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Formation and optical properties of IR photoluminescence centres in
bismuth-containing aluminophosphate glass

A.N. Romanov, E.V. Haula, V.N. Korchak

Abstract. We have prepared aluminophosphate glass samples dif-
fering in bismuth oxide content and demonstrating broadband near-
IR photoluminescence. Analysis of their photoluminescence spectra
leads us to conclude that they contain two main types of emission
centres, one of which seems to be a bismuth monocation and the
other is a cluster ion. In addition to these luminescence centres, the
aluminophosphate glasses contain a nonluminescent bismuth-con-
taining centre responsible for the broad, strong optical absorption
band peaking at 450 nm.

Keywords: photoluminescence, phosphate glass, subvalent bismuth
ions.

1. Introduction

Found at the beginning of the 21st century, high-intensity
broadband near-IR (NIR) photoluminescence (PL) of bis-
muth-containing SiO,-based glasses [1,2] has attracted great
interest because the photoluminescence spectrum of such
glasses spans the ‘telecom window’ — the peak transmission
range of silica fibre. For this reason, bismuth-containing
glasses and crystals are thought to be promising gain media
for optical amplifiers and lasers [3]. In a short time interval,
researchers found and investigated NIR PL in bismuth-con-
taining phosphate, borate, fluoride, and chloride glasses [4—§]
and some halide and oxide crystals [9—18]. The nature of the
bismuth-containing centres emitting in the NIR region has
long remained unclear, but there is now conclusive experimen-
tal evidence that the NIR PL is due to the presence of subva-
lent bismuth cations, i.e. cations in the oxidation state below
the +3 typical of bismuth [6—17, 19]. The likely lasing centre is
the Bi* monocation. Note that, in SiO,-based glasses, it can
be present, depending on codopants, in various optical cen-
tres, such as a Bi* (AlQy,)” ionic centre in aluminosilicate
glasses [15,20] or a covalent bismuth(]) silanolate, =SiOBi, in
Si0, glass without codopants [21,22]. Bismuth in the oxida-
tion state +1 has rather low chemical stability, so molten glass
cooling is accompanied by Bi* monocation disproportion-
ation and the formation of clustered bismuth polycations and
metallic bismuth nanoclusters [23,24]. The presence of bis-
muth clusters and colloids leads to an unwanted optical
absorption, so to prevent their formation one has to maintain
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bismuth concentration in the optical medium at a sufficiently
low level. Accordingly, lasing in bismuth-containing glasses
has only been achieved at very low bismuth concentrations,
and the only type of bismuth laser demonstrated to date is
a fibre laser [3], because the low optical gain in it can be
compensated for by a large optical path length.

Another interesting feature of bismuth-containing materi-
als (especially of glasses) luminescing in the NIR is that there
are several types of emission centres. Whereas bismuth mono-
cation-based NIR PL centres prevail at low bismuth concen-
trations, raising the bismuth concentration leads to the forma-
tion of additional PL centres, which also emit in the NIR [25].
The presence of such additional centres complicates inter-
pretation of PL in bismuth-containing materials and is
undesirable from the viewpoint of realising a laser or optical
amplifier. The nature of the additional centres is still unclear.
Since they are formed at increased bismuth concentrations
in materials, they are likely to be clustered subvalent bis-
muth polycations. Given the practical importance of the for-
mation of various NIR PL centres in bismuth-containing
materials, in this work we undertook a systematic study of the
photoluminescence and optical absorption of aluminophos-
phate glass containing different amounts of bismuth from the
viewpoint of the formation of multiple photoluminescence and
other bismuth-containing centres. Aluminophosphate glass is
of interest in that it can contain a large amount of an acid
component (P,Os): as shown earlier [26,27], high acidity of
the medium is favourable for the stabilisation of subvalent
bismuth cations: both mono- and polycations.

