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Abstract. The behaviour of bismuth ions in silica glass free of other
dopants has been studied in different steps of the furnace chemical
vapour deposition (FCVD) process. Porous layers annealed and
consolidated in different atmospheres, a bismuth chloride solution
in acetone for porous layer impregnation, the resultant glass pre-
form and holey fibres drawn out under various conditions have been
characterised by spectroscopic techniques and X-ray diffraction.
Active bismuth centres present in the preform and luminescing in
the visible and IR spectral regions persist during drawing under
reducing conditions, whereas drawing under oxidising conditions
eliminates such centres. Annealing under reducing conditions pro-
duces absorption bands of IR-emitting bismuth centres (IRBCs) in
spectra of fibres drawn out under oxidising conditions and concur-
rently increases the background loss. Under the annealing conditions
of this study (argon atmosphere, 7, = 1100°C, 30 min), the IRBC
concentration reaches a maximum and then decreases, whereas the
background loss increases monotonically.

Keywords: bismuth-related optical centres, porous layer, silica glass,
fibre preform, bismuth-doped fibre, FCVD, acetone, bismuth chloride.

1. Introduction

Bismuth-doped silica fibres with various core compositions
(Bi: Al,05:Si0,, Bi: GeO,:SiO,, Bi:P,05:Si0,) enable lasing
in the range 1140—1550 nm [1-7] and are thus potentially
attractive as gain media for optical amplifiers in optical fibre
communication systems [8]. Unfortunately, the physical nature
of IR-emitting bismuth centres (IRBCs) is still unclear. A large
number of hypotheses and models have been put forwards
(see e.g. a review by Peng et al. [9]), but none has been con-
firmed. The problem is difficult to solve because the spectro-
scopic properties of bismuth centres strongly depend on glass
composition and glass preparation conditions. It is, therefore,
of interest to investigate in detail both the simplest system
Bi:SiO, and the behaviour of bismuth in different steps of the
fibre fabrication process, i.e. its transitions to states differing
in properties. In this paper, we present a detailed experimental
study of the behaviour of bismuth ions in silica glass free
of other dopants in different steps of the furnace chemical
vapour deposition (FCVD) process [10, 11] (a modification of
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MCVD that uses a furnace instead of a burner). Such glass
has been the subject of several studies [12—18]. This paper
presents a continuation of previous work [17]. We report a
spectroscopic study of a doping solution used for porous layer
impregnation, the porous layers annealed and consolidated
in different atmospheres, the resultant bismuth-doped glass
preform and the fibre drawn out from the preform.

2. Spectroscopic properties of a bismuth(I1I)
chloride solution in acetone

To dope fibre preforms with bismuth, a porous layer was
impregnated with a solution of bismuth chloride, BiCls, in
acetone, CH5~C(O)-CHj. It is worth noting that the proposed
use of acetone as a solvent offers a number of advantages
in comparison to acids: acetone is less hazardous, has lower
viscosity, thereby enabling more rapid porous layer impreg-
nation, vaporises considerably more rapidly and, hence, ensures
a drastic reduction in porous layer drying time after the
impregnation step.

Under excitation with the 337-nm nitrogen laser line, the
starting colourless crystalline bismuth(III) chloride powder
showed weak blue luminescence (which was probably due
to the Bi** ion). Short-term exposure (1-2 min, ~1 W cm™)
produced a black spot in the irradiated zone. Bismuth(I1I)
chloride is known to experience photodissociation under UV
irradiation (at 365 nm or shorter wavelengths [19]), which
obviously took place in our case. Note that, after the darken-
ing, there was no BiCl; luminescence.

With increasing bismuth chloride concentration in acetone,
the colour of the solution changed from yellow to dark brown,
almost black. After acetone vaporisation from the solution at
room temperature, the tube contained black tarry substance,
which obviously resulted from the reaction between the bis-
muth chloride and acetone. No reaction of BiCl; with acetone
has been described in the literature. According to Sanderson
and Bayse [20], bismuth halides may cause aldol condensation
in ketones (bismuth halides can act as catalysts) and other
nucleophilic additions to the C=0 bond (BiXj interacts with
the lone electron pair of the carbonyl oxygen, Ocq, increasing
the positive charge on the carbon). Nevertheless, it is not yet
clear what substances result from the reaction between BiCls
and acetone. In what follows, the reaction products will be
denoted as CH;—C(O)-CHjx'BiCly [20]. That BiCl; reacted
with acetone rather than just catalysing aldol self-condensa-
tion of acetone is further supported by the fact that the Raman
spectrum of BiCl; differs drastically from that of the black
substance (Fig. 1).

