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Effect of variable valence impurities on the formation
of bismuth-related optical centres in a silicate glass

B.I. Galagan, B.I. Denker, Lili Hu, S.E. Sverchkov, I.L. Shulman, E.M. Dianov

Abstract. We have studied the effect of variable valence impurities
(cerium and iron) on the formation of bismuth-related IR lumines-
cence centres and the optical loss between 1000 and 1300 nm in a
magnesium aluminosilicate glass. The results demonstrate that
additional doping of the glass with ceria leads to effective bleaching
in a wide spectral range, including the luminescence range of the
bismuth centres. At the same time, ceria reduces the concentration
of luminescence centres. Gamma irradiation of the glass bleached
by cerium restores the luminescence centres but leads to a back-
ground loss in a wide spectral range. Iron is shown to be a very
harmful impurity in bismuth-doped active media: even trace levels
of iron prevent the formation of bismuth-related active centres in
the glass and produce a strong, broad absorption band centred near
1 um.
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1. Introduction

Bismuth-doped glasses allow one to build tunable fibre lasers
and optical amplifiers for a wide spectral range (1100—1550
nm) [1-6]. The bismuth oxide concentration in the fibres used
for this purpose is ~0.1%, and their typical length is in the
order of several tens of metres.

Despite the significant advances in bismuth fibre laser
development, the nature of the bismuth-related IR Iumines-
cence centres in glasses is not yet clear. At the same time, there
is solid evidence that the generation of bismuth-related active
centres is associated with oxygen deficiency in the glass host,
i.e., reducing (or even slightly oxidising) conditions are needed
for the formation of IR-emitting bismuth centres in molten
glass. A wide range of bismuth-containing glasses have been
reported to date to exhibit IR luminescence [7—11], but lasing
has only been demonstrated in silica-based fibres. One obsta-
cle to lasing in both silica fibres and multicomponent glasses
is the optical loss (absorption and scattering) in the lumines-
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cence band of the bismuth centres. It is reasonable to assume
that the loss is due to uncontrolled impurities introduced into
the melt either with starting reagents or (in the case of crucible
melting techniques) from the crucible material, as well as to
the products of chemical reactions involving bismuth.

The purpose of this work was to study the effect of vari-
able valence impurities (Ce and Fe) on the generation of bis-
muth-related IR luminescence centres and the optical loss
between 1000 and 1300 nm in a silicate glass with the aim of
reducing the loss in the lasing range of the bismuth centres.

2. Sample preparation

The glass studied had the ternary eutectic composition
10A1,053-30MgO-60SiO,. A bismuth-doped glass of this
composition was investigated previously by Denker et al. [12].
In particular, they showed that, when present in low concen-
trations, the bismuth-related IR luminescence centres in that
glass had a high luminescence quantum yield. This suggests
that the glass under consideration is a potential lasing
medium. Glass samples for this investigation were prepared
by two methods. A number of bismuth-doped cerium-con-
taining glasses were prepared through melting in an induc-
tion-heated iridium crucible under nitrogen at ~1700°C for
1 h. Melt homogenisation with an iridium stirrer and subse-
quent separation of the solid glass ingot from the crucible
allowed us to obtain samples of good optical quality up to
5 cm in length and up to 4 cm? in cross-sectional area, which
ensured relatively high accuracy in our optical-loss measure-
ments. In the case of the iron-containing glasses, glass batches
were melted in alumina ceramic crucibles in air. Several
corundum crucibles containing 50-g galss batches were placed
in a resistance furnace and held at 1550°C for 2 h. Next, the
crucibles were withdrawn from the furnace and cooled in air.

All the glasses were annealed at 750 °C in order to relieve
the internal stress, and then glass samples for optical charac-
terisation were prepared.

3. Effect of cerium on the optical properties
of bismuth-containing glasses

Ceria is used in glass making as a clarifier of optical glasses.
The addition of cerium is thought to contribute to the oxida-
tion of impurities, primarily iron, responsible for parasitic
absorption. As shown earlier [13, 14], the addition of ceria to
a bismuth-doped glass leads to the dissociation of IR-emitting
bismuth centres. This was interpreted as evidence that the
bismuth-related IR luminescence centres were reduced forms
of originally trivalent bismuth ions in the glass. In this study,
the concentration of bismuth-related IR luminescence cen-
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tres, that of red luminescence centres, and the near-IR optical
loss were determined as functions of cerium content in the
glass.

As an example, Fig. 1 shows absorption spectra of the
glasses prepared in an iridium crucible at ~1700°C. It is seen
that increasing the percentage of CeO, in the Mg—Al-Si
glass at constant bismuth content leads to overall bleaching in
a wide spectral range. For example, at a CeO, content of
0.3 mol % the absorption coefficient at a wavelength of
1000 nm dropped from 0.09 to 0.01 cm™'. It is worth noting
that a loss of ~0.01 cm™! appears appreciable, whereas the
luminescence features characteristic of bismuth centres are
extremely weak in this sample.
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Figure 1. Absorption spectra of the glasses containing 0.25 mol %
Bi,0Oz and (/) 0, (2) 0.16 and (3, 4) 0.3 mol % CeO,; (4) after gamma
irradiation.

