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Optical properties of bismuth-doped silica fibres
in the temperature range 300-1500 K
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Abstract. The visible and near-IR absorption and luminescence
bands of bismuth-doped silica and germanosilicate fibres have been
measured for the first time as a function of temperature. The tem-
perature-dependent IR luminescence lifetime of a bismuth-related
active centre associated with silicon in the germanosilicate fibre has
been determined. The Bi3* profile across the silica fibre preform is
shown to differ markedly from the distribution of IR-emitting bis-
muth centres associated with silicon. The present results strongly
suggest that the IR-emitting bismuth centre comprises a low-
valence bismuth ion and an oxygen-deficient glass network defect.

Keywords: bismuth, bismuth-doped optical fibre,
dependence of optical absorption.
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1. Introduction

Bismuth-doped silica fibres are broadband optical gain media
[1]. Their optical gain band depends on the composition of
their core, which typically consists of bismuth-doped alumi-
nosilicate, germanosilicate, phosphosilicate, phosphoger-
manosilicate or pure silica (v-SiO,) glass. Such fibres cur-
rently ensure optical amplification and lasing in the range of
about 1.15 to 1.55 um. The efficiency of Bi-doped fibre lasers
at a number of wavelengths in this range reaches 50%, and
their output power in single-mode cw operation is 20 W [2]. A
bismuth-doped germanosilicate fibre has recently been dem-
onstrated to offer a 25-dB gain in a 40-nm-wide band with a
centre wavelength of 1440 nm at a pump power as low as
65 mW [3]. All this suggests that bismuth-doped fibres have
considerable potential for use as active media of amplifiers
and lasers operating in new frequency ranges in continuous
mode or ultrashort pulse generation mode [4].
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Unfortunately, none of the models proposed to date for
IR-emitting Bi-related active centres (BACs) in bismuth-
doped fibres (or glasses) has been supported by direct experi-
mental evidence [5, 6]. This circumstance is a serious obstacle
to further improvements in the performance of the new type
of gain medium.

The luminescence properties of bismuth-doped fibres of
various compositions have recently been the subject of
detailed studies. It has been shown that BACs with the sim-
plest energy level diagrams are present in bismuth-doped
fibres made from pure silica glass (SBi fibres), as well as
from germanate (GBi fibres) and germanosilicate (GSBi
fibres) glasses [7]. The energy level diagram in aluminosili-
cate and phosphosilicate glasses is considerably more com-
plex.

The study of the temperature effect on the properties of
BAC:s is one of the approaches capable of shedding light on
their physical nature. Such experiments were carried out by
Bulatov et al. [8] for aluminosilicate fibres at several tempera-
tures (77, 300, 600 and 1000 K). However, their results are
difficult to adequately interpret because there is a limited set
of experimental data and because the BACs in aluminosilicate
glasses have a complex energy level diagram (in comparison
with, e.g., SBi fibres).

In studies concerned with laser damage in optical
fibres (so-called fibre fuse effect), the optical loss in fibres
(free of IR-emitting centres) was measured up to about
the glass transition temperature 7, of silica glass [9—11].
The results indicate that, below T ~ 1000 °C, the optical
loss in silica fibres does not exceed ~10 dB km~!. At the
same time, starting near 1050 °C [9] (or 1150°C [11]) the
loss increases sharply, reaching 2000 dB km™' at a 50°C
higher temperature. Thus, at temperatures below 1100 °C
and optical losses above several dB km™!, silica fibres
can be used to deliver light to a fibre sample in a high-
temperature zone without significant distortions of mea-
surement results.”

The loss at absorption peaks of IR-emitting bismuth
centres in fibre ranges from 103 to 10° dB km™! [7], suggest-
ing that the absorption in bismuth-doped fibres should be
measured in the spectral range of these peaks. It seems likely
that, for the temperature dependences of the properties of
BACs to show up more clearly, measurements should be
extended to higher temperatures (in the case of glass fibres,
T, is a characteristic temperature in this range).