CH;-C(O)-CHj*BiCl; was characterised by X-ray micro-
analysis. Its chemical composition was determined using a
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Figure 1. Raman spectra of CH;—C(O)-CHj;'BiCl; and BiCl;.

JEOL JSM-5910LV scanning electron microscope (SEM)
equipped with an Oxford Instruments energy dispersive X-ray
spectrometer system. An SEM specimen was prepared as
follows: a 5% BIiCl; solution in acetone was applied to a
quartz glass substrate and the solvent was evaporated. The
backscattered electron (Z-contrast) images in Fig. 2 demon-
strate that the specimen is rather inhomogeneous, with rela-
tively large regions (200—600 um in linear dimensions, Fig. 2a)
differing markedly in average bismuth concentration. (The
points and regions where the bismuth concentration was
measured are indicated in Figs 2a—2d.) The micrographs in
Figs 2c—2g, obtained at higher magnifications, indicate that
the relatively large regions in Fig. 2a (similar in average bis-
muth concentration) are also inhomogeneous. At the highest
magnification (Fig. 2g), we observe spherical particles ~500 nm

700 pm

100 um

Figure 2. SEM micrographs of CH3;—C(O)-CHj'BiCl;. The numbers at
indicated points and regions specify the atomic percentage of bismuth.

in size, in which the Bi: Cl atomic ratio is 1 :3. Given the pres-
ence of such particles and the fact that the black substance
was amorphous as determined by X-ray diffraction (XRD)
(D8 Discover diffractometer with a GADDS, CuK,, radiation,
graphite monochromator), it is reasonable to assume that
BiCl; molecules enter into the composition of one of the reac-
tion products without decomposition.

Figure 3 shows absorption spectra of BiCl; solutions in
acetone at different BiCl; concentrations. Each absorption
spectrum was obtained by subtracting the transmission spec-
trum of the BiCl; solution in acetone from that of pure acetone
and normalising the difference by the thickness of the cuvette.
The spectra are seen to contain strong UV absorption bands
peaking at 230 and 330 nm. In the visible range, the spectra
contain relatively weak absorption bands near 500 and 650 nm.
The luminescence spectrum in Fig. 3b has the form of a broad
band, 190 nm in width, peaking at 500 nm. The luminescence
lifetime is ~0.9 us. No IR luminescence (1000—1750 nm) was
detected under excitation at 337 or 975 nm. All the luminescence
spectra presented in this paper were measured at room tem-
perature with an Ando AQ-6315A optical spectrum analyser,
unless otherwise indicated. No photochemical reaction was
detected in the solution, and the luminescence intensity remained
constant during the measurements. The luminescence spectrum
of CH;—C(O)-CHj;BiCl; was identical to that of the solution.
Thus, we are led to conclude that neither the solution nor the
black substance contained IRBCs.
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Figure 3. (a) Absorption spectra of BiCl; solutions in acetone: (/) 5,
(2)0.04,(3)0.008 and (4) 0.001 wt% BiCl;. (b) Luminescence spectrum
of the solution containing 5 wt% BiCls (excitation at A = 337 nm).
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3. Spectroscopic characterisation of porous
layers annealed and consolidated in different
atmospheres and at different temperatures

We fabricated several similar bulk samples in the form of
20-mm-diameter silica tubes of the same length, with an
~300-um-thick porous layer produced on their inner surface
by the FCVD process (Fig. 4b). The samples were impreg-
nated with a BiCl; solution in acetone and then held at room
temperature until the solvent vaporised. Next, the samples
were heat-treated under various conditions and their lumines-
cence and absorption were investigated.

313 um

Porous layer

Blackened porous layer

Consolidated region

Transition region

a

Figure 4. (a) Sample in which part of the porous layer was consolidated
in air. (b) SEM micrograph of the interface between the porous layer and
silica tube. The thickness of the porous layer is approximately 313 um.

