily detectable decrease of specific birefringence is observed as a

result of UV exposure, with the larges: effect slightly shifted towards the core-cladding interface



with respect to the maximum value of {1& pre-existing birefringence profile.

The results just described suggest the following mechanism. The introduction of Sn in
substitutional positions in the preform core (proved by the observation of Sn-E’ centers) forces
the network into a less compact mediuin range structure with respect to pure silica, as shown by
the lower statistics of threefold and fou fold tetrahedra rings reflected in the lower intensity of D;
and D, Raman modes. Coexisting with the peculiar structural features of the Sn-doped core, there
are strong tensile stresses. Starting frora this structural and morphological situation, two kinds of
processes are induced by UV laser. Eond breaking occurs at the boarderline of the Sn-doped
region (that is at the core-cladding inte face and in the undoped center of the core) giving rise to
an undercoordinated network. This procgess is evidenced by the formation of photoluminescent
NBO. As a result of this process, there i$ a softening of the morphological constraints at the core
boundary. At the same time, a structur.l reorganization of the Sn-doped network is.pr_omoted by
coordination changes at Sn defect sites, consistently with the observed creation of E’-Sn centers
and the conversion of optically active Sn sites into different defect structures, shown by the
bleaching of the defect-related optical absorption [2,3]. The structural reorganization finally
results in a stress relief in the strongl stressed Sn-doped region, as shown by the decrease of
birefringence.

In summary, our data supports . model of photosensitivity in SnO,-doped silica preforms
mainly due to structural rearrangement [This is mediated by modifications of the morphological
constraints due to the composite prefor 1t features and related to the frozen stress reservoir in the
core.
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Figure 1. Representative first derivativi: EPR spectrum in X-band at 300 K of 0.15% SnO,-doped

silica fiber preforms after 3x10* pulses from KrF excimer laser. Inset: normalized EPR

amplitude vs. UV laser pulses.
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Figure 2. Micro-Raman spectra (2jim diameter of excited area) excited at 514 nm inside the core
and in the cladding. Inset: photo.uminescence spectrum of the red emission observed by

exciting at 633 nm at the core-cladding interface and in the core center of UV irradiated

Sn0,-doped preforms.



Normalised PL intensity

0.006

T

0.004

0.002

0.000 =2
-0.4 0.0 0.4

Radial position (mm)

Relative refractive index

Figure 3. A) Profile of integrated red huinescence along a diameter of Sn-doped silica preforms

after 300 pulses of excimer laser; I.) refractive index profile of the same preform.
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Figure 4. Profile of specific birefringence inside the preform (origin in the core center) before

(open circles) and after (filled circ]zs) 3x10* pulses from KrF excimer laser. The UV-induced

change is reported in the lower par: of the figure with enlarged vertical axis.