2. Experimental

Aluminophosphate glass samples with the initial composition
0.66P,05-0.33A1,05—xBi,O5 (x = 0,0.01,0.02,0.03, and 0.04),
containing different amounts of bismuth, were prepared as
follows: The 0.44 mole fraction of AI(PO3);, 0.11 mole frac-
tion of Al,O3, and an appropriate amount of Bi,O3 (0—0.04)
were thoroughly ground in an agate mortar. The total batch
weight was 15 g. The batch was moistened and again ground.
The resultant semiliquid slip was loaded into a corundum cru-
cible and heated in air at a constant rate to 200°C in 1 h and
then to 1550°C in 45 min. After holding at the latter tempera-
ture for 30 min, the melt was slowly cooled to room tempera-
ture. During cooling, the melt solidified to form transparent
coloured glass essentially free of bubbles and other inclusions.
The glass did not crack, nor did it detach from the crucible
wall. For optical measurements, we prepared 10-mm-thick
glass samples having polished plane-parallel faces.

The optical absorption of the samples was measured in the
range 400—1000 nm using a Shimadzu UV-3600 UV -Vis—NIR



Formation and optical properties of IR photoluminescence centres in bismuth-containing aluminophosphate glass

911

spectrophotometer. NIR  photoluminescence  spectra
(880—1700 nm) were measured on a Solar-LS SDH-IV spec-
trometer fitted with a Hamamatsu G9204-512S linear InGaAs
photodetector array. PL was excited by 50- to 200-mW compact
laser modules with wavelengths of 445,532,685, and 808 nm.
PL excitation spectra were obtained using a tunable light
source based on a halogen lamp, an SR540 optical chopper
(Stanford Research Systems), and an MDR-206 computer-
controlled monochromator (LOMO). Photoluminescence of the
samples was detected by an InGaAs photodetector (OAO Pol-
yus). Its signal was fed to an SR830 lock-in amplifier (Stanford
Research Systems), together with a reference signal from the
optical modulator. After the lock-in amplifier, the signal was
sent to an ADC controlled by a computer, where the spectro-
scopic data were stored. A required PL band was separated out
using Thorlabs and Omega Optical interference filters.

The spectra thus obtained were corrected for the spectral
sensitivity of the photodetector (PL spectra) and the spectrum
of the PL excitation source (PL excitation spectra).

NIR PL decay kinetics were studied at room temperature.
The PL was excited by a focused 685- or 808-nm laser diode
beam (rectangular 5 us pulses with a pulse period-to-pulse
duration ratio of 1000). After passing through a set of inter-
ference filters, which separated out a required spectral band,
the PL was collimated to an InGaAs photodetector. Its sig-

nal was fed to a preamplifier and then to the input of a
PicoScope 5242 digital oscilloscope. To increase the signal-to-
noise ratio, the data were averaged over a large number (up to
5x 10%) of measured decay curves. Mathematical processing
of the data was performed with software written by us in
Fortran using the IMSL Math Library.

3. Results and discussion

The glass samples obtained by us have high transmission and
are yellow-brown in colour, with the colour intensity rapidly
increasing with bismuth concentration in the glass.

Figure 1 shows normalised photoluminescence spectra
of the aluminophosphate glass samples under excitation by
laser sources differing in wavelength. It is seen that the PL
spectra obtained under excitation at A = 445, 532, and 685
nm have a strong band peaking at 1100—1180 nm (with the
peak position dependent on the PL excitation wavelength)
and an extended longer wavelength wing, whose relative int-
ensity rises monotonically with bismuth concentration in the
glass. Under excitation at 4 = 808 nm, the main PL band is
considerably shifted to longer wavelengths and its peak
emission wavelength (1270 nm) roughly coincides with the
position of the longer wavelength wing in the PL spectra
obtained under excitation at 445, 532, and 685 nm. In the PL
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Figure 1. Normalised photoluminescence spectra of the bismuth-containing aluminophosphate glasses with the composition 0.66P,05—0.33A1,05
—xBi,03 (x =0.01,0.02,0.03, and 0.04) under excitation by laser sources at wavelengths A, = (a) 445, (b) 532, (c) 685, and (d) 808 nm.
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spectra obtained under excitation at 808 nm, the short-
wavelength band is also discernible, and its relative intensity
decreases with increasing bismuth concentration. The bis-
muth-free glass sample showed no PL.