Annealing of impregnated samples at 1000, 1200 and 1400 °C
for I h in air. Samples impregnated once with a 5% BiCl;
solution in acetone were furnace annealed in air. This heat
treatment failed to ensure porous layer consolidation. The
annealed and unannealed (impregnated) samples had identi-
cal luminescence properties. No IR luminescence was detected
under excitation in the ultraviolet (337 nm), visible (454, 488,
514, 567, 647, 676 nm) or infrared (975, 1064 nm) spectral
region. Thus, bismuth does not form IR-emitting centres in
silica glass under the conditions in question. At an excitation
wavelength of 337 nm, the samples showed weak luminescence
characteristic of CH;—C(O)-CHj;-BiCl; (Fig. 3). Its intensity
was considerably higher before annealing. In addition, anneal-
ing changed the colour of the impregnated porous layers from
light brown to white. This is attributable to both the oxida-
tion and partial vaporisation of CH;—C(O)-CHj5BiCl; during
heating in air. The annealed samples were characterised by
XRD and no crystalline bismuth compounds were detected.

Partial sintering of the porous layer in air. A sample was
impregnated three times with a 5% BiCl; solution in acetone.
After solvent vaporisation, part of the porous layer in the
form of a thin bar along the tube (Fig. 4) was consolidated in
air at 1900 °C using an oxygen—propane torch.

Heating converted the porous layer into ~60-um-thick
glass with a yellow tinge. In the immediate vicinity (on both
sides) of the consolidated region, the upper surface (exposed to
air) of the porous layer (~3 mm in width) blackened (Fig. 4a).
According to XRD data, the porous layer darkened by heat
treatment contained metallic bismuth crystals (Fig. 5). The
crystallite size was ~20 nm as evaluated using the Scherrer
formula. It is worth emphasising that it was the surface of the
porous layer that blackened, whereas its interior remained white
(as was seen on a fracture surface). This can be accounted for
by bismuth vaporisation during sintering of the porous layer

and bismuth deposition (through the thermophoresis process)
in the form of metallic bismuth crystals in a nearby region.
The above experimental data demonstrate that the consolida-
tion of the impregnated porous layer and collapse of the tube
in the fibre preform fabrication process are accompanied by
constant bismuth vaporisation and deposition, so that pre-
forms with a uniform longitudinal bismuth profile may be dif-
ficult to produce.
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Figure 5. Comparison of the XRD patterns of (a) the porous layer and
(b) metallic bismuth (ICDD, card no. 44-1246).

Figure 6 shows micrographs of various regions in the
sample represented in Fig. 4a, which demonstrate how heat
treatment changes their microstructure and the bismuth pro-
file. Figure 6a shows an interfacial region between the porous
layer (Fig. 6b) and transition region. It follows from Figs 6a
and 6¢—06e that the transition region is a porous layer, with
bismuth-doped glass forming on its outer surface. The forma-
tion of glass film in the transition region on the outer surface
of the porous layer can be accounted for by the fact that,
during the consolidation process, heated gases move from a
region heated to high temperature by a torch to lower tem-
perature neighbouring regions and thus heat the porous layer
in the transition region to the melting point of the material
starting from its surface. It seems likely that a similar process
takes place in the porous layer consolidation step during the
FCVD preform fabrication process (as shown previously for
the MCVD process [21]). In the transition region near the
porous layer (Fig. 6¢), the porous structure contains glassy
regions differing in bismuth concentration: dark (0.05 at% Bi)
and light (2.27 at% Bi). Figure 6d shows the transition region
near the consolidated region. The glass resulting from the
consolidation step is chemically inhomogeneous, as seen in
Fig. 6f. In XRD patterns of different zones in the consolidated
region, we found no evidence of crystalline phases. The lumi-
nescence of the sample under consideration was studied in two
regions: in the consolidated region and in a narrow (~1 mm)
transition region (Fig. 4a). The luminescence spectra obtained
in the two regions were identical in shape. Figure 7 [spectra
(1,2)] shows luminescence spectra of only the consolidated
region.

The absorption spectrum of an ~60-um-thick consolidated
layer in the sample under consideration is presented in Fig. 8.
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Figure 6. Backscatter-mode (Z-contrast) SEM micrographs of various
regions of the sample represented in Fig. 4: (a) region of the porous layer
(at left) and transition region (at right); (b) region of the porous layer;
(c) formation of a glassy region (~100 um in size) in the transition region
(near the porous layer); (d) glass formation in the transition region (near
the consolidated region); (e) higher magnification image of one of the
‘craters’ seen in panel d; (f) consolidated region.
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Figure 7. Luminescence spectra of layers consolidated in (/,2) air
(sample represented in Fig. 4a, three impregnation cycles), (3,4) helium
(one impregnation cycle) and (5,6) oxygen (one impregnation cycle).
For convenience of shape comparison, the spectra are offset along the
vertical axis to bring the scattered pump peaks in coincidence.

