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Bismuth-doped soda alumino germanate glass
part I: examination of the role of Na/Al atomic
ratio on the glass matrix and bismuth
luminescence properties in the 300–900 nm
spectral range

Leanne J. Henry, *a Michael L. Klopfer,b Joshua D. Redingc and
Kathleen A. Richardsond

A significant shift in luminescence spectra of bismuth-containing glasses was investigated for a range of

non-bridging oxygen (NBO) containing glasses following excitation between 248–375 nm. Emission

behavior variation for glasses was evaluated as a function of alkali to aluminum ratio which is known to

vary the concentration of NBO thereby imparting locally different environments for multivalent dopant

Bi ions. We report that the structural variation imparted by NBO variation significantly impacted the

emission features of both the undoped base glass matrix as well as glasses containing Bi where emission

features could be directly ascribed to defects within glasses and the changing Bi valence states. A signifi-

cant shift in the luminescence spectra (out to 900 nm) between NBO containing and deficient undoped

and bismuth doped glasses to shorter wavelengths was seen to occur. This was attributed to the differ-

ing defects which form in the two classes of glass matrices as well as a tightening of the glass structure

as the Na/Al ratio was decreased. Specifically, we show that an NBO containing environment leads to

red shifted absorption edges along with stabilization and emission from Bi2+ (615 nm) and Bi0 (810 nm)

while NBO deficient environments enable stabilization and emission from Bi2+ centered at 750–795 nm.

A transition in the luminescence and excitation spectra was seen to occur with increasing bismuth

concentration in two different matrices containing NBOs when excited with 248 and 325 nm, respec-

tively. These results show promise in leveraging the host glass matrix to directly influence the lumines-

cence properties of the dopant.

1. Introduction

Significant attention has been devoted to the discovery and
fabrication of active laser media to open up new applications to
include fiber optical communications. At this time, there is a
dramatic need to increase the capacity of optical communica-
tions systems1–3 outside of the spectral region of 1530–1610 nm
amplified by erbium doped silica lasers. Such expansion is
possible because of the development of low-water glass having
a maximum transmission loss below the acceptable level of
0.5 dB km�1 (ref. 4 and 5) in the 1250–1700 nm spectral range.

Because bismuth exhibits broadband luminescence arising
from transitions of the valence electrons which are highly
sensitive to the local glass’ crystal field environment,
Bi-doped optical fibers have demonstrated lasing and
amplification across this region and therefore potentially could
enable expansion of the optical fiber communication
bandwidth.6–11

In optical materials, bismuth ions can exist in a number of
multivalence oxidation states: Bi0, Bi+, Bi2+, Bi3+ and Bi5+, in
addition to Bi clusters and metallic colloidal particles, (Bi)n.12

When glasses are prepared with Bi2O3 as a starting material, the
fraction of Bi in each oxidation state is impacted by the host
matrix glass type (oxide, non-oxide), network former (silicate,
borate, phosphate or germanate), composition/optical basicity
of the glass matrix,13 network environment (bridging or non-
bridging cations), melt atmosphere, thermal history associated
with the melt/annealing processes14,15 and concentration of
bismuth.14 While the bismuth ion predominantly exists in the
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+3 and +5 states in oxide materials, they can follow a reduction
pathway12 resulting in the co-existence of multiple valence
states;

Bi3+ - Bi2+ - Bi+ - Bi0, Bi2, Bi2
�, Bi3,. . . - (Bi)n (1)

as well as clusters of various multi-atom sizes. While multiple
valence states do not usually occur in crystalline media that
have characteristic coordination sites, glasses, depending on
their network configuration, can have a range of local environ-
ments with varying local charges that can thereby host bismuth
ion in different oxidation states. Sharonov16 examined the
fluorescence decay dynamics of 87 mol% GeO2-12 mol% AlF3-
1 mol% Bi2O3 glass and showed there to be multiple classes of
bismuth optical emission centers arising from variation in the
local environment. Effects of the glass matrix and melt environ-
ment have been seen in the past17,18 with chromium doped
aluminate glass samples containing +3, +4, +5 and +6 species
when melted under oxygen and +3 and +4 species when melted
only in argon as an example. In addition to charge balance, the
physical molar volume available to accommodate the large Bi
ion, is defined by the glass network’s mean coordinate
number (MCN) which is dictated by the number of bridging
and non-bridging species. Non-bridging oxygen (NBO) contain-
ing glasses, in the case of oxide glasses, have lower MCNs and
therefore offer larger volumes suitable for accommodating the
larger Bi species.