These data lead us to assume that there are a few bis-
muth-containing PL centres in the samples and that the
relative concentration of the centres emitting in the longer
wavelength wing increases with bismuth concentration.
The glass batch contained bismuth in oxide form in the
oxidation state +3. Bismuth in this oxidation state is
known to have no NIR PL, nor does it absorb light in the
visible spectral region [28]. Therefore, the observed NIR
PL and colouration of the glass are attributable to the for-
mation of various subvalent bismuth cations during heat
treatment of the glass batch and glass formation. In par-
ticular, bismuth monocations are formed in a melt at high
temperatures through the reduction of trivalent bismuth,
2Bi** + 20* - 2Bi* + 0,1, accompanied by oxygen gas
release. Since the glass was prepared in an ordinary air
atmosphere, melt cooling could be accompanied by a
reverse reaction—oxidation of the subvalent bismuth cat-
ions with atmospheric air — but the rapidly increasing melt
viscosity probably prevented this process. This is evidenced
by the high spatial uniformity of the colour of the glass
samples, whereas without melt stirring the oxidation of the
subvalent bismuth cations with atmospheric air leads to
bleaching of the glass, predominantly in its surface layer.

The number of different types of bismuth-containing NIR
PL centres in our samples can be found with sufficient confi-
dence as described below. Under excitation at a particular
wavelength, to each emission centre there corresponds a uni-
que PL spectrum, differing from those of other centres. The PL
spectra of different centres can be thought to be linearly inde-
pendent functions of wavelength. Therefore, at a small optical
thickness of a sample, its PL spectrum is a linear combination
of N linearly independent components corresponding to N
different types of emission centres. Thus, any set of PL spectra
corresponding e. g. to an increasing bismuth concentration in
the material can be represented by a basis of N orthogonal fun-
ctions. In experiments, a PL spectrum is determined as a set of
intensities (a vector) at k discrete wavelengths [i(4,), i(,), ...,

i(45)]. From m such spectra, corresponding to m samples, we
can make up an m X k matrix:

i) .. (A

T (D)
(A1) o 1(Akm)

The rank N of this matrix is equal to the number of linearly

independent components necessary for describing a set of m

spectra.

Given the presence of noise in experimental data, it is rea-
sonable to evaluate the rank of matrix (1) using singular value
decomposition (SVD) [29]. The rank N of the matrix can then
be thought to be equal to the number of singular values sig-
nificantly different from zero, which also corresponds to the
sought number of types of emission centres that make a sub-
stantial contribution to the emission spectra of the set of sam-
ples under consideration.

Figure 2 presents (in the order of decreasing value) the
singular values of matrix (1), made up of the PL spectra of
four glass samples differing in bismuth concentration under
PL excitation at different wavelengths. It is seen that the first
three singular values differ considerably, whereas further dec-
rease is not very large. Moreover, the latter two (third and
fourth) singular values are rather low and the difference bet-
ween them is much smaller than in the case of the first, sec-
ond, and third singular values. It is therefore reasonable to
assume that the third and fourth singular values differ from
zero only as a result of noise and experimental uncertainties,
whereas the former two singular values reflect the actual pres-
ence of two linearly independent components whose weighted
sum gives the spectra of the samples under study. These data
lead us to conclude that the PL spectra of the glass samples
under study, differing in bismuth content, are rather well
described (with uncertainty down to 1% judging from the sin-
gular values) by a linear combination of two PL spectra cor-
responding to two different types of bismuth-containing NIR
PL centres.

Note that the so-called long-wavelength centre is excited
predominantly at 4., = 808 nm, whereas the short-wavelength
centre is mainly excited at wavelengths of 445, 532, and 685 nm.
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Figure 2. Singular values of matrix (1), made up of the photoluminescence spectra of bismuth-containing aluminophosphate glasses differing in

bismuth content under excitation at different wavelengths.
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Figure 3. Effect of bismuth content x on the optical absorption at a
wavelength of 450 nm and photoluminescence intensity under excita-
tion at different wavelengths (1) in the aluminophosphate glasses with
the composition 0.66P,05 — 0.33A1,05 — xBi,05.