The spectrum contains strong, broad absorption bands peaking
at 222 and 290 nm and the edge of an even stronger absorp-
tion band at wavelengths under 210 nm.

Porous layer consolidation in a neutral (helium) and an
oxidising (oxygen) atmosphere. Samples were impregnated
with a 5% BiCl; solution in acetone. After solvent vaporisa-
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Figure 8. Absorption spectra of (/) a layer consolidated in air and
(2) the zsBi preform (see Section 4).

tion, the samples were consolidated in a neutral (helium) or
oxidising (oxygen) atmosphere. Figure 7 [spectra (3—6)] shows
the luminescence spectra of the resultant layers. It is seen
that the relative intensities of the luminescence bands depend
slightly on the consolidation atmosphere. In particular, the
sample consolidated in a helium atmosphere has slightly more
prominent bands around 830 and 1420 nm than does the
sample consolidated in air, and the sample consolidated in an
oxygen atmosphere has a stronger band around 1150 nm. On
the whole, however, the luminescence spectra of the samples
differ little. No crystalline bismuth compounds were detected
in these samples.

4. Characterisation of a bismuth-doped silica
fibre preform free of other dopants

A fibre preform was fabricated by the FCVD process in com-
bination with porous layer impregnation with a bismuth chlo-
ride solution in acetone (like in a previous study [17]). The
porous layer (~300 um in thickness) was impregnated three
times with a 5% BiCl; solution in acetone and dried after each
impregnation cycle. Next, the porous layer was consolidated
in an oxygen atmosphere at 1900 °C (the thickness of the sin-
tered layer was ~60 um). Immediately after the porous layer
consolidation, the tube was shrunk to a smaller diameter,
which was also done in an oxygen atmosphere (at 2000 °C).
In the final step, the gas flow through the tube was shut off
(but the tube remained filled with oxygen delivered previously)
and the tube was collapsed at 2100°C into a preform. Figure 9
shows a cross-sectional photograph and SEM image of the
preform (denoted as zsBi). The diameter of its core (bismuth-
doped region) is ~1.6 mm.

The highest bismuth concentration in the zsBi preform
was about 0.03 at% as determined by X-ray microanalysis.
(This value is approximate because it only slightly exceeds the
detection limit of the method: 0.02 at%.) With allowance for
porosity (~80%), the bismuth content of the impregnated
porous layer is ~1.2 at%. Thus, most of the bismuth vapo-
rises during porous layer consolidation, tube contraction and
tube collapse (~1/40 of the bismuth introduced into the
porous layer remains in the core glass). Clearly, such losses
make it difficult to fabricate fibres with controlled optical
properties and ensure reproducibility of bismuth-doped fibres
(the tendency of bismuth to vaporise in the fibre preform
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Figure 9. (a) Photograph (white light illumination) and (b) SEM image
of the core of the zsBi preform (1-mm-thick disc-shaped sample). The
highest measured bismuth concentration is about 0.03 at% (at the point
marked by a cross).

fabrication process was also mentioned in previous studies
[22-24)).

The UV absorption spectrum of the preform is presented
in Fig. 8 [spectrum (2)]. Like the absorption spectrum of the
porous layer [Fig. 8, spectrum ( /)], it contains a strong band
around 222 nm and an absorption edge at A < 210 nm, but
there is no band at 290 nm. In addition, the spectrum has
bands peaking at 380 and 440 nm. It is worth noting that
the marked difference between the absorption spectra of the
porous layer and preform can be accounted for by the forma-
tion of metallic bismuth nanoparticles or bismuth chloride
complexes (chlorobismuthates) in the consolidated layer. XRD
examination detected no metallic bismuth nanoparticles in the
layer (probably because of the very small particle size), but
the observed high background absorption level can be inter-
preted as evidence for the presence of such particles in the glass
[18]. The formation of chlorobismuthates in the glass also seems
quite plausible given that chlorine is a major unintentional
impurity (at a level of ~0.1%[25,26]) in the FCVD and MCVD
processes and that doping with the use of a bismuth chloride
solution may further increase the chlorine concentration. The
spectroscopic properties of such complexes in solutions con-
taining ~15 ppm bismuth were reported in Refs [27-29]. It is
of interest to note that the absorption bands of the consoli-
dated glass at 222 and 290 nm are identical in position to
those of Bi** and BiCl;. That the absorption spectrum of the
preform has no band at 290 nm can be interpreted as evidence
that the BiCl; vaporises or decomposes in the tube collapse
process.