“More detailed experimental data on the optical loss in bismuth-free
fibres of various compositions are currently in preparation for publica-
tion.
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In this paper, we report the optical loss and luminescence
spectra of SBi and GSBi fibres between room temperature
and 1200°C.

2. Samples and measurement conditions

We studied Bi-doped silica fibres containing no other dopants
(two samples) and a silica fibre codoped with bismuth and
germanium (Table 1). The fibres were produced by different
processes: the powder-in-tube (PIT) method [12] was used to
prepare the preform of fibre 1, whereas fibre 2 was produced
by FCVD (a variant of MCVD) [13]. The guidance properties
of the core in fibre 1 were due to a fluorine-doped reflective
(depressed) silica cladding, and those of the core in fibre 2
were due to a microstructured, air-filled holey cladding. Fibre
3 was fabricated by the MCVD process, and its core, based on
v-Si0,, contained 5 mol % germanium oxide, which ensured
an appropriate refractive index profile in the fibre. The outer
diameter of all the fibres was 125 um (without the polymer
coating). Note that the three types of fibres were shown ear-
lier to lase in the spectral region from about 1400 to 1500 nm
[2, 12, 13].

The fibre core composition was determined using a JSM
5910LV scanning electron microscope equipped with an
X-ray microanalysis system (Oxford Instruments). In all the
samples, the bismuth content was below the detection limit
(under 0.02 at %), so it is not specified in Table 1.

Table 1. Designations, core compositions and fabrication techniques of
the fibres.

Preform
Fibre Core fabrication Ref.
composition (%) technique
SBi-P (1) 100SiO,-Bi,03 PIT [12]
SBi-H (2) 100SiO,-Bi, 05 FCVD [13]
GSBi (3) 95Si0,-5Ge0,-Bi,04 MCVD [2,3]

To heat the fibres, we used a tubular electric furnace hav-
ing a cylindrical working space 100 cm in length and 2 cm in
diameter. The working space was not sealed and was always
filled with ambient air. The isothermal zone, with a tempera-
ture field uniform to within +3°C, was 40 cm long. The fur-
nace temperature was varied from 25 to 1200 °C. The average
heating rate in the isothermal zone was 25°C min™' at tem-
peratures from 30 to 700°C and gradually decreased to
10°C min~! between 700 and 1200°C. The fibres were first
heated at these rates from room temperature (RT) to 1200 or
1000°C (in different experiments) and then slowly cooled (in
several hours) to their initial temperature. The temperature
was monitored with an accuracy of £0.5°C. Prior to mea-
surements, a stripped fibre was placed along the axis of the
isothermal zone in air. Its length was no greater than that of
the isothermal zone. The fibre ends were fusion spliced to
pieces of passive silica fibres for coupling and decoupling a
test beam.

Optical loss and luminescence spectra were measured dur-
ing heating of the fibres and after cooling to RT. For this
purpose, we used an HP 70950B optical spectrum analyser in
the range 750—1700 nm and an Ocean Optics S2000 spec-
trometer between 350 and 850 nm. The optical loss in the
fibres was determined by a standard cut-back technique
(comparison of the spectral powers transmitted by a short
piece and long length of the fibre). The test fibre length was

limited by the length of the isothermal zone, which prevented
us from measuring the optical loss in the spectral range
850-1700 nm, where it was too low.

The luminescence spectra of the bismuth-doped fibres
were taken at various temperatures between the excitation
wavelength (457 or 808 nm) and 1700 nm. Excitation was pro-
vided by a frequency-doubled neodymium laser at 914 nm
(second harmonic power, 100 mW) or a fibre-pigtailed single-
mode semiconductor laser diode (wavelength, 808 nm; output
power, 100 mW). To rule out the influence of luminescence
reabsorption in the fibre core, the luminescence spectrum was
measured through the lateral surface of the fibre in a configu-
ration similar to that described by Mattsson [14].