The relative number of long-wavelength centres increases with
bismuth concentration in the aluminophosphate glass.

Consider how the PL intensity of the glasses under study
varies with bismuth concentration at different PL excitation
wavelengths (Fig. 3). As a result, we obtain data predominantly
for the long- or short-wavelength centre. Note that the lumi-
nescence measurements were made under identical conditions
for all the samples. It is seen in Fig. 3 that, upon excitation of
the short-wavelength centre at 445,532, and 685 nm, the PL
intensity rises essentially in proportion to bismuth concentra-
tion. The slight offset of the lines from the origin can be
accounted for in terms of bismuth losses due to vaporisation
and adsorption on the crucible wall.

An entirely different dependence on bismuth concentra-
tion was exhibited by the PL intensity of the long-wavelength
centre under excitation at a wavelength of 808 nm. At low Bi
concentrations, there was essentially no PL, whereas increas-
ing the Bi concentration led to a sharp increase in PL inten-

sity, which was obviously nonlinear. Such PL behaviour
would be expected upon the formation of clustered bismuth
polycations. The formation of clustered bismuth compounds
was recently confirmed by direct observation with the use of
high-resolution electron microscopy [24].

The short-wavelength centre can, in turn, be identified
as a bismuth monocation forming during heat treatment of
the glass from trivalent bismuth according to the scheme
2Bi** + 20* - 2Bi* + 0, 1. The intensity of the short-wave-
length PL, due to the presence of Bi*, should then be a linear
function of the initial Bi** concentration in the glass batch, as
confirmed in our experiments. The other known monatomic
bismuth ions either do not emit in the NIR (Bi** and Bi**) or
are even unstable at high temperatures (Bi**).

Further insight into the nature of the two emission centres
in the glasses under study can be gained from PL excitation
spectra measured at emission wavelengths in the range 950—
1000 nm, which corresponds mainly to the short-wavelength
centre, and in the range 1200—1500 nm, where both centres
emit (Fig. 4). It is seen that, in the case of PL measurements in
the emission band of the short-wavelength centre, the PL exci-
tation spectrum depends rather little on bismuth concentra-
tion in the glass, which is not surprising because another long-
wavelength centre, emerging at high bismuth concentrations,
makes a negligible contribution to these spectra. The PL exci-
tation spectra consist of two broad bands peaking at 685 and
535 nm. Such PL excitation spectra are characteristic of Bi*
monocations and were observed previously in Bi*-containing
KAISi,O4, KGaSi,Og, CsAlSi,Og, and CsGaGe,Oq crystals [15],
zeolite Y [17], and bismuth-containing aluminosilicate glasses
[25,30]. The presence of two bands in the spectrum is due to
optical transitions of the Bi* ion between its ground state P,
and sublevels of the 3P, state split by the electrostatic field of
the glass host [15].

The PL measurements at emission wavelengths from 1200
to 1500 nm showed that the shape of the spectrum depended
significantly on bismuth concentration, because both emission
centres contributed to the spectrum, and that features related
to the long-wavelength centre prevailed in the spectra of the
bismuth-rich samples. At low bismuth concentrations, the spe-
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Figure 4. Normalised photoluminescence excitation spectra of the bismuth-containing aluminophosphate glasses with the composition 0.66P,O5 —
0.33A1,05 — xBi,03 at emission wavelengths in the ranges (a) 950-1000 [x = (/) 0.02, (2) 0.03, (3) 0.04] and (b) 1200-1500 nm [x = (/) 0.01, (2)
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ctrum contained two bands and was attributable to Bi* mono-
cations. The peak emission wavelengths of the bands (437 and
737 nm) differ from those in the PL excitation spectrum of Bi*
at emission wavelengths in the range 950—1100 nm. That the
shape of the PL excitation spectrum of bismuth monocations
depends on the emission wavelength can be accounted for by the
homogeneous broadening of Bi* photoluminescence spectra in a
disordered glass host [15]. Because of the disorder, Bi* cations
reside in positions differing in electrostatic field, and the higher
the field, the larger are the splitting of the *P; and P, excited
states and the shift of the PL band to longer wavelengths.
Therefore, the PL excitation spectrum measured in the shorter
wavelength emission band (9501100 nm) characterises Bi* cat-
ions in a weak field, whereas the PL excitation spectrum mea-
sured in the longer wavelength band (1200—1500 nm) cor-
responds to bismuth cations in a strong field. In a strong field,
the distance between the two bands in the PL excitation spec-
trum of Bi* is larger and the spectrum approaches that observed
for a covalently bonded bismuth(I) silanolate (=Si— O — Bi) [21].
This is not surprising because covalently bonded Bi* cations
can be viewed as a limiting case of a strong crystal field.