The study of the emission properties of the various bismuth
oxidation states is best done in crystals where bismuth in a
single oxidation state will reside in characteristic coordination
sites within a crystal lattice. The emission properties of bis-
muth emission centers having valencies between 0 and +3 in
crystals that have been previously reported are collated in
Table 1. Aside from the properties of known bismuth oxidation
states in crystals summarized in Table 1, in germanium-
containing oxide glass, an emission centered at 790 nm having
a full width at half maximum (FWHM) of 100 nm and a lifetime
of 1.12 ms is speculated to be associated with Bi2+ as this peak
dominates when melted in an oxidizing environment relative to
an emission located at 1200 nm thought to be due to Bi+.34 Our

work further validates the conclusion that the emission seen in
the 750–800 nm range in germanate containing glasses is
from Bi2+.

Germanate glasses are a host of interest for the bismuth
emitter as multicomponent germanate glass have excellent
properties in the infrared (IR) region which include low phonon
energy and high transparency.35–37 In addition, germanate
glasses are also prone to form structural defects making it
easier to form complex emission centers.38,39 Germanate glass
typically has a tetrahedral quartz-like structure,40 however, in
Na-containing germanate glass, some of the oxygens are located
further from germanium atoms due to the presence of NBOs
created by the presence of Na+ ions.41 It is thought that co-
doping with Al3+ can be used to reduce the NBO concentration,
and as an initiator and dispersant for bismuth active centers
(BACs), it can modify the local charge environment thereby
enhancing the luminescence.37,42,43 In silicate glasses,40

upon the addition of Al2O3, each aluminum ion will remove
one non-bridging oxygen and the network will tighten with the
disappearance of NBOs. The bonding of aluminum to NBOs in
germanates, thereby reducing the number, is believed to be
similar. Chen44 discussed the changes in luminescence emission
between 850 and 1625 nm (460 nm excitation) from (90 � x)
GeO2–xAl2O3–10BaO�5Bi2O3 glass when the amount of alumi-
num varied between 0 and 20 mol%. We will expand upon
this in the present study of bismuth doped soda alumino
germanate glass.

Matrix defects reported previously in naturally occurring
germanate glass include the germanium lone pair center
(GLPC) which is a two-coordinated germanium ion (Ge2+) with
a pair of electrons,45 the non-bridging oxygen hole center which
is a singly coordinated oxygen bonded to a germanium atom
with an unpaired electron46,47 and the E’ center which is a
three-fold coordinated germanium atom with an unpaired
electron.48,49 Relative to a glassy germanate network upon
excitation at room temperature with 5.1 eV (243 nm), emission
from the GLPC was seen to occur at 413 nm with a FWHM of
86 nm and a lifetime of 62 ms.45 The associated excitation
spectrum contained two bands located at 248 and 330 nm
(FWHM of 35 and 31.5 nm, respectively) with ratio of the height

Table 1 Properties of Bi0, Bi+, Bi2+ and Bi3+ in crystalline host matrix

Bi ion
Center wavelength
range [nm]

FWHM
range [nm]

Range of
lifetimes [ms] Excitation band peak ranges [nm] Ref.

Bi3+ 290–480 0.045–0.41 Bi:Sc/Y/La:233 to 341 nm
Bi:CaSO4:243, 303, 354 nm
Bi:Ba5SiO4Cl6:230 to 340 nm

Bi:Sc/Y/La in a variety of crystals,19

Bi:CaSO4,20 Bi:Ba5SiO4Cl6,21 Bi:Lu-
Ga5O12,22 Bi:YOCl,23 Bi:YBO3,23

Bi:YAl3B4O12,23 Bi:YPO4
23

Bi2+ 585–700 40–60 4–10.6 655 nm window (Ba2B5O9Cl:Bi):273, 440, 624 nm Bi:SrB4O7,24 Bi:BaSO4,25Bi:Sr/
BaSO4,26 Bi:Sr2B5O9Cl,27Bi:BaBPO5,28