To measure the temperature-dependent luminescence
decay time of the IR-emitting bismuth centres in the spectral
range 13001500 nm, an InGaAs photodiode with a response
time of 3 us was used as a detector. The luminescence was
excited by 10-us laser diode pulses at 808 nm. The signal was
recorded by a digital oscilloscope (LeCroy Wavepro 7100).

3. Measurement results

Figure 1 shows the optical loss spectra of the fibres in the vis-
ible and near-IR spectral regions at RT. The optical loss spec-
tra of the SBi-P and SBi-H fibres are similar in shape and
consist of composite bands peaking at 420, 820 and 1400 nm
on top of a background loss which monotonically increases
by about two orders of magnitude between 1600 and 400 nm.
The GSBi fibre has a lower average level of losses and a differ-
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Figure 1. (a) Optical loss spectra of the germanosilicate fibre GSBi and
the bismuth-doped silica fibres SBi-P and SBi-H. (b) Energy level dia-
grams of the Si-BAC and Ge-BAC.
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ent shape of the absorption bands at 420 and 1400 nm. In
contrast to that in the SBi-P and SBi-H fibres, the 820-nm
absorption has several weak, poorly discernible features on its
long-wavelength side, between 870 and about 1000 nm. As
shown earlier [7], the features at 460 and 940 nm, present in
the spectrum of the GSBi fibre (Fig. 1) as components of com-
posite absorption bands, are due to BACs associated with
germanium atoms (Ge-BACs). These centres were observed
to luminesce near 950 and 1650 nm.

The absorptions near 420, 820 and 1400 nm in the GSBi,
SBi-P and SBi-H fibres are due to other BACs, associated
with silicon (Si-BACs), which luminesce near 830 and 1400
nm [7, 12]. It is worth noting that the 1400-nm absorption
peaks of the Si-BACs in the SBi-H and SBi-P fibres overlap
with the 1380-nm absorption bands of OH groups. The posi-
tions of the above-mentioned absorption and luminescence
lines correspond to transitions between the four lowest energy
levels of the Si-BAC and Ge-BAC, whose energy level dia-
grams are presented in Fig. 1b [7]. In our measurements, par-
ticular attention was paid to the variations of the absorption
and luminescence at the wavelengths corresponding to transi-
tions of the BACs in the SBi and GSBi fibres: we observed
transitions corresponding to only Si-BACs in the SBi fibres
and transitions corresponding to both Si-BACs and Ge-BACs
in the GSBi fibres.

Figure 2 illustrates the temperature effect on the optical
loss spectra of the bismuth-doped silica, SBi-H and SBi-P
fibres in the range 380—850 nm. Note that the holes in the
SBi-H fibre were filled with air at room temperature and then
heat-sealed hermetically.

In the spectrum of the SBi-H fibre (Fig. 2a), the strength
of the absorption bands decreases significantly starting at
700°C throughout the range 400—850 nm, in particular at 420
and 820 nm (SE, — SE; and SE; — SE,, transitions, see
Fig. 1b). After cooling from 1200°C to RT at a rate of
10°C min™!, the absorption in this fibre was under 10 dB m™!
over the entire spectral range studied.

The variation of the absorption spectrum of the SBi-P
fibre on heating (Fig. 2b) differs markedly from that for the
SBi-H fibre: there is no sharp drop in absorption above 700 °C
in the spectral range studied. The inset in Fig. 1b shows the
variation in the absorption at 420 and 820 nm. Also shown

for comparison is the variation in the absorption at 650 nm
(between the above bands). In the temperature range
30-600°C, the absorption in the spectral range under consid-
eration varies only gradually. The most marked drop in
absorption (by about a factor of 1.4) occurs at 420 nm. We
observe a gradual increase in optical loss in the range
600—1000°C and a steep rise starting at 1000 °C, with a maxi-
mum in absorption at ~1130°C and a drop at higher tem-
peratures. After cooling of the fibre from 1200°C to RT at a
rate of 10°C min~' [Fig. 2b, curve RT(1)], the optical loss
considerably exceeded its original level [Fig. 2b, curve RT(0)]
over the entire spectral range examined.

