Photosensitivity and stress changes of Ge-free BiAl doped silica optical fibers under ArF excimer
laser irradiation
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Abstract: The photosensitivity of germanium free Bi-Al-doped silica fibers
with different bismuth concentrations was investigated using ArF excimer
laser radiation at 193 nm and fiber grating formation. For the fiber with the
highest bismuth concentration maximum refractive index changes of 2.2 ×
10−3 and 2.0 × 10−4 were obtained for hydrogen loaded and unloaded fibers,
respectively. Irradiation induced tensile stress changes were observed in the
fiber core of H2-loaded and unloaded fibers. The results indicate a
contribution of compaction to the total refractive index change in both
cases.
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1. Introduction
Optical fiber materials with broad-band gain in the visible or in the telecommunication
window are of great interest for optical communication and the biomedical domain in order to
build integrated tunable lasers, amplifiers, ultra-short pulse lasers, or broadband light sources.
In particular, as no active fiber for the second telecommunication window (around 1310 nm)
is compatible with common silica-based telecommunication fibers, broadband light sources
emitting in this wavelength region are of great importance.
Bismuth ions are interesting candidates for near infrared (NIR) luminescence in silica
glass [1–4] and in silica optical fibers [5–7]. NIR-luminescence was first reported by Murata
and Fujimoto et al. for aluminosilicate glass at room temperature [1,2]. Up to 500 nm of full
width at half maximum (FWHM) spectral bandwidth at 1200 nm was detected under 900-nm
excitation [3]. Also amplification at 1.3 µm was demonstrated in Bi-Al doped silica glass [4].
In aluminum co-doped silica optical fibers room temperature luminescence of bismuth was
first published in 2005 by Haruna et al. [5] and Dvoyrin et al. [6]. The luminescence was
observed around 750 and 1100 nm under visible light pumping, and at 1150 nm under 1000
nm pumping [6] with a spectral bandwidth of 150–300 nm. Later, luminescence was also
obtained at 1430 nm under 1343 nm pumping in Bi-Al-doped silica fiber [7].
All-fiber lasers were first realized using the strong luminescence band around 1150 nm [8]
and recently using the weak band at 1400 nm in germanium free Bi-Al-silica doped fibers [7].
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The all-fiber lasers contained fiber Bragg gratings (FBG) written in Ge-doped fibers as laser
mirrors so far [7–10]. Inscription of FBG directly into the active fiber would reduce the loss
due to splicing and mode field mismatch leading to higher laser efficiency.
Photosensitivity of bismuth-silicate glass was detected using 248-nm excimer laser
irradiation of 30 mJ/cm2 pulse fluence with refractive index changes up to 2.1 × 10−4 at 1550
nm [11]. The conjecture was that the photosensitivity was due to volume changes in the Bidoped glass. The physical mechanisms responsible for the photosensitivity of germanosilicate
glass have been assigned to color-center changes, compaction of the glass network, and stress
changes [12]. Strong tension increase that correlates linearly with refractive index changes
was demonstrated in germanosilicate fiber cores irradiated by UV laser light [12,13].
Recently, we confirmed similar positive core stress changes in SMF-28 fiber using 800-nm
[14] and 264-nm femtosecond [15], as well as cw-Ar+-244-nm laser light [16]. The increase in
tension lowers the refractive index through the photoelastic effect. The tension increase is
caused by the compaction of the irradiated fiber core [12] which itself leads to a positive