At high bismuth concentrations, the PL excitation spectra
measured in the band 1200—-1500 nm are dominated by the
contribution from the long-wavelength cluster centre. It is
characterised by very broad, overlapping bands peaking at
400 and 490 nm, with the longer wavelength wing of the latter
band extending throughout the visible range and into the
NIR (4 > 800 nm), where Bi* monocations have negligible
PL. Because of this, PL excitation at 4., = 808 nm produces
an essentially pure spectrum of the long-wavelength cluster
centre (Fig. 1d). The features observed in the PL excitation
spectrum of the cluster centre correlate well with those for a
Bij centre postulated (somewhat arbitrarily) as a long-wave-
length emission centre in bismuth-containing aluminosilicate
glasses [25]. Since the short-wavelength centre in such glasses
is also identified with Bi* monocations, it is reasonable to
conclude that the bismuth-containing aluminophosphate gla-
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Figure 5. Normalised photoluminescence decay curves of the 0.66P,05
—0.33A1,05 — xBi,0;5 glasses with x = (7, 3) 0.02 and (2, 4) 0.04: (1, 2)
excitation by a pulsed laser with 4., = 685 nm and PL measurements in
the band between 950 and 1000 nm; (3, 4) excitation by a laser with A,
=808 nm and PL measurements in the band between 1200 and 1500 nm.
The solid lines show fits to the experimental data using various model
dependences, with the fit parameters indicated.

sses studied here and the aluminosilicate glasses studied by
Veber et al. [25] contain the same types of emission centres.
The present data are insufficient to make the final conclusion
as to the number of bismuth atoms in the long-wavelength
clustered PL centre and its formal charge state, but the
assumption made by Veber et al. [25] that this cluster is a
dimer is not groundless because, in the case of the aggregation
of monatomic ions, it is such centres which are the first to
form [24].

The above conclusion that the bismuth-containing alu-
minophosphate glasses under study contain two different typ-
es of NIR PL centres is also supported by our results on
PL decay kinetics, which were studied for two 0.66P,O5 —
0.33A1,05 — xBi,03 glass samples, with bismuth concentra-
tions x = 0.02 and 0.04. Pulsed PL excitation was provided by
lasers with a wavelength that ensured essentially selective exc-
itation of either Bi* monocations (685 nm) or long-wave-
length clustered PL centres (808 nm). PL decay was examined
in the band between 950 and 1000 nm in the former case and
in the band between 1200 and 1500 nm in the case of the clus-
ter centre. The kinetic curves thus obtained are presented in
Fig. 5. It is seen that, in the samples differing in bismuth con-
tent, the PL decay for the Bi* cations is rather well described
by the sum of two exponentials having similar parameters
[Fig. 5, curves (1), (2)]. This points to a relatively weak con-
centration quenching of the excited state responsible for the
NIR PL of Bi* monocations.