Bi:CaBPO5,29 Bi:Ba2B5O9Cl29
639 nm window (BaBPO5): 260, 432, 622 nm
628 nm window (CaBPO5): 250, 421, 584 nm

Bi+ 950–1560 125–250 140–2200 1240–1270 nm window: (1 : 1.054CsGaGe2O6 : Bi): 523,
750 nm

Bi:KAlCl4,30 Bi:RbPb2Cl5,31Bi:CsI32

Bi0 990–1280 129–231 17.2–46.4 990 nm window (Bi:Sr2B5O9Cl): 322, 369, 460 625 nm Bi:Sr2B5O9Cl,27Bi:Ba2B5O9Cl33

1055 nm window (Bi:Ba2B5O9Cl): 298, 378, 478, 534
(sh), 665, 850nm
1280 nm window (Bi:Sr2B5O9Cl): 292, 338, 428, 540 nm
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of the peak centered at 330 nm to that centered at 248 nm of
3.124. The characteristics of a similar emission seen from soda
alumino germanate glass having Na/Al = 2 upon excitation with
248 nm will be compared. A broadband emission is also seen
from a germanate containing matrix and is attributed to the
presence of NBOs.50,51 An example of this is the broadband
luminescence centered at 590 nm (FWHM B 200 nm)51 upon
excitation of the glass: 3CaO–1Ga2O3–3GeO2 between 275 and
350 nm. This was attributed to the breakage of a O–Ge bond
leaving a non-bridging oxygen hole center (NBOHC) and a
germanium E’ center. Luminescence here was attributed to
the recombination of NBOHCs with germanium E’ center as
supported by electron spin resonance (ESR) data.51 The proper-
ties of a similar emission from soda alumino germanate glass
for Na = N and 2 for excitations of 248, 325 and 375 nm will be
discussed.

The 300–900 nm spectral range was chosen for study as the
matrix emits in this region when excited in the UV. To sum-
marize, the formation and stabilization of BACs responsible for
visible and near infrared bismuth related emission is depen-
dent on the host glass network and defects. The primary focus
of the work in this paper is directed at investigating the effect of
the Na/Al ratio in a bismuth doped germanate matrix on the
emission properties of the bismuth and matrix. Following an
examination of the impact of the NBO content on the properties
of the base glass matrix, an evaluation of the Bi valence states
stabilized along with their emission properties in these envir-
onments is presented. For the first time, a correlation between
the matrix environment and bismuth emission in the 300–
900 nm spectral range is presented for soda alumino germanate
glass as well as how both the matrix and bismuth emission
evolve with concentration of bismuth when the matrix contains
NBOs. Finally, a future publication will study bismuth emission
in the 900 to 1600 nm spectral range where matrix emission is
generally absent when excited at longer wavelengths.

2. Experimental
2.1. Sample preparation

The preparation of sodium alumino germanate glass was
dependent on the melt temperature, the length of time
required to melt the raw materials as well as how the melt
temperature/time would affect the reduction equilibrium of
bismuth. In a hot glassy melt, the bismuth ions change oxida-
tion state by interacting with components of the matrix result-
ing in both oxidation and reduction. As the melt progresses, an
equilibrium is believed to be established relative to the dis-
tribution of bismuth oxidation states within the glass and when
cast, the matrix will arrange itself to achieve electric neutrality
throughout. Melting a material at too high of a temperature
and/or in an atmosphere poor in oxygen and/or for too long of a
period of time will reduce the bismuth to metal by driving
oxygen out of the material via:

BiðxþnÞþ þ n

2
O2� ! Bixþ þ n

2
O2 (2)

This results in a glass having near zero transparency in the
visible and near infrared. In addition, this is amplified as the
concentration of Bi2O3 is increased. Thus, the proper selection
of melt temperature and time is important if the optical
properties of the glass in the visible/near infrared (NIR) are to
be studied. Because of the dependencies of the bismuth
reduction equilibrium on melt temperature/time, a glass con-
taining a very low concentration of bismuth melted at a very
high temperature could potentially contain more lower valence
bismuth active centers (Bi0 and Bi+) thought to be responsible
for near infrared emission52,53 than a glass containing a higher
concentration of bismuth melted at a lower temperature. The
effect of melt temperature and time influenced the choice of
bismuth concentration for the sodium excess and deficient
glasses examined here.