refractive index (RI) change that exceeds the negative photoelastic effect [17]. The net
refractive index change is positive. In addition, color center changes add to the total refractive
index change. Recently, Limberger et al. reported that for 264-nm femtosecond laser
irradiation of H2-loaded fibers no stress change was observed for moderate total dose
indicating the absence of compaction. In this case the origin of refractive index changes was
attributed to color centers only [15].
As the bismuth fibers are germanium free an ArF excimer laser operating at 193 nm was
used to induce refractive index changes. Fibers without germanium, e.g. pure silica fibers are
known to have very low photosensitivity. Using an ArF laser refractive index changes of 1 ×
10−5 and 5 × 10−5 [18] were achieved with about 25 kJ/cm2 of cumulated fluence in pristine
and D2-loaded pure silica fibers, respectively. Germanium doping increases the
photosensitivity, which was observed to depend on fluence per pulse, H2-loading, and on
germanium concentration [19–21]: A two-photon process in pristine low GeO2 doped fibers (3
mol%, SMF-28) [19], and a one-photon process in such fibers but H2-loaded [20] as well as in
high (8 mol%) GeO2 doped fibers [21].
So far we published only short conference abstracts and reports on ArF photosensitivity of
germanium free bismuth doped aluminosilicate fibers [22–24]. Here we report in more detail
on refractive index and stress changes in hydrogen loaded and un-loaded fibers and compare
their photosensitivity to standard SMF-28 fibers using 193-nm excimer irradiation.
2. Experiment
The photosensitivity of three Bi-doped fibers (#5, #10, and #25) with different Biconcentrations was investigated. The Bi-Al fibers have an SiO2 cladding and an Bi-Al-doped
silica core. Preform #5 was prepared using a solution doping technique, while the modified
chemical vapor deposition technique was used for preforms #10 and #25. The bismuth
concentration was 0.15-0.3 at.% for fiber #5 and <0.02 at.% for fibers #10 and #25.
Aluminum was incorporated as a dopant in the preforms to provide NIR-Bi-luminescence (11.3 µm spectral range) and to raise the core refractive index. The cutoff wavelength estimated
from the core size and the refractive index difference between core and cladding range from
0.95 to 1.35 µm (with an error of 10%). For comparison, the standard telecom SMF-28 fiber
(~3 mol% GeO2) was irradiated and results included. Table 1 shows the main Bi-fiber
parameters. Hydrogen loading at a pressure of typically 150 bar at room temperature for 2
weeks was used to increase UV photosensitivity. The total Bi-concentration of 2 fibers (#10,
#25) was below the detection limit (0.02 at%) of the scanning electron microscope energydispersive x-ray analyzer [25]. Since the loss at 1 µm can be attributed to the Bi-active
centers, this loss was used as an indication for their concentration. The Bi-active-center
concentration increased in sample order Bi#25, Bi#10, then Bi#5.
Fiber Bragg gratings of L = 6 mm length have been recorded using 193 nm ArF excimer
laser with a repetition rate of 10 Hz and a phase mask. The laser beam was focused by a fused
silica cylindrical lens of 20 cm focal length through a phase mask onto the fiber (mask period:
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Λ = 1.074 µm , zero order ≈4%, Bragg wavelength λB ≈1.55 µm). The spot size at the fiber
position was estimated to 6 × 3.2 mm2 and the fluence per pulse, Fp, was typically 100 - 200
mJ/cm2. Reflection and transmission measurements were performed during irradiation using a
commercial tunable fiber laser. The refractive index amplitude ∆nac was acquired from the
maximum