Denker et al. [15] considered an alternative approach to
producing bismuth-related IR luminescence centres in glass,
with the use of ionising radiation. In this study, we examined
the effect of gamma irradiation on the bismuth-doped cerium-
containing glasses. To this end, we used the nonluminescing
sample containing 0.3 mol % CeO, and 0.25 mol % Bi,0Os,
which initially had high transmission in a wide spectral region
[Fig. 1, spectrum (3)]. After exposure to ionising radiation
(°Co gamma source, dose of ~500 kGy), it contained bis-
muth-related IR luminescence centres identical to those form-
ing in cerium-free melts. Its absorption spectrum [Fig. 1, spec-
trum (4)] showed characteristic bands at A = 500 and 700 nm.
Optical excitation in these bands resulted in IR luminescence
with a spectrum characteristic of the cerium-free glass. At the
same time, because of the irradiation-induced gray absorp-
tion, the optical loss in the range 1-1.3 um increased to
0.05 cm™L.

Figure 2 shows the peak absorption coefficient of the
500-nm band and the luminescence intensity at 700 nm and
1.15 um as functions of cerium concentration for the glasses
containing 0.25 mol % bismuth oxide. The absorption corre-
lates well with the IR luminescence intensity. With increasing
cerium concentration, the bismuth centres responsible for the
700-nm luminescence, which are commonly believed to be
single Bi** ions (see e.g. Ref. [16]), disappear more slowly
than the IR-emitting centres. The higher stability of the red
luminescence centres to oxidation with cerium correlates with
their higher thermal stability reported by Denker et al. [15].
Nevertheless, it is seen in Fig. 2 that both the red and IR Iumi-

nescence centres completely disappear at the same percentage
of cerium (0.3 mol % under the experimental conditions of
this study). This gives grounds to believe that the two types of
centres oxidise, that is, pass into the most stable state of bis-
muth, Bi**, losing the same number of electrons. Taking the
red luminescence centres to be single Bi>* ions and assuming,
like in an earlier study [17], that the IR luminescence is due to
complex bismuth-containing clusters, we are led to conclude
that these latter contain Bi**. This conclusion is consistent
with the inference drawn earlier [18] that the IR luminescence
centre contains two bismuth ions with a total charge of +5.
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Figure 2. Peak absorption coefficient of the 500-nm band (dashed
curve) and luminescence intensity of the bismuth-related optical centres
in the (/) red and (2) IR spectral regions as functions of CeO, content
for the glasses containing 0.25 mol % Bi,Os.

Thus, our data demonstrate that the addition of ceria as
an oxidiser leads to a gradual decrease in the concentration of
luminescence centres (emitting in both the IR and visible
spectral regions), to the extent that no such centres form at a
critical ceria concentration (near 0.3 mol % CeO, under the
conditions of our experiments). The addition of cerium
reduces the weak IR absorption as well, but we failed to radi-
cally change the situation in favour of the IR luminescence
centres by doping with cerium (at least under the conditions
of our experiments).

4. Effect of iron on the optical properties
of bismuth-containing glasses

Figure 3 shows absorption spectra of a glass sample doped
with 1.0 mol % Bi,Oj3 [spectrum (/)] and a sample addition-
ally doped with iron to 2 x 10'° cm [spectrum (2)]. The sam-
ples were prepared together in a resistance furnace. The
absorption spectra demonstrate that iron is an effective oxi-
diser of bismuth centres even when present in concentrations
much lower than those in the case of cerium. In this process,
the iron passes into a divalent state, with a characteristic
strong, broad absorption band near 1 um. No luminescence
was detected in the glass codoped with bismuth and iron.
Bismuth-related luminescence centres also were not detected
at dopant concentrations lower by a factor of 4 (0.25 mol %
Bi,Os, 5.0 x 10'8 cm™ iron atoms). Thus, we are led to con-
clude that, with decreasing bismuth concentration, the role of
iron and similar impurities increases and, accordingly, the
purity of the starting reagents for glass production must meet
more stringent requirements.
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Figure 3. Absorption spectra of glasses doped with 1.0 mol % Bi,O4
(5.15 x 10% bismuth ions per cubic centimetre) and (/) containing no
other dopants or (2) additionally doped with iron to 2 x 10" cm™.

5. Conclusions

The addition of ceria to a bismuth-doped glass leads to effec-
tive bleaching in a wide spectral range, including the lumines-
cence range of bismuth centres. At the same time, ceria
reduces the concentration of both IR- and red-emitting bis-
muth centres. Gamma irradiation of the glass bleached by
cerium restores the luminescence centres but leads to a back-
ground loss in a wide spectral region.

Trace levels of iron prevent the formation of bismuth-
related luminescence centres and produce a strong, broad
absorption band centred near 1 um.
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