Four types of glass matrices with varying ratios of Na/Al were
investigated as shown in Table 2 below. The materials utilized
were as follows: (1) Thermo Scientific – GeO2, 99.999% (trace
metals basis), (2) Sigma Aldrich – Al2O3, 99.99% (trace metals
basis), (3) Alfa Aesar – Na2CO3, 99.997% (trace metals basis),
and (4) Alfa Aesar – Bi2O3 – 99.999% (trace metals basis). The
mol% of GeO2 shown is that associated with the base glass
composition. With the addition of bismuth, the mol% of GeO2

is reduced by an amount equivalent to the mol% of Bi2O3.

The glasses were prepared by first thoroughly mixing the
batched raw materials. The melting of aluminum containing
materials in alumina crucibles and non-aluminum containing
materials in platinum crucibles was carried out to avoid con-
tamination. NBO high/NBO low glasses were melted at 1350 1C
for 3 hours while the higher melting NBO zero/NBO zero-
glasses were melted at 1625 1C for 20 and 25 minutes for the
case of doped and undoped materials, respectively. Once
melted, the glass was cast into a steel mold at room tempera-
ture. Annealing was not carried out as the cast glass was stable
in addition to being more representative of the glass in an
optical fiber after draw. In addition, annealing has also been
shown to alter the luminescence properties of the material.54

The following characteristic properties of the samples are
shown in Table 3 below: thickness, density, characteristic
temperatures and the index of refraction at 632 nm. Of note
is that Tx–Tg is greater than 100 1C for all of the material types.

The decision to melt NBO high/low glasses at a lower
temperature than 1625 1C was made after it was determined
to not be feasible to prepare the NBO high/low glass matrices
under the same conditions as the higher melting NBO zero/
zero- glasses. When 0.003 mol% Bi2O3 doped NBO high/low

Table 2 Composition of materials discussed in this paper, in mol%

Component

Mol% of component

NBO high NBO low NBO zero NBO zero-

GeO2 90* 85* 90* 92.5*
Al2O3 0 5 5 5
Na2O 10 10 5 2.5
Bi2O3 0, 0.01, 1 0, 0.01, 1 0, 0.003 0, 0.003
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glass matrices were melted at 1625 1C for 20–25 minutes in
alumina crucibles, i.e., platinum crucibles could not be used
because of the melt temperature and the luminescence spectra of
these glasses resembled those associated with the sodium deficient
NBO zero/zero-glasses; see Section S1 of the SI and Fig. S1 for more
detail. The conclusion drawn was that aluminum likely leached
from the crucibles making the resulting glasses NBO deficient. This
is not surprising since, previously, aluminum has been found in
non-aluminum containing glasses when melted in alumina
crucibles.42 Since the objective here was to prepare both sodium
excess and deficient series of glasses, a melt temperature of 1350 1C
was utilized for the sodium excess materials.

2.2. Sample characterization

Density, differential scanning calorimetry and index of refrac-
tion measurements were carried out on the undoped NBO high/
low/zero/zero- glasses. The density was measured with an AND
GX-1000 five times using Archimedes method and then aver-
aged. Differential scanning calorimetry was performed using a
Netzsch STA449 Jupiter F3 by heating the NBO high/low glasses
to 1100 1C and the NBO zero/zero- glasses to 1300 1C, both at
10 1C/min. Three runs on each sample were performed with the
resultant Tg and Tx averaged. Finally, the refractive indices were
measured by tracing the path of a red Melles Griot HeNe,
632 nm laser through a sample with application of Snell’s
law. Twelve separate measurements were made on each sample
with the results averaged.

Absorption measurements in the ultraviolet (UV) to NIR
were performed on a PerkinElmer Lambda 950 UV-Vis-IR
absorption spectrometer using an integrating sphere. Absorp-
tion and transmission spectra were measured from 250–
2000 nm in 2 nm steps on as-cast specimens nominally
11 mm thick. No additional polishing was done on the samples.

Luminescence and excitation spectra were measured on an
Edinburgh Instruments FLS 1000 using a 450 W xenon lamp
having a spectral range of 230–1000 nm along with detectors
suitable for the range of emission. Fluorescence lifetimes were
measured on the same instrument using a xenon flashlamp
having pulse widths between 1.5–2.5 ms, average power up to
60W and a repetition rate of 0.1–100 Hz along with a 15 nm
emission window.

