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Abstract.  We have studied the optical properties of lightly bismuth 
doped (£0.002 mol %) germanate glasses prepared in an alumina 
crucible. The glasses are shown to contain bismuth-related active 
centres that have been identified previously only in bismuth-doped 
fibres produced by MCVD. With increasing bismuth concentration 
in the glasses, their luminescence spectra change markedly, which is 
attributable to interaction between individual bismuth centres. 
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1. Introduction

The broad absorption and  luminescence bands of bismuth-
related active  centres  (BACs)  in bismuth-doped glasses and 
crystals make them attractive materials for lasing and optical 
amplification  at  wavelengths  where  the  rare-earth  ions  are 
ineffective [1].

To  date,  however,  bismuth-doped  lasers  and  optical 
amplifiers have only been made using optical fibres [2, 3], but 
no gain media based on bismuth-doped bulk glasses (BGs) or 
crystals have been reported. It should be noted that only on/
off gain in bismuth-doped BGs has been demonstrated previ-
ously (see e.g. Refs [4, 5]). Comparison of data in the litera-
ture shows that, in the vast majority of published reports con-
cerned  with  bismuth-doped  BGs,  their  optical  properties, 
especially  their  luminescence  behaviour,  differ  significantly 
from those of fibres of similar composition. Comparison of 
available data is however impeded by the fact that different 
excitation wavelengths, spectral ranges of luminescence detec-
tion and Bi concentrations were often used in different stud-
ies. It is therefore of interest to compare the properties of BGs 
and optical fibres within one study. It is reasonable to make 
such comparison for BGs and fibres of various compositions 
(pure silica, aluminosilicate, phosphosilicate and other mate-
rials). This paper compares the optical properties of crucible-
melted  bulk  bismuth-doped  germanate  glasses  and MCVD 
germanate-core fibres.

Bismuth-doped germanate glasses (BiGGs) have been the 
subject of a number of studies [6 – 13]. An optical fibre with a 

silica  cladding  and  bismuth-doped  germanate  glass  core 
(BiGF) was investigated by Firstov et al. [14]. Spectra of the 
BiGGs  (in  particular,  their  luminescence  spectra)  in  all  the 
above-mentioned  studies  differ  significantly  from  lumines-
cence spectra of the BiGF. For example, the IR luminescence 
bands of the BiGF are situated at 940 and 1650 nm, whereas 
the BGs have at least one peak around 1300 nm.

There  are  several  possible  reasons  for  this.  First,  when 
glass is prepared in a crucible, the crucible material can always 
contaminate  the melt.  This  is  particularly  so  in  the  case  of 
alumina  crucibles  (which  were  used  in  most  of  the  above-
mentioned studies) and leads to additional doping of the ger-
manate glass with up to 10 mol % alumina (as shown by Guo 
et al. [13]), which cannot but affect the luminescence spectrum 
of the glass.

Second, the bismuth concentration in the BiGGs was as a 
rule considerably higher than that in the BiGF. It  is known 
that increasing the doping level may produce extra lumines-
cence bands, which are missing at low dopant concentrations. 
This is the case, e.g., in ruby crystals at sufficiently high chro-
mium concentrations [15] and in bismuth-doped CsI crystals 
as the bismuth concentration increases [16]. This class of phe-
nomena  includes  the  formation of Pb +(1) – Pb 2+ active cen-
tres in alkaline-earth fluoride crystals at elevated Pb concen-
trations [17].

In  view  of  this,  to  properly  compare  the  luminescence 
properties of BiGGs and BiGF we prepared and investigated 
germanate  glasses  with  low  bismuth  concentration  (in  the 
concentration  range  typical  of  optical  fibres  for  bismuth 
lasers and amplifiers) and a considerably higher bismuth con-
centration, approaching that in the previously studied glasses. 
Considerable attention was paid to assessing the influence of 
the  glass  preparation  procedure  on  the  glass  composition. 
Luminescence  studies were  carried out  in  the  same  spectral 
regions under identical excitation conditions.