Figure 3 illustrates the temperature effect on the lumines-
cence spectra of the fibres at excitation wavelengths of 457
and 808 nm. The spectra show, in addition to BAC lumines-
cence peaks, luminescence bands at 600 nm, corresponding to
Bi?* luminescence [7], and narrow, strong peaks near 800 and
915 nm, which correspond to the scattered pump radiation of
the neodymium laser and its first harmonic. In the tempera-
ture range 30 to 1000 °C, the 600-nm luminescence intensity in
the SBi-H fibre decreased starting at 200°C and dropped to
zero (to the detection limit) at a temperature near 400 °C. The
830-nm luminescence intensity (SE, — SE transition, see Fig.
1b) gradually decreased starting at 300°C and reached the
detection limit near 800 °C. The 1400-nm luminescence inten-
sity (SE; — SE, transition) first increased, reaching a maxi-
mum near 400°C, and then gradually decreased to ~740°C
and dropped sharply to the detection limit at higher tempera-
tures. The observed increase in 1400-nm emission intensity at
temperatures above 820°C is due to the increase in thermal
radiation level (see below). After cooling from 1000°C to RT
at a rate of 10°C min!, no luminescence was detected in the
SBi-H fibre.

Figure 3c shows the luminescence spectra of the SBi-H
fibre under excitation at 808 nm at temperatures from 30 to
1000°C. The luminescence spectrum consists of two broad
bands centred at 830 and 1400 nm, in agreement with earlier
results [7, 12]. The 830-nm luminescence intensity gradually
decreased as the temperature was raised from 30 to 800°C,
whereas the 1400-nm luminescence intensity first increased,
reaching a maximum near 500 °C, and gradually decreased at
higher temperatures. After cooling from 1000°C to room
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Figure 2. Optical loss spectra of the (a) SBi-H and (b) SBi-P fibres at temperatures from 30 to 1200 °C. Insets: optical loss & as a function of tem-
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Figure 3. Luminescence spectra of the bismuth-doped fibres (a, ¢) SBi-H and (b, d) SBi-P in air at excitation wavelengths 4, = 457 and 808 nm and

temperatures from 30 to 1000°C.

temperature at a rate of 10°C min™!, no luminescence was

detected in the SBi-H fibre at this excitation wavelength
either.

Figures 3b and 3d show analogous dependences of lumi-
nescence spectra for the SBi-P fibre. At an excitation wave-
length of 457 nm (Fig. 3b), the 600-nm luminescence intensity
also decreased (starting at 200 °C) and reached the detection
limit near 400°C. The 830-nm luminescence intensity gradu-
ally decreased with increasing temperature, reaching the
detection limit near 800 °C. The 1400-nm luminescence inten-
sity first increased significantly, reaching a maximum at
~750°C, and then decreased only gradually, with no sharp
drop to the detection limit, in contrast to the case of the SBi-H
fibre.

After cooling from 1200°C to RT, the luminescence spec-
trum of the SBi-P fibre was essentially identical to that before
heating, except for the decrease in the intensity of the 600-nm
luminescence band compared to the 830-nm band.

As shown above, 700°C is a threshold temperature at
which the 420-nm absorption in the SBi-H fibre decreases
considerably. In addition, near 700°C the 1400-nm lumines-
cence intensity under excitation at 457 nm drops sharply. This
agrees with earlier results [7], which demonstrate that the
Si-BAC is responsible for both the 420-nm absorption and
1400-nm luminescence.

Figure 3d shows luminescence spectra of the SBi-P fibre at
an excitation wavelength of 808 nm. The luminescence spec-
tra consist of two broad bands centred at 830 and 1400 nm.
Their intensities vary with temperature in almost the same
manner as under excitation at 457 nm. The increase in the
1400-nm luminescence intensity near 1000 °C is due to the rise
in thermal radiation intensity.