Energy dispersive spectroscopy (EDS) was performed on a
Tescan Vega3 XMU scanning electron microscope. The instru-
ment was equipped with a LaB6 electron gun for high-
resolution imaging or tungsten filament for high current
applications, with analysis over suitably large areas to allow
quantitative sampling.

Additional details of the measurements of luminescence
spectra, excitation spectra, fluorescence lifetimes and energy
dispersive spectra can be found in Section S2 of the SI.

3. Results and discussion

For both undoped and bismuth doped NBO high/low/zero/zero-
matrices (as defined in Table 2), spectroscopic analysis was
carried out. The absorbance spectra were obtained with the
resulting variation discussed below. Next, upon variation of the
composition/NBO status of the matrices, the emission charac-
teristics arising from the undoped matrix as well as with the
bismuth dopant will be discussed for excitation wavelengths of
248, 325 and 375 nm. In addition, the characterization of
specific emissions from both the matrix and bismuth were
assessed and compared to prior studies. Lastly, the interaction
of bismuth with the matrix via variation of the concentration of
bismuth was evaluated, first, for the NBO low matrix excited
with 248 nm and, second, for the NBO high matrix excited with
325 nm. These findings are discussed below.

3.1. Impact of the glass matrix and bismuth dopant level on
the absorbance spectra

The absorbance spectra associated with undoped and 0.01/1
mol% Bi2O3 doped NBO high/low glasses, undoped and 0.003
mol% Bi2O3 doped NBO zero/zero- glasses are shown in Fig. 1a,
b, c, and d respectively. (Note that the absorbance spectra were
not corrected for Fresnel loss (sample thickness, t B 11–
12 mm) for the different glass types.) As can be seen, the
undoped host matrix absorption band edges for all composi-
tions range from 352 (3.52 eV) to 313 (3.96 eV) nm for NBO high
to zero- glasses, respectively, with glasses having the highest
NBO concentration having the lowest energy (red shifted) UV
edge. The corresponding Gaussian fits to the curves are shown
as insets on each plot in Fig. 1 as well as in full size in Section
S3a of the SI, Fig. S2. Absorbances centered in the B435–550
(2.85 to 2.25 eV) nm and/or B635–885 (1.95 to 1.40 eV) nm
spectral ranges associated with lower valence bismuth and NIR
emission52,53,55 were seen in Fig. 1a–d. Even at the low doping
concentration of 0.003 mol% Bi2O3 in the NBO zero/zero-
matrices, the strengths of the absorbances centered at B435–
550 (2.85 to 2.25 eV) nm and B635–775 (1.95 to 1.60 eV) nm,
Fig. 1c and d, suggest there is a substantial quantity of bismuth
in the lower oxidation states. It also should be noted that even
though only 0.003 mol% Bi2O3 was doped into the NBO zero/
zero- glass matrices, the amplitudes of the absorption bands
centered around B435–550 nm and B635–775 nm in these
glasses were 1.52–4.56 and 2.83–3.76 times stronger, respec-
tively, than those associated with 0.01 mol% Bi2O3 doped NBO
high/low samples. This is the result of the higher melt tem-
perature of 1625 1C associated with the NBO zero/zero- matrices
pushing the reduction equilibrium toward lower valence bis-
muth, metal and clusters in these glasses by driving oxygen out
of the matrix. A similar change in the shape of the absorption
bands was seen for barium alumino germanate glass

Table 3 Characteristic properties of undoped NBO high/low/zero/zero-
glasses

Glass
Thickness
[mm]

Density
[g cm�3] Tg [1C] Tx [1C] Tx–Tg [1C]

Index of
refraction

NBO high 12.43 4.017 516.3 644.6 128.3 1.63 � 0.06
NBO low 11.99 3.630 509.7 725.3 215.6 1.63 � 0.07
NBO zero 11.8 3.546 557.0 844.8 191.7 1.62 � 0.05
NBO zero- 11.11 3.578 578.2 751.3 173.1 1.64 � 0.06

Paper Journal of Materials Chemistry C

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 5

/9
/2

02
6 

6:
34

:5
2 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tc02646f


23624 |  J. Mater. Chem. C, 2025, 13, 23620–23632 This journal is © The Royal Society of Chemistry 2025

containing more Al than Ba relative to glasses containing less Al
than Ba44 with the authors attributing the strong peaks in the
Al rich relative to Ba glasses to a greater number of bismuth
active centers.