Figure 10 shows luminescence spectra of the zsBi pre-
form at different excitation wavelengths. The spectra are
seen to comprise two broad, composite bands in the ranges
500-1000 and 1000—1700 nm. At the same time, the spectra
obtained at excitation wavelengths of 647, 676 and 1330 nm
contain relatively narrow (~100 nm) bands near 855, 830
and 1410 nm, respectively. In the range 500—1000 nm, there
are at least three major bands: near 600, 720 and 830 nm.
The band near 720 nm is hardly discernible, but the decom-
position of the luminescence spectrum into Gaussian com-
ponents ensures acceptable quality only when the number of
components is at least three. In addition, there is a promi-
nent shoulder near 910 nm. The peaks near 600 and 830 nm
are due to Bi** and IRBCs, respectively [30]. The origin of
the band near 720 nm is unclear. The luminescence band in
the range 10001700 nm also comprises several components.
In this range, at least two peaks can be identified: at 1240
and 1425 nm.
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Figure 10. Luminescence spectra of the zsBi preform at excitation wave-
lengths 4., = (a) 337, (b) 514, (c) 568, (d) 647, (¢) 676 and (f) 975 nm. The
luminescence spectrum under excitation at A, = 1330 nm (g) and the
absorption spectrum (h) were obtained for an sBi fibre [17].

Figure 11 shows refractive index, calculated bismuth con-
centration, absorption and luminescence profiles across the
zsBi preform. The refractive index profile (RIP) was measured
in radial direction of the preform using a York Technology
P102 preform analyser, with a resolution of 5 um in the pre-
form radius and ~0.0001 in the refractive index. The core
diameter evaluated from the RIP was 1.6 mm. The bismuth
concentration was assessed from the RIP using the relation
An/Cg; ~ 0.015 (at%)~! [22]. The bismuth concentration is
taken to be zero at the point where the radial coordinate is
r = 0. It is seen that the refractive index at r = 0 differs from
that at » > 0.8 mm. One possible reason for this is that the
synthetic silica glass of the Heraeus Suprasil F300 substrate
tube had a higher chlorine concentration in comparison with
the central part of the preform, where it was almost zero [25].

The absorption and luminescence profiles were measured
on cross sections of the preform 0.04 and 1 mm in thickness
(Fig. 11). The luminescence was excited at 337 nm, the laser beam
was focused to a spot diameter of ~50 um, and the sample
was moved in 100-um steps. In absorption profile measure-
ments, a monochromatic probe beam was apertured by a
rectangular slit 50x200 um in dimensions. With allowance for
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Figure 11. Refractive index profile (An = ngype — ngaq) (2); bismuth con-
centration profile extracted from the RIP (b); absorption profiles at A, =
198 (c), 222 (d), 258 (e), 380 (f) and 440 nm (g); and luminescence profiles
(Aex = 337 nm) at A, = 600 (h), 720 (i) and 830 nm (j). The error of deter-
mination does not exceed the size of the symbols.

the divergence of the probe beam over the sample thickness,
the spatial resolution of the absorption profiles was ~150 um.

As seen in Fig. 11, the 222-nm absorption profile is the
most similar in shape to the RIP. The absorption band in the
range 210—-230 nm is present in spectra of many bismuth-con-
taining materials and is commonly assigned to Bi** [27-29,
31-39]. On the other hand, the main bismuth oxide is Bi,Os,
which contains bismuth in the form Bi**. Therefore, the
observed similarity between the profiles in question suggests
that the variation in the refractive index of the glass is due
to bismuth in the oxidation stated 3+. These inferences are
indirectly supported by EPR data for the preform. Since we
failed to detect any EPR signal from bismuth (for example,
from Bi*, Bi** or Bi*"), like in previous studies [40—43], it
seems likely that the bismuth in the glass is predominantly in
a nonparamagnetic state, such as Bi**. IRBCs result from the
reduction of bismuth (as evidenced by a number of studies
(see e.g. Refs [17,18,44—-46]) and experimental data below)
and obviously account for only a small percentage of the total
bismuth concentration.

Another group of similar profiles is constituted by the
380- and 440-nm absorption profiles (the peak absorption
wavelengths in Fig. 8). The corresponding bands are close in
spectral position and consist of several components [15], so
the similarity of the absorption profiles under consideration
suggests that these bands are due to centres similar in nature
or origin.