Rmax

∆nac = ∆n ⋅η
eff
ac

−1

in

the

reflection

spectra

using:

= λB ⋅ (η ⋅ π ⋅ L ) ⋅ artanh Rmax . The mean refractive index change ∆ndc was
−1

obtained from the Bragg wavelength shift as ∆ndc = ∆ndceff ⋅η −1 = neff ⋅ ∆λB ⋅ (η ⋅ λB ) . The
overlap integral η was considered to be constant except for the case where the fibers were far
from LP11-cutoff (Bi#10).
−1

Table 1. Properties of Bismuth Doped Silica Optical Fibers
Sample

#5
#10
#25

Core glass composition
SiO2

Al2O3

(mol.%)
96.7
98
98

(mol.%)
3.3
2
2

Bismuth

Core size

Cut-off
wavelength

Loss at 1 µm

(µm)
6.9
6.7
8.8

(µm)
1.35
0.95
1.25

(dB/m)
≈20
2.0
1.06

concentration

Overlap
integral
η

(at.%)
0.15-0.3
< 0.02
< 0.02

0.74
0.60
0.74

Stress measurements were performed on pristine, irradiated, H2-loaded, and irradiated H2loaded fibers using the set-up described in Ref [17]. Before the stress measurements, the fibers
were annealed at 100°C for 36 h to ensure hydrogen out diffusion. Using the 10 × objective
the spatial resolution is estimated to 0.7 µm at 632.8 nm. The birefringence induced
retardation is integrated perpendicular to the fiber axis and along the axis of the fiber probing
beam as a function of the lateral coordinate y. The retardation values were averaged over a
range of 400 µm along the fiber axis to improve the signal to noise ratio. The measured
retardation is a superposition of elastic stress birefringence [26] and drawing induced inelastic
strain birefringence [27]. The inelastic strain is basically influenced by the material with the
higher viscosity, as it solidifies first during fiber drawing and takes over the drawing force. In
silica based fibers the material with the higher viscosity is in general the cladding. Both
contributions can be separated assuming an inelastic strain that is constant over the fiber cross
section, A, and an area integral over the elastic stress that is zero according to St. Venants
principle [28]. From the retardation profile, ℜ tot ( y ) , the axial elastic stress σz(r) is calculated
by:

σ z (r ) = I (r ) − In

(2)

where

I (r ) = −

R
d ℜ tot ( y ) dy
1
dy
π C ∫r
y2 − r 2

(3)

is the Abel integral of the measured retardation [26], R is the fiber radius, r and y are radial
and Cartesian coordinates, and C is the silica stress optic constant (see Table 2) [29]. The
normalized stress integral In is given by the non-vanishing part of the area integral normalized
to the fiber cross section: I n = ∫ I ( r ) dA ∫ dA . The inelastic strain, ∆ε, is calculated as
A

A

∆ε =
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where E and ν are Young's modulus and Poisson's ratio. It was demonstrated that the inelastic
strain is proportional to the fiber drawing tension [28].
Table 2. Photoelastic Constants of Vitreous Silica at 546 nm [29]

Extra ordinary ray
Ordinary ray
Stress optical constant

C1
C2
C = C2 - C1

TPa−1 (Brewster)
TPa−1
TPa−1

0.64
4.22
3.57

The photoelastic core refractive index change is calculated from the core stress changes by
[30]:

∆n pe = − ( C1 + 3C2 ) ∆σ zcore 2

(5)

where C1 and C2 are the photoelastic constants of the extraordinary and ordinary ray [29].

3. Results and discussion
3.1 Photosensitivity
Figure 1(a) shows the mean refractive index change versus exposure dose for unloaded fibers
Bi#5, #10, #25, and SMF-28. An effective group index of 1.446 was measured for all Bifibers from the Bragg wavelength detected with the first pulse. The refractive index changes
of the three Bi-doped fibers were lower than that of the SMF-28 reference fiber. The mean
refractive index change increases slightly with bismuth concentration. The fiber with the
highest bismuth concentration (Bi#5) exhibited the highest mean refractive index change of
2.0 × 10−4. Lower fluence per pulse led to smaller refractive index changes (inset Fig. 1(a)).
As the photosensitivity increased with bismuth concentration, the photosensitivity is most
probably related to bismuth in pristine Bi-Al-silica fibers. Moreover, the RI change in Bi-Al
fibers induced by ArF excimer laser light is also much larger than the RI change in pure silica
core fibers where a value of ≈6 × 10−6 was reported for a comparable dose of ≈6 kJ/cm2 [18].
The Bi-Al-doped fibers were hydrogen loaded and subsequently irradiated (Fig. 1(b)). A
mean refractive index change up to ∆ndc = 2.2 × 10−3 was attained for the Bi-doped fiber with
the highest concentration (#5) which is about 40% of the SMF-28-value and twice the value
obtained for the Bi fibers with lower concentrations (Bi#10, Bi#25). The observed RI change
in Bi#5 is about two orders of magnitude higher than values reported for deuterium loaded
pure silica fiber using an ArF excimer laser (≈2 × 10−5) with 6 kJ/cm2 of total dose [18].
Refractive index changes have been reported for H2-loaded Al-doped silica fiber under ArF
irradiation (200 mJ/cm2) [31]. The Bi#10 has about the same dose dependence as the Al-SiO2
fiber, but the fiber with the highest Bi-concentration (Bi#5) shows clearly higher index
changes. Therefore, the photosensitivity observed in H2-loaded Bi-doped fibers might be
attributed to Bi-H species (BiH, BiOH, ...). The refractive index changes were found to be
sufficient to directly inscribe high reflective FBG into the H2-loaded bismuth-doped fibers to
be used as laser mirrors: In a 6-mm-long FBG a reflectivity of R = 99.7% (−25.4 dB
transmission dip, ∆nac = 4.5 × 10−4) was achieved in hydrogen loaded Bi#10.
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Fig. 1. Mean refractive index change versus dose in (a) pristine (Fp = 160 mJ/cm2) and in (b)
H2-loaded Bi-Al-doped fibers (Fp = 135 mJ/cm2). Inset in (a) shows the dependence on
exposure for different Fp.