The absorbance spectra of the bismuth doped samples were
fit with Gaussians as shown in the insets of Fig. 1a–d and Fig.
S2, to aid in the discussion of the differences between bismuth
doped NBO high/low and NBO zero/zero-glasses. The para-
meters associated with the fits are shown in Section S3b of
the SI, Table S1a–d. Three distinct absorption manifolds are
present in these materials, M1 to M3, as discerned by the fits of
the absorbance spectra. Two separate Gaussians, one 2–3 times
stronger in intensity than the other, drive the asymmetry seen
in M2 (2.25 to 2.85 eV) of the absorbance spectra associated
with NBO zero/zero- glasses. One can conclude that there are
some differences in the energy levels associated with absorp-
tion in bismuth doped NBO high/low/zero/zero-glasses because
of differing center wavelengths of the Gaussian fit peaks
amongst the glasses. Further interpretation of the fits of the
absorption bands can be found in Section S3 of the SI.

To conclude this section, three absorption manifolds were
discerned via Gaussian fits. In addition, the absorptions asso-
ciated with 0.003 mol% Bi2O3 doped NBO zero/zero- matrices
melted at 1625 1C for 20 min around 435–550 and 635–775 nm
were found to be 1.52–4.56 and 2.83–3.76 times stronger,
respectively, than those associated with 0.01 mol% Bi2O3 doped
NBO high/low glasses melted at 1350 1C for 3 hours because of
oxygen being driven out of the matrix by the higher melt
temperature resulting in bismuth being driven to metal and

clusters. Next, the impact of the glass matrix type (NBO high/
low/zero/zero-) on the luminescence emission of the undoped
matrix as well as the bismuth dopant will be discussed in order
to determine the impact of the presence of NBOs and a changed
glass structure on the emission properties of bismuth.

3.2. Impact of the glass matrix and the bismuth dopant level
on luminescence between 300 and 900 nm

We hypothesize that the formation and stabilization of bismuth
active centers (BACs) responsible for visible and near infrared
bismuth-related emission is likely dependent on defects in the
glass matrix which in turn, are dependent on the concentration
of NBOs that are dictated by the ratio of Na/Al associated with
the matrix. For germanate glasses containing aluminum and
sodium, the number of defect sites related to non-bridging
oxygen is expected to decrease with the addition of aluminum,
thereby reducing the number of negative charged sites available
to modify the valence of a proximately located, charged bis-
muth ion. The aluminum will bond with the NBOs to form
[AlO4]� units which will be part of the matrix. The lumines-
cence properties of the four types of glass matrices having
varying ratios of Na/Al in the matrix were investigated in the
300–900 nm spectral range when excited at 248, 325 and
375 nm. Shown below in Fig. 2a–l are the luminescence spectra
of both undoped and Bi2O3 doped NBO high/low/zero/zero-
glass matrices. The collection parameters associated with these
spectra varied across the series of samples (dwell time of 1 to
6 seconds, detector bandwidth of 2 to 15 nm and source slit of
0.5 to 8 nm) because of differences in strength of emission and

Fig. 1 Absorbance spectra vs. energy of undoped (black), 0.01 mol% Bi2O3 doped (red) and 1 mol% Bi2O3 doped (green) (a) NBO high and (b) NBO low
glasses. Absorbance spectra vs energy of undoped (black) and 0.003 mol% Bi2O3 doped (green) (c) NBO zero and (d) NBO zero-glasses. Absorption
manifolds 1, 2 and 3 are indicated by M1, M2 and M3, respectively. The absorbance spectra were not corrected for Fresnel loss (sample thickness, t B 11–
12 mm) for the different glass types. Gaussian fits of absorbance spectra in energy space are shown as insets within the plots.
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the presence of an artifact in the B410 nm spectral region
associated with some samples. The relative strength of each
peak shown next to the sample descriptions in the legend was
determined by factoring in the collection parameters used
assuming linear scalability as well as any arbitrary scaling
factors applied to enable discernment of the peaks.