A third group of similar profiles comprises the radial pro-
files of the 600-, 720- and 830-nm luminescence intensity. The
600-nm band is known to arise from divalent bismuth, and
the 830-nm band is due to IRBCs [30], but the similarity
between the luminescence profiles corresponding to these
bands suggests that such centres form in one or at least closely
interrelated processes (which lead as well to the formation of
the centre responsible for the luminescence band near 720 nm).
Since visible and IR luminescence centres result from bismuth
reduction [17], the luminescence profiles indicate a region
where the bismuth is in a reduced state. It is worth noting
that, in spite of the marked similarity between the luminescence
profiles, the radial position of their maximum varies from 0.4
(luminescence near 600 nm) to 0.5 mm (luminescence near
830 nm).

Finally, the 258-nm absorption profile differs most sig-
nificantly from all the other profiles in that it is dominated by
the peak near the core—cladding interface. The specific shape
of this profile points to a contribution from bismuth centres
other than Bi**, Bi** and IRBCs and may be due to a strong
effect of the tail of the absorption band peaking near 5 eV
(248 nm), which arises from metallic bismuth nanoparticles in
silica glass [47,48]. Thus, the profile in Fig. 11e may represent
the distribution of metallic bismuth nanoparticles over the
zsBi preform. The maxima in this profile are located most
closely to the interface between the doped core and silica glass
cladding and correlate with the maximum in oxygen defi-
ciency that would be expected in this region of the core (for
example, by analogy with the position of germanium-related
oxygen-deficient centres (ODCs) in germanosilicate preforms
fabricated by the MCVD process [25,49]).

Consider in greater detail preform fabrication by the FCVD
process. Initially, after prolonged porous layer impregnation
with a BiCls solution in acetone, the bismuth is uniformly dis-
tributed across the porous layer, which consists of submicron-
sized particles and CH3;—C(O)-CHj5'BiCl; on their surface. In
the porous layer consolidation process in flowing oxygen, the
temperature is raised to 1900°C. Since oxygen is a stronger
oxidant than is BiCls, it is reasonable to assume that the
hydrocarbon component of CH3;—C(O)-CHj;'BiCl; burns to
give carbon dioxide and water, and that BiCl; oxidises to form
Bi,05 and Cl, (Cl, evolution is evidenced by the fact that,
during porous layer consolidation, a yellow-green gas appears
in the substrate tube). The oxidation of BiCl; seems to follow
the reaction schemes [50] 2BiCl; + O, = 2Bi(Cl)O + 2Cl,
(formation of bismuth oxychloride in the temperature range
250-350°C) and 3 Bi(CI)O = Bi,O;3 + BiCl; (formation of bis-
muth oxide in the temperature range 575-600°C).

The melting and boiling points of these compounds are
indicated in Table 1 [50]. Clearly, bismuth in oxide form pre-
vails at 1900 °C. At this temperature, vaporisation of bismuth
oxide is accompanied by its decomposition according to the
scheme Bi,O; = 2Bi + 1.50,. In particular, Bi, Bi, and O,
account for 85% of the gas phase over bismuth oxide even
at T = 890°C, whereas the fraction of Bi,O; monomers and
dimers is just 5% [51]. Bi,O3 decomposition in the porous
layer consolidation process is further evidenced by the forma-
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Table 1. Melting and boiling points of bismuth compounds.

Substance  7,,/°C  T,/°C  Decomposition upon vaporisation
BiCl; 232 441 Not known

Bi(C1)O 232.5 - Not known

Bi,O; 825 1890 Bi, Bi,, O,, Bi,O3, Bi;O¢ [51]
Metallic 271.44 1564 -

bismuth

tion of metallic bismuth crystals (Fig. 5) in the blackened
porous layer (Fig. 4a). Thus, the gas phase forming in the
porous layer and consisting largely of Bi, Bi,, O, and Cl,
atoms and molecules leaves it and enters the gas (oxygen or
helium) flow along the tube, diffusing through a relatively
large thickness of the porous layer (several thousand layers of
Si0, particles). A portion of the bismuth, proportional to its
concentration in the gas phase, is captured by the surface
of the SiO, particles and dissolves in the silica. Therefore, the
bismuth concentration should increase with increasing dis-
tance from the porous layer surface exposed to oxygen (i.e. as
the surface of the substrate tube is approached). The region
0.3 < r < 0.7 mm in the preform is consistent with this model
(Figs 11a, 11b, 11d).