The NIR PL decay of the long-wavelength cluster centre
is much faster [Fig. 5, curves (3), (4)] than that for Bi*, and
increasing the bismuth concentration in the sample consider-
ably reduces the PL lifetime. In this case, the PL decay kinet-
ics can only be properly described using a stretched exponen-
tial model: 7 = Iyexp[(#/z)°]. Such kinetics suggest that the
excited state involved in PL is depopulated predominantly
through nonradiative relaxation such as dipole—dipole energy
transfer to some acceptor [31]. The concentration of such acc-
eptor quenchers increases with bismuth concentration in the
glass [as evidenced by comparison of curves (3) and (4)], so
the acceptor most likely contains bismuth. Thus, unlike in the
case of Bi*, the PL decay of the long-wavelength cluster centre
is mainly due to nonradiative energy transfer processes.
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Figure 6. Optical absorption spectra of the bismuth-containing alumi-
nophosphate glasses with the composition 0.66P,O5 — 0.33A1,0; —
xBi,Osat x =(17)0.01,(2)0.02, (3) 0.03, and (4) 0.04.
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The optical absorption spectra of the bismuth-containing
aluminophosphate glasses under study contain one strong
band peaking at 450 nm and a very weak band peaking near
700 nm (Fig. 6). The 700 nm band shows up in the PL excita-
tion spectra as well (Fig. 4) and is attributable to Bi* monoca-
tions. At the same time, the dominant band at 450 nm has no
analogues in position (or in the intensity relative to the 700 nm
band) in the PL excitation spectra. The intensity of this band
rises nonlinearly and very rapidly with bismuth concentration
in the glass, and the variation of the absorption with bismuth
concentration does not have any of the features characteristic
of the two PL centres (Fig. 3). Therefore, the band peaking at
450 nm, and dominating the optical absorption spectra of the
glasses under study, is due to a bismuth-containing centre dif-
fering from those responsible for the NIR PL. Note that,
judging from the intensity ratio of the optical absorption at
450 and 700 nm, it is the nonluminescent centre absorbing at
450 nm which is the main bismuth-containing centre in the
bismuth-rich aluminophosphate glasses.

The nature of this centre is still unclear, but we can draw
some conclusions. In particular, the strong dependence of the
intensity of the absorption band peaking at 450 nm on bis-
muth concentration strongly suggests that the corresponding
optical centre is a cluster. At the same time, the formation of
large colloidal bismuth nanoparticles a few and tens of nano-
metres in size is unlikely because optical absorption spectra of
such particles are well studied [32,33] and differ from those
observed in our experiments (Fig. 6). In the optical absorp-
tion spectrum of spherical colloidal bismuth particles, the peak
absorption wavelength is near 400 nm and its shift to longer
wavelengths can only be caused by the formation of elonga-
ted nanoparticles [32], which is unlikely in our experiments.
Moreover, increasing the bismuth concentration in a reaction
mixture typically leads to an increase in nanoparticle size and,
accordingly, to changes in the shape of the optical absorption
spectrum. However, with increasing bismuth concentration in
our samples the shape of their absorption spectrum remains
unchanged (Fig. 6), as does the peak position of the 450 nm
band. All this suggests that the absorption band peaking at
450 nm is due to a single type of a bismuth-containing cluster
centre with a particular stoichiometry.

4. Conclusions

Bismuth-containing aluminophosphate glasses have been
shown to contain two types of NIR PL centres. One of them, a
Bi" monocation, emits in a band peaking near 1100 to 1180 nm
(depending on the excitation wavelength). The other is a clus-
tered bismuth ion (presumably, a dimer) and emits in a band
peaking at 1270 nm. The PL decay kinetics of this centre are
determined to a considerable degree by nonradiative relaxation
processes as a consequence of dipole—dipole energy transfer
to some acceptor. In addition to these NIR PL centres, the
glasses contain a nonradiative bismuth-containing cluster
centre responsible for a strong band peaking at 450 nm in
their absorption spectra.

The presence of high concentrations of nonradiative clus-
ter centres and long-wavelength clustered NIR PL centres is
undesirable from the viewpoint of obtaining an optical gain
due to active Bi* centres. There seems to be a few ways to
avoid the formation of such cluster centres. First, one can use
low bismuth concentrations, as is already the case in fibre las-
ers. Second, one can use glass with a high glass transition tem-
perature for the higher temperature equilibrium between dif-

ferent subvalent bismuth-containing centres, where there is
no aggregation of monatomic bismuth ions or cluster centre
formation, to be ‘frozen in’ during glass cooling. Finally, glass
composition should be favourable for bismuth monocation
stabilisation.
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