As can be seen in Fig. 2a–l, the emission properties of both
the undoped and bismuth Bi2O3 doped matrices were found to
vary depending on the sodium/aluminum ratio as well as the
excitation wavelength. An apparent shift in the luminescence
spectra between the NBO high/low and the NBO zero/zero-
glasses for the three excitation wavelengths to shorter wave-
lengths is evident. This shift likely occurred because of the
tightness of the matrix in the NBO zero/zero- glasses as a result
of the lack of NBOs. This resulted in the crystal field at the
location of the bismuth emitter in NBO zero/zero- matrices to
be higher with similar emissions being shifted to shorter

wavelengths and/or the emergence of emissions of a different
origin. The wavelength of maximum emission shifts following
440 - 435 - 420 - 415 nm for the high energy emission
envelope and 815 - 815 - 795 - 750 nm for the low emission
envelope for NBO high/low/zero/zero- glass respectively. Pre-
viously, Chen44 reported a shift in emission from (90 � x)GeO2–
xAl2O3–10BaO�5Bi2O3 (x = 0–20) for glasses having Ba/Al 4 1
relative to glasses having Ba/Al r 1 for longer wavelength
emissions between 850 and 1625 nm for excitation at 460 nm.

The general trends associated with luminescence emission
of both undoped and bismuth doped NBO high/low/zero/zero-
matrices were discussed for excitation at 248, 325 and 375 nm.
Next, more specifically, luminescence from both undoped and
bismuth doped NBO high/low matrices will be discussed in
order to determine the effect of the presence (or absence) of
aluminum on both the matrix and bismuth emission sites
stabilized and their properties.

Fig. 2 Luminescence spectra between 300 nm and 900 nm for undoped (black) as well as 0.01 (green) and 1 mol% Bi2O3 doped (red) NBO high and
NBO low matrices excited with (a) and (d) 248 nm, (b) and (e) 325 nm, and (c) and (f) 375 nm light. Luminescence spectra between 300 and 900 nm for
undoped (black) as well as 0.003 mol% Bi2O3 (red) doped NBO zero and NBO zero- matrices excited with (g) and (j) 248 nm, (h) and (k) 325 nm, and (i) and
(l) 375 nm light. The luminescence spectra in (a)–(f) and (g)–(l) are scaled by the values shown in the top center of each plot for the/undoped/0.01 mol%
Bi2O3 doped glass/1 mol% Bi2O3 doped glass/samples and the/undoped glass/0.003 mol% Bi2O3 doped glass/samples, respectively.
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3.2.1. Emission behavior from the NBO high and NBO low
matrices. The role of NBOs has been compared in two glass
compositions to elucidate the role of high and low NBO
concentrations on the resulting emission behavior in the
300–900 nm spectral range when excited between 248–
375 nm. This region was examined because the matrix when
excited with UV wavelengths displays emission. It needs to be
noted that bismuth is usually known for emission in the 1000–
1600 nm spectral range (see Section S5 of the SI, Fig. S3a–d for
emission from NBO high/low/zero/zero- glasses when excited
between 350–500 nm in the 700–1600 nm spectral range). Emis-
sion from bismuth in the NBO high/low/zero/zero- matrices in the
900–1600 nm spectral range when excited between 350–800 nm
will be the subject of a future publication. The broadband matrix
related emission from undoped NBO high/low glasses between 300
and 900 nm when excited with 248–375 nm, shown in Fig. 2a–f, is
similar to the emission reported previously from alkali and alka-
line earth containing germanates50,51 involving the recombination
of non-bridging oxygen with Ge E’ centers. Also, the lifetime of the
undoped matrix emission for a window of width 15 nm centered
around the peak of the broadband emission tends to be multi-
component, see Section S3 of the SI, Table S2, which is indicative
of multiple contributions to the emission. As an example, for
undoped NBO low glass excited with 248 nm, the components of
the lifetime of the broadband emission for a window centered at
580 nm are: 19.5� 0.1 ms (65.37%), 115� 3 ms (18.34%) and 550�
10 ms (16.29%). (Note that the percentages indicate the percent of
the emission in each lifetime component.) Also, the shift in the
center wavelength of the broadband emission as the excitation
wavelength was increased is likely from a decreasing excitation of
the resultant products. Shown in Fig. 3a is the luminescence
spectrum for undoped NBO low glass excited with 248 nm along
with deconvolution via Gaussian fits. It is conceivable that a
component of the broadband emission centered at approximately
600 nm from the NBO high glasses melted in platinum crucibles
could be from platinum contamination. This would be seen as a
component of the envelop centered at approximately 680 nm as
was previously reported from glasses of composition 1.0Na2O–
3.0SiO2 melted in air at 1400 1C in platinum crucibles.56 One can
see a slight asymmetry in this region in Fig. 2a which could be