To explain the more rapid drop in bismuth concentration
and, hence, in refractive index in the region 0 < r < 0.3 mm
and the shift of the maximum in the luminescence profiles
towards the centre of the preform, we take into account that
the bismuth oxide dissolved in the glass matrix in the consoli-
dation step also seems to have a tendency to dissociate into
bismuth and oxygen during heating in the tube collapse pro-
cess, with subsequent outdiffusion of the dissociation products
from the consolidated layer. However, since the diffusion coef-
ficient of bismuth is smaller than that of oxygen, the bismuth-
deficient region is smaller (0 < r < 0.3 mm as follows from
the RIP) than the oxygen-deficient region (0.3 < r < 0.7 as
follows from the luminescence profiles). This model accounts
for the radial distributions presented in Fig. 11 and is consis-
tent with the conclusion that the RIP is determined by Bi**,
whereas the luminescence profiles are determined by bismuth
in a lower oxidation state (subvalent bismuth). Previously,
similar processes were assumed to be responsible for the
increased concentration of germanium-related ODCs in the
central and peripheral parts of MCVD germanosilicate glass
preforms [25,49].

Crucial for validating the above model is the concen-
tration of ‘free’ oxygen, capable of readily diffusing, in the
bismuth-doped glass: it should exceed the concentration cor-
responding to oxygen solubility at a given temperature and
oxygen pressure in the ambient atmosphere. Free oxygen
results from bismuth oxide dissociation and its concentration
is of the same order as the atomic concentration of bismuth
(there are 3/4 of an oxygen molecule per bismuth atom)
because SiO, dissociation can be neglected [51].

Complete bismuth oxide dissociation in the zsBi preform,
containing 0.03 at% bismuth, at 7 = 2000-2100°C would
correspond to a free oxygen concentration in the glass of
~1.5%10" cm=. Oxygen solubility in silica glass at tempera-
tures from 950 to 1100°C is known to be ~2x1073, i.e. the
equilibrium oxygen concentration in glass is about 500 times
lower than the concentration of molecules in the ambient
oxygen atmosphere [52]. The solubility of gases in glass typi-
cally varies little with temperature [53], so the above value can
be used as well for ~2000°C.

Since the oxygen concentration in the tube in the collapse
process at a pressure near 1 atm and a temperature 7= 2100°C
is ~3.3x10'® cm, the corresponding equilibrium concentra-
tion of oxygen dissolved in glass is 6.6x 10" cm=. Compari-
son of this value with the concentration of oxygen bonded
to bismuth indicates that dissociation of just ~1/2000 of the
bismuth oxide is sufficient for creating reducing conditions
for bismuth. Thus, oxygen outdiffusion from the glass and,
accordingly, reducing conditions for bismuth in this step of
the fabrication process can be ensured even in an oxygen
atmosphere. The shift of the maxima in the luminescence pro-
files towards the centre of the preform with respect to the bis-
muth concentration profile is also consistent with the oxygen
diffusion hypothesis given that luminescence profiles are pro-
portional, among other things, to the free oxygen deficiency
profile.

5. Effect of annealing under oxidising
and reducing conditions on the spectroscopic
properties of Bi:SiO, fibres

The zsBi preform was drawn into two holey fibres (with holes
around their core). Some properties of such fibres were
reported previously [17]. The atmosphere in the holes during
the fibre drawing process at a temperature of 1850 °C (slightly
below the porous layer consolidation temperature) had a
significant effect on the luminescence characteristics of the
fibres. The fibre whose holes were filled with flowing oxygen
during drawing (denoted as sBiO in what follows) showed no
luminescence. The fibre whose holes were filled with flowing
argon during drawing (denoted as sBiAr in what follows)
showed both IR and visible luminescence. The apparent con-
tradiction with the effect of the atmosphere in the tube col-
lapse step can probably be resolved by taking into account
the difference in temperature (2100 and 1850 °C) and oxygen
pressure (1 and 1.3 atm) between the collapse and drawing
processes. Moreover, the extent of Bi,O5 dissociation is smaller
at a lower temperature and, hence, the free oxygen concentra-
tion in the fibre is substantially lower than that in the preform.

Figure 12. SEM images of the sBiO fibre end face.
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The sBiAr fibre was studied previously [17]. Here we focus
on the sBiO fibre. Figure 12 shows SEM images of the sBiO
fibre end face. This fibre was produced by drawing an assem-
bly of capillaries and a zsBi preform core rod and simultane-
ously overcladding the assembly with a jacketing tube during
drawing.
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Figure 13. Absorption spectra of the (/) sBiO and (2) sBiAr [17] fibres.