Analogous data for the GSBi fibre are presented in Fig. 4.
We observed not only the Si-BAC and Bi?* luminescence
bands at 600 nm (like in the SBi-H and SBi-P fibres) but also
the 950-nm Iuminescence band of the Ge-BAC. The behav-
iour of the Si-BAC luminescence bands in this fibre is similar
to that in the SBi-P. The most drastic distinction from the
other fibres studied is the negative slope of the temperature
dependence of the 600-nm Bi?* luminescence intensity even at
RT. Moreover, the 1400-nm luminescence intensity has a
maximum at 450°C (in contrast to the 750°C peak in the
SBi-P fibre).

Figure Sa illustrates the temperature effect on the optical
loss in the GSBi fibre in the spectral range 400—850 nm. Both
the absolute change in the optical absorption in the Si-BAC
(420 and 820 nm) and Ge-BAC (460 nm) bands and the
relationship between neighbouring lines, namely in the
420/460 nm pair, are of interest. Starting at ~700°C, the
absorption at 460 nm rises more rapidly than that at 420 nm.
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At higher temperatures, the 460-nm band has two local max-
ima in absorption coefficient, at 830 and 1030°C. Above
1030°C, the absorption decreases in all the above lines. The
temperature dependences of absorption for the Si-BAC lines
have only one maximum, near 1030 °C (in contrast to that for
the 460-nm Ge-BAC line).

Figure 5b shows the room-temperature luminescence
spectra of the GSBI fibre before and after heating to 1000 °C
and subsequent cooling. The inset in Fig. 5b presents the
loss spectra of this fibre before and after the heating/cooling
cycle. Comparison of the spectra indicates a marked increase
in 460-nm absorption relative to the 420-nm absorption
band. At the same time, we observe an increase in lumines-
cence intensity near 950 nm at an excitation wavelength of
457 nm.

Comparison of the data in Figs 5a and 5b demonstrates
that heating increases the concentrations of Si-BACs
(~420-nm absorption) and Ge-BACs (~460-nm absorption)
[7] in the GSBi fibre. In addition, the Ge-BAC luminescence
and absorption increase by several times relative to the
Si-BACs.

4. Discussion

Up to ~700°C, heating of the fibres studied here causes no
significant changes in their absorption coefficient in the BAC
lines. At the same time, we observe marked changes in lumi-
nescence intensity for various transitions of the BACs. In par-
ticular, in all the fibres the 1400-nm luminescence intensity
increases, whereas the 830-nm luminescence intensity drops
(Figs 3, 4). Similar results were obtained by Bazakutsa et al.
[15] in the range 20—600°C for silica glass doped with bis-
muth by the SPCVD process. To understand this effect, we
investigated the 1400-nm luminescence kinetics in the GSBi
fibre at an excitation wavelength of 808 nm and different tem-
peratures (Fig. 6). After a 10-us excitation pulse, we observed
a luminescence rise with a temperature-dependent, short
characteristic time (25 us or shorter), followed by a lumines-
cence decay with a characteristic time of ~600 ps. The lumi-
nescence rise time, which characterises the Si-BAC lifetime at
the SE, level (Fig. 1b), corresponding to the 820-nm absorp-
tion and 830-nm luminescence, decreases sharply with increas-
ing temperature, down to 3 us near 800 °C. This accounts for
the reduction in 830-nm luminescence intensity and the
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excitation wavelength A, = 808 nm.

accompanying increase in 1400-nm luminescence intensity on
heating: with increasing temperature, the probability of non-
radiative decay from the SE, level to the SE; increases.

Our measurements showed that heating to 800 °C reduced
the optical absorption and luminescence at the wavelengths of
the Si-BAC in the SBi-H fibre, containing air-filled holes
~1 um from its about 6-um-diameter core, to almost zero
(Figs 2a, 3a, 3c), which indicates that no BACs persisted in
the fibre core. In the fibre containing no air-filled holes (SBi-
P), BACs persisted under similar conditions (Figs 2b, 3b, 3d).
Note that a similar effect was found earlier to occur during
SBi-H fibre drawing in an oxygen atmosphere [13]; drawing
itself occurs near 2000°C. In our experiments, BACs disap-
peared at a substantially lower temperature, near 800 °C.