2. Preparation of BGs 
and experimental procedure

The  starting  chemicals  used  in  the  preparation of  bismuth-
doped germanate glasses were pure-grade germanium dioxide 
and extrapure-grade bismuth oxide. According to analytical 
data, the germanium dioxide contained ~2 mol % SiO2 as a 
major impurity. To obtain a low bismuth content of the glass 
(comparable to that of the BiGF, ~0.1 mol %), the bismuth 
oxide was sequentially diluted with germanium dioxide. After 
several dilution steps, we obtained a mixture with the follow-
ing  nominal  chemical  composition:  about  100  mol  % 
GeO2 – 0.002 mol  %  Bi2O3  (BiGG1).  BiGG1  glass  was  pre-
pared in a loosely covered alumina crucible in air at 1600 °C 
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over a period of 80 min. The melt was slowly cooled to room 
temperature  in  air. Note  that  the  bismuth  concentration  in 
the glass may differ from the intended one because of the high 
bismuth volatility in the glass preparation process. Germanate 
glass with a considerably higher bismuth content (~1 mol %) 
(BiGG2)  was  prepared  under  similar  conditions  (tempera-
ture, holding time and atmosphere). For comparison, we used 
an MCVD fibre preform with a germanate glass core doped 
with less than 0.1 mol % bismuth: ~100GeO2 + Bi (BiGF1). 
The preform was fabricated using a substrate tube of Heraeus 
300 silica glass. The optical properties of a  fibre drawn out 
from such a preform were investigated previously [18, 19].

The luminescence and excitation spectra and IR lumines-
cence decay times of the BiGG1 and BiGG2 glasses (polished 
samples 10 ´ 10 ´ 2 mm in dimensions) and BiGF1 fibre pre-
form were measured with an FLSP 920 fluorescence lifetime 
and steady-state  spectrometer  (Edinburgh Instruments). All 
the measurements were made at room temperature.

3. Results and discussion

All the samples studied showed bright near-IR luminescence. 
Figure 1a presents their spectra under 460-nm excitation. The 
luminescence spectrum of the BiGG1 sample contains promi-
nent bands centred near 830, 950, 1150, 1400 and 1630 nm. 
The spectrum of  the BiGF1 preform also contains  lumines-
cence bands at 830, 950, 1400 and 1650 nm, but there is no 
band at 1150 nm. Finally, the luminescence spectrum of the 
BiGG2  glass  has  the  form  of  an  almost  structureless  band 
extending from 900 to 1600 nm.

As shown earlier [14], the luminescence bands at 950 and 
1650 nm are due  to  IR-emitting bismuth  centres associated 

with  Ge  atoms  (Ge-BACs).  Such  bands  are  present  in  the 
spectra  of  the  BiGG1  and  BiGF1  samples,  indicating  that 
they  contain  Ge-BACs.  In  addition,  the  two  samples  have 
luminescence  bands  at  830  and  1400  nm, which  are  due  to 
IR-emitting  bismuth  centres  associated  with  Si  atoms 
(Si-BACs) [19]. The formation of such centres in the BiGF1 
sample is caused by silicon diffusion from the silica cladding 
to the germanate core [14], and that in the BiGG1 sample is 
due to the presence of silica impurities in the starting materi-
als.  At the same time, the BiGG1 sample has a luminescence 
band at 1150 nm, in contrast to BiGF1. This band is similar in 
position  and  width  to  the  luminescence  bands  of  bismuth-
doped  aluminosilicate  fibres.  In  addition,  a  luminescence 
band  near  1150  nm was  observed  previously  in  germanate 
glasses  codoped  with  bismuth  and  aluminium  at  relatively 
low Bi2O3 concentrations  (~0.01 mol %)  [8]. At higher bis-
muth  concentrations,  a  luminescence  line  at  1300  nm  was 
observed.

Comparison of the present results and earlier data leads 
us to assume that bismuth centres associated with aluminium 
atoms in germanate and silica-based glasses luminesce around 
1150 nm. Since the BiGG1 sample was melted in the alumina 
crucible, it might be contaminated with alumina at the level of 
several percent through the dissolution of the crucible mate-
rial,  as  shown  by Guo  et  al.  [13].  In  our  experiments,  this 
assumption  was  confirmed  by  direct  determinations  of  the 
sample  composition.  The  1150-nm  luminescence  band 
observed in the BiGG1 sample is therefore assignable to bis-
muth centres associated with aluminium atoms.