Figure 13 presents the loss spectra of the sBiO and sBiAr
fibres. It is seen that drawing with oxygen in the holes elimi-
nates the absorption bands of IRBCs. The absorption edge of
the sBiO fibre in the range A < 500 nm seems to be due to Bi*".

Figure 14 shows the spectral dependences of the absorp-
tion induced in the sBiO fibre during heating with oxygen in
its holes (the experimental configuration was reported else-
where [18]). With increasing temperature, the absorption
increases monotonically throughout the spectral region stud-
ied. The opposite is observed during cooling: the absorption
decreases with decreasing temperature. After annealing, the
fibre also showed no visible or IR luminescence. An attempt
to interpret the background loss in terms of an Urbach-like
edge in the short-wavelength spectral region was unsuccessful
because the measured spectra considerably deviated from
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Figure 14. Induced absorption in the sBiO fibre after heating with oxygen
in its holes.

Urbach’s rule behaviour (exponential variation of the absorp-
tion coefficient with frequency) [54]. Additional work is nec-
essary to clarify the mechanism of this absorption.

Figure 15 shows spectra of the absorption induced in the
sBiO fibre during heating with argon in its holes. The absorp-
tion increased more significantly in comparison with oxygen
annealing and remained unchanged during cooling. The spec-
tra clearly demonstrate the formation and growth of absorp-
tion bands peaking at 820 and 1400 nm, characteristic of
IRBCs. The formation of IRBCs was further supported by
the fact that the fibre exhibited luminescence after cooling to
room temperature.
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Figure 15. Induced absorption in the sBiO fibre after heating with argon
in its holes.

This experiment, carried out under reducing conditions,
provides further evidence that IRBCs are due to bismuth in a
low oxidation state. During subsequent holding of the fibre
at a temperature of 1100°C for 30 min, the strength of the
absorption bands at 820 and 1400 nm decreased (Fig. 15). The
background loss increased throughout the reduction process.
The background loss was studied in detail elsewhere [18] and
seems to arise from the absorption in metallic bismuth nano-
particles.

6. Conclusions

The present results lead us to the following conclusions:

1. The behaviour of bismuth in various steps of the fabri-
cation of Bi:SiO, core fibres by the FCVD process (bismuth
chloride, bismuth chloride solution in acetone, porous layer
impregnated with the solution, consolidated layer, fibre pre-
form and fibres drawn out in different gaseous atmospheres)
has been investigated by spectroscopic techniques and X-ray
diffraction.

2. Bi**, evidenced by the absorption band near 220 nm, is
present in all the steps of the process.

3. Bi?*, evidenced by the luminescence band around 600 nm,
and the centre responsible for the luminescence band centred
at 720 nm appear during porous layer consolidation and per-
sist/disappear in subsequent steps together with IR Iumi-
nescence.

4. IRBCs, evidenced by the absorption bands at 820 and
1400 nm and/or the luminescence bands around 830 and
1430 nm, appear during porous layer consolidation and per-
sist/disappear in subsequent steps together with Bi**
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5. The observed radial distributions of the refractive index,
absorption and luminescence in the fibre preforms have been
interpreted in terms of bismuth oxide (Bi,O3) dissociation and
subsequent diffusion of the dissociation products (Bi and O/O,).
The dissociated oxygen concentration can exceed oxygen
solubility in silica glass at an external oxygen pressure of
1 atm, i.e. even in an oxygen atmosphere the porous layer
consolidation and tube collapse processes may correspond to
reducing conditions for bismuth present in the glass network.

6. The present results indicate that, after tube collapse in
oxygen at atmospheric pressure, the bismuth in the Bi:SiO,
(~0.03 at% Bi) preform is predominantly in the oxidation
state 3+ and that it is the bismuth in this oxidation state which
is responsible for the increased refractive index of the core glass
in the preform. An increase in the total bismuth concentra-
tion in the glass or heat treatment under reducing conditions
leads to the formation of metallic bismuth nanoparticles.

7. Depending on the atmosphere in the holes of preforms
and fibres during fibre drawing (7" ~ 2000 °C) and annealing
(T'=1100°C), one can create reducing or oxidising conditions
for bismuth, resulting in or suppressing IRBC luminescence,
respectively.

8. Annealing the fibres under reducing conditions produces
IRBC-related absorption bands and concurrently increases
the background loss, irreversible on cooling. During annealing
in argon atmosphere at Ty, = 1100°C for 30 min, the IRBC
concentration passes through a maximum and then decreases,
whereas the background loss increases monotonically.
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