The SBi-H and SBi-P fibres differ in that the distance
from their core to the interface with oxygen gas is ~1 um in
the former and near 60 um in the latter. It is therefore reason-
able to assume that oxygen diffusion in the SBi-H fibre at
elevated temperatures leads to BAC dissociation. However,
according to Williams [16] the diffusion distance of oxygen in
v-Si0O, at 800°C over a period of ~15 min, characteristic of
our experiments, is no greater than 0.03 um. At the same time,
in our experiments diffusion occurred in a fibre material
whose glass structure differed from that of conventional
v-SiO, by a larger percentage of distorted bonds and lower
density because it resulted from rapid cooling during fibre
drawing [17]. The diffusion coefficient in such materials may
considerably exceed that in glass obtained by slow cooling
(see e.g. Ref. [18]).

Thus, tentatively assuming that each of the BACs com-
prises a bismuth ion and a glass network defect [6], we infer
from the present results that the bismuth in the BACs should
have a low valence (and further oxidation of the bismuth
causes the centres to disappear) and the glass network defect
in question is oxygen-deficient.

The distribution of oxygen-deficient centres in the core of
germanosilicate fibres is known to be nonuniform, with a
maximum at the interface with the reflective cladding [19]. In
view of this, we performed additional measurements of the
830-nm luminescence distribution under 457-nm excitation
and the 230-nm absorption distribution across the SBi-P fibre
preform.

It is also known that bismuth-doped glasses have a UV
absorption band whose position, usually 200-300 nm,
depends on glass composition [20]. It seems commonly
accepted that this band is due to Bi®* (see e.g. Refs [20, 21]).
The inset in Fig. 7 shows the absorption spectrum of the
SBi-P fibre preform core and, for comparison, that of a simi-
lar preform having a bismuth-free core (spatial resolution,
~(0.1 mm). Clearly, the absorption band centred at 230 nm is
due to Bi doping and, according to the above, arises from
Bi3*. Therefore, the radial profile of the 230-nm absorption
coefficient represents the Bi3* distribution across the preform
core. At the same time, the 830-nm luminescence brightness
profile should provide information (under uniform excita-
tion) about the Si-BAC distribution.
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Figure 7. Radial profiles of the 230-nm optical loss @ and 830-nm lumi-
nescence intensity in the SBi-P fibre preform. Inset: optical loss spectra
of the SBi-P fibre preform core and a similar, bismuth-free preform.

The profiles in Fig. 7 differ markedly from one another.
Whereas the Bi3* concentration has a maximum in the middle
part of the core (with a central dip), the Si-BAC concentra-
tion (830-nm luminescence intensity) peaks near the
core—cladding interface, with an increased Si-BAC concen-
tration in a region located about 0.4 mm from the interface.
Thus, the BAC distribution across the preform differs signifi-
cantly from the Bi3* distribution and has a maximum near
the interface with the reflective cladding, in qualitative agree-
ment with the oxygen-deficient centre distribution in ger-
manosilicate preforms [19]. This suggests that oxygen-defi-
cient centres in the glass may be involved in the formation of
IR-emitting bismuth centres.

Significant temperature quenching of the 600-nm lumi-
nescence occurs even at 400°C (Figs 3, 4). However, the dis-
tinctions between the temperature dependences of the 600-
and 830-nm luminescence intensities both during the experi-
ment (SBi-P, SBi-H and GSBi fibres) and after heat treatment
at 1200 °C followed by slow cooling (SBi-P fibre) indicate that
these bands are due to different active centres [7].