Thus, the BiGG1 sample has three luminescence bands at 
wavelengths above 1 mm, which are assignable to Al-BACs, 
Si-BACs and Ge-BACs, respectively. To obtain more detailed 
information about these bands, we measured their excitation 
spectra in the range 250 – 850 nm (limited by the sensitivity of 
the  FLSP  920’s  photodetector),  which  are  presented  in 
Fig. 1b. The excitation spectrum of the 1630-nm luminescence 
comprises  a  band  centred  at  460  nm,  consistent  with  the 
energy  level  diagram of  the Ge-BAC  in  the  fibre  produced 
from the BiGF1 preform [14], and a band centred at 395 nm, 
which indicates the position of the next higher energy level of 
the Ge-BAC. The excitation spectrum of the 1400-nm lumi-
nescence consists of two bands, centred at 460 and 370 nm.  
Consequently,  in  contrast  to  the  excitation  spectrum of  the 
Ge-BAC, the excitation spectrum of the Si-BAC in the BiGG1 
glass at 1400 nm differs somewhat from that of the Si-BAC in 
bismuth-doped pure SiO2, which comprises excitation bands 
at  420 and 375 nm  [20]. The main distinctions between  the 
observed excitation bands of the 1400-nm luminescence in the 
BiGG1 glass and pure SiO2 glass were their broadening and 
shift to longer wavelengths. These distinctions may be caused 
by the fact that, as a result of the substantial overlap between 
the  1400-  and  1630-nm  luminescence  bands,  the  observed 
excitation  spectrum of  either  band  is  a  combination  of  the 
excitation spectra of the 1400- and 1630-nm bands.

At wavelengths longer than 400 nm, the excitation spec-
trum  of  the  1170-nm  luminescence  is  identical  to  a  typical 
excitation spectrum of the IR luminescence of bismuth-doped 
aluminosilicate  glasses  [21].  In  the  UV  spectral  region,  the 
spectrum has a previously unreported, strong excitation band 
centred at 330 nm.

From measured luminescence decay curves, we evaluated 
the lifetimes of the main IR luminescence bands in the BiGG1 
sample. According to our results, the decay of the three main 
luminescence bands at wavelengths above 1 mm can be repre-
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Figure 1. (a) IR luminescence spectra of the BiGG1, BiGG2 and BiGF1 
samples at an excitation wavelength of 460 nm. (b) Luminescence exci-
tation spectra of the BiGG1 glass.
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sented by a single exponential. The lifetimes of the lumines-
cence bands centred at 1150, 1400 and 1630 nm were deter-
mined to be about 750, 600 and 500 ms, respectively. The first 
value agrees well with earlier data for BACs  in aluminosili-
cate fibres [22], and the second, with the luminescence decay 
time of BACs in silica fibres [19].

In the BiGG2 sample, with an increased bismuth content, 
the luminescence decay in different spectral regions cannot be 
represented by  a  single  exponential.  Satisfactory  agreement 
with experimental data can only be achieved by using a com-
bination  of  several  exponentials  with  characteristic  times 
from 10 to 200 ms.

4. Conclusions

The present results  indicate that, at  low bismuth concentra-
tions, crucible-melted bismuth-doped germanate glasses may 
contain bismuth-related active centres similar to those identi-
fied previously in bismuth-doped fibres [14]. Germanate glass 
doped with ~10–3 mol % Bi was shown to contain Al-BACs, 
Si-BACs and Ge-BACs. The diversity of active centres in the 
germanate glass was due to the presence of appropriate impu-
rities,  introduced  in  different  glass  preparation  steps.  
Simultaneous excitation of these centres produces a very broad 
luminescence  band,  extending  from  1100  to  above  1650  nm 
(Fig. 1a). Increasing the bismuth content to ~1 mol % seems 
to cause interaction between individual bismuth centres (and 
formation of Bi clusters, including dimers), which adds much 
complexity  to  the  luminescence  spectrum  of  the  glass  and 
reduces the luminescence decay time. It is worth emphasising 
here that lasing in bismuth-doped active glass elements (opti-
cal  fibres)  has  so  far  been  achieved only  in  the presence of 
BACs that form in glass at low bismuth concentrations.

This  study  demonstrates  that  active  centres  similar  in 
luminescence properties to centres present in bismuth-doped 
fibres can be produced in bulk germanate glasses.
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