3.2 Stress, inelastic strain measurements
The tomographic measurements revealed symmetric stress distributions in spite of
asymmetrical (one-sided) 193 nm irradiation. Figures 2(a) and 2(b) show the 1-dimensional
axial stress distribution of unloaded and H2-loaded fiber Bi#10 before (blue curve) and after
irradiation (red), respectively. The core region of pristine Bi#10 has an average axial stress of
−3.4 MPa. An UV-induced axial stress increase of 15 ± 3 MPa occurred in the core. The
corresponding photoelastic index change is ∆n pe = −1.0 × 10−4 , calculated using Eq. (5). The
negative photoelastic index change is compensated by a positive compaction induced index
change. Compaction, photoelastic, and color center induced index changes result in the total
mean refractive index change of ∆ndc = 1.3 × 10−4 measured by the FBG peak shift.
No stress changes due to H2-loading were observed. For a UV-induced refractive index
change of ∆ndc = 1.2 × 10−3 the stress changed in the core region by 32 ± 3 MPa which
corresponds to a photoelastic index change of ∆n pe = −2.1 × 10−4 . The stress distribution in
the core region revealed a pronounced dip in the center of the core similar to the Bi-dopant
profile of the fiber preform (see Fig. 1 in Ref [25]). While the aluminum concentration is
uniform across the preform core, the bismuth concentration is reduced at the center as a result
of the fabrication process. This is an indication that the photo-induced stress, and hence the
photosensitivity is directly connected to the Bi species.
In general, it is assumed that H2-loading leads to a color center based refractive index
change with the absence of stress changes [15]. However, in this fiber, core stress changes and
corresponding compaction of the fiber core occurred after a long exposure time. This indicates
that in H2-loaded fibers core volume changes may appear as well. The UV-induced stress
−1
change per total index change, ∆σ core ⋅ ∆ntot
, is 23 GPa and ~106 GPa for the H2- and the nonH2-loaded Bi#10 fiber. For comparison, in Ref [13] 119 GPa were observed for different Gedoped fibers. Although the stress change per total index change in the H2-loaded case was
only about 1/5 of the unloaded value it is the first time that non-zero stress changes were
detected in H2-loaded fibers.
The normalized stress integral In was constant with 0.8 ± 0.2 MPa for all cases
corresponding to an inelastic strain of 1.3×10−5. Silica fibers have an inelastic strain per
drawing tension of typically 7.75 × 10−7 g−1, which gives a small drawing tension of 17 ± 4 g.
This value correlates well with experimental value of fiber drawing force which was estimated
to 25 ± 5 g.
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Fig. 2. Axial stress profiles before (blue) and after UV-irradiation (∆ndc = 1.3 × 10−4, red) in
pristine Bi-Al silica (a) and in H2-loaded Bi-Al silica fiber (∆ndc = 1.2 × 10−3, red) (b).

4. Conclusion
The photosensitivity of Bi-Al-doped silica fibers was investigated by FBG fabrication and
stress measurements using an ArF excimer laser. The refractive index change increases with
Bi-concentration and laser pulse fluence. The achieved value of 2 × 10−4 in pristine fiber is
below the value for SMF-28. A maximum mean refractive index change of 2.2 × 10−3 was
attained for hydrogen loaded Bi-Al fibers. This is about 40% of the value obtained for H2loaded SMF-28, and 2 times higher than values reported for Al-SiO2 fibers. The increase of
UV-induced refractive index change with Bi-concentration and the similarity of the induced
stress distribution in the H2-loaded fiber with the Bi-dopant profile indicate that the
photosensitivity is most probably due to bismuth. For hydrogen loaded Bi-Al-silica fibers the
photosensitivity is attributed in a great part to Bi-H species. Irradiation induced tensile stress
changes that can be related to volume changes were observed for both the unloaded and for
the first time for the H2-loaded silica fiber. Inelastic strains were small and remained constant.
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