We call attention to the temperature dependences of the
1400-nm luminescence intensity for the three fibres at an exci-
tation wavelength of 457 nm (Fig. 8). The inset in Fig. 8 shows
the optical loss as a function of temperature for the 420- and
460-nm absorption bands of the GSBi fibre. The presence of
air near the core of the SBi-H fibre reduces the 1400-nm lumi-
nescence intensity (Si-BAC) at temperatures above 400 °C.
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The absence of excess oxygen near the core of the SBi-P fibre
reduces the 1400-nm Iuminescence intensity only above
~750°C. At the same time, the curve of the GSBi fibre is sim-
ilar in shape to that of the SBi-H holey fibre, even though the
GSBi fibre has no holes. The absorption spectrum of the
GSBi fibre suggests that the concentration of Si-BACs,
responsible for the 420-nm absorption band, decreased as the
temperature was raised to ~700°C, whereas the concentra-
tion of Ge-BACs, responsible for the 460-nm absorption
band, increased. Thus, it is reasonable to assume that the
GeO, in the GSBi fibre acts as an oxygen source for the
Si-BACs, like the air in the holes of the SBi-P fibre. In the
GSBi fibre, however, the transformation of the Bi-related
active centres is a reversible process: after cooling, the
IR-emitting centres in this fibre persist (Fig. 5b), and the
Ge-BAC concentration increases by several times relative to
the Si-BACs. We think that such temperature behaviour of
the Si-BAC and Ge-BAC centres also supports the model in
which each of the Bi-related active centres comprises a bis-
muth ion and an oxygen-deficient glass network defect [6].
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Figure 8. Temperature dependences of the 1400-nm luminescence in-
tensity for the SBi-H, SBi-P and GSBi fibres at an excitation wavelength
of 457 nm and that of the thermal radiation intensity for the SBi-H
fibre. Inset: optical loss & as a function of temperature 7 for the 420-
and 460-nm absorption bands of the GSBi fibre.

As an illustration, Fig. 8 shows the temperature depen-
dence of the 1400-nm thermal radiation intensity measured
under the same conditions as the 1400-nm luminescence
intensity in the SBi-H fibre but with the excitation source
turned off. Comparison of the two curves indicates that, at
temperatures above 800°C, the thermal radiation intensity
considerably exceeds the luminescence intensity. In the other
fibres (especially at shorter wavelengths), the relative contri-
bution of thermal radiation is markedly smaller, but it was
observed in all luminescence measurements. It is worth noting
here that the SBi-H fibre had the lowest luminescence inten-
sity among the three fibres, which increased the relative con-
tribution of the thermal radiation.

Attention should also be paid to the sharp increase in
absorption at high temperatures in the spectral range under
consideration — starting at 7 = 1030°C in the SBi-P fibre
(Fig. 2b) and at T'= 700°C in the GSBi fibre (Fig. 5a) — and
the decrease in optical loss at temperatures above 1130°C in

the SBi-P fibre and starting at 1030°C in the GSBi. Further
research is needed to shed light on this effect.

5. Conclusions

The absorption and luminescence bands of bismuth-doped
silica and germanosilicate fibres have been measured for the
first time as a function of temperature. Heating of a bismuth-
doped holey silica fibre in the presence of oxygen between 700
and 800 °C was found to markedly reduce the absorption and
luminescence bands of bismuth-related active centres.
Without oxygen, no such effect was detected. This finding, in
conjunction with earlier results [13], suggests that the BACs
studied contain low-valence bismuth ions associated with
oxygen-deficient glass network defects.

The Si-BAC lifetime at the SE, level was found to decrease
sharply (from 30 to less than 3 pus) on heating from room tem-
perature to 900°C (Fig. 1b), whereas the 1400-nm lumines-
cence lifetime (SE; — SE, transition) decreases by 25% in this
temperature range.

Heating the bismuth-doped germanosilicate fibre
increases the absorption in all the bands of the bismuth-
related active centres (both the Si-BACs and Ge-BACs). The
absorption and luminescence in the Ge-BACs increase by sev-
eral times relative to the Si-BACs.

The Bi3" profile across the preforms differs markedly
from the Si-BACs profile. The Si-BAC concentration in the
silica fibre has a maximum near the core—cladding interface
(like the oxygen-deficient centre concentration in the ger-
manosilicate fibres), which provides additional evidence that
the BACs may be associated with oxygen-deficient structural
defects of the glass.
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