emission from platinum, however, it is much weaker than that of
the main emission peak centered at B600 nm. It should also be
noted that the primary emission centered at roughly 600 nm was
also seen in the NBO low glass which was not melted in platinum,
but alumina. Therefore, we assess that if platinum emission is
contributing to the luminescence, its effect is minor in comparison
to the remainder of the emission profile.

The matrix related emission, Fig. 2d and 3a, centered at
414 nm with FWHM of 110 nm upon excitation with 248 nm in
the NBO low glass has a primary lifetime component of 86 ms
and is speculated to be attributed to the GLPC because of its
resemblance to the emission previously observed in glassy
germanate by Skuja45 (lex = 243 nm, lc = 413 nm, FWHM =
108 nm, t = 62 ms). Shown in Fig. 5a is the excitation spectra
associated with this emission for a window centered at 415 nm
for the undoped NBO low glass. The excitation bands are
centered at 262 nm (FWHM = 32 nm) and 344 nm (FWHM =
34 nm) with a ratio of the height of the peak centered at 344 nm
to that centered at 262 nm of 1.258. The location of the excitation
bands resemble those reported for the germanium lone pair
center in glassy germanate by Skuja45 (excitation bands: lc1 =
248 nm (FWHM = 35 nm) and lc2 = 330 nm (FWHM = 31.5 nm),
ratio of the heights = 3.124). The excitation bands associated
with the NBO low glass are at slightly longer wavelengths than
those seen in glassy germanate. This difference as well as the
difference in the ratio of heights could be due to the presence of
aluminum and a different glass structure and/or charge balance.

The emission in the range of 400–450 nm appears only
weakly in the luminescence spectra of the undoped NBO low
glass when excited at 325 nm but develops at the 1 mol% Bi2O3

doping level in both the NBO high/low glasses, see Fig. 2b and e.
Thus, we suggest that it is related to the presence of bismuth.
The B12 ms lifetimes measured from the 1 mol% Bi2O3 doped
material (Section S4 of the SI, Table S3) are likely related to
emission from the undoped matrix which has a multicomponent
lifetime in both materials, as shown in Table S2, i.e., both glasses
have a component in the 18 ms range. It is a well-known fact that
Bi3+,19–23,57 a known emitter in this region, has a nanosecond
range lifetime which is not measurable with our equipment.
Also, the peaks of the excitation bands associated with this

Fig. 3 Luminescence spectra (black) generated via excitation at 248 nm are shown for (a) undoped and (b) 1 mol% Bi2O3 doped NBO low glass along
with the Gaussian fits in energy space (Gaussian #1 (G1) – orange, Gaussian #2 (G2) – green, Gaussian sum – brown) and the fit parameters (center
energy [eV], FWHM [eV] and area ratio to G1).
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emission in 1 mol% Bi2O3 doped NBO low (high) glass of 308
and 344 (354/348) nm, Fig. 4a and Section S6 of the SI, Fig. S4a,
align best with those associated with Bi3+ in the crystal CaSO4

(303 and 354 nm), see Table 1. This leads to speculation that the
emission seen is from Bi3+ with weak emission from the matrix.
Further work will need to be done to fully determine the identity
of this emission. Additional information on the evolution of this
emission with bismuth concentration from NBO high glass will
be discussed in Section 3.3.2.

The bismuth related emission in both NBO high/low glasses
when excited with 248 nm depicted in Fig. 2a and d, is likely
due to Bi2+ because of the lifetime of 9.3 ms (Table S3) as well as
the peak center location of 610–615 nm which is consistent
with what has been previously observed for the emission of Bi2+

in crystals.24–27 Also, the shortest wavelength excitation band
peak centered at 272 nm, Fig. 4b, aligns with those seen from
Bi2+ in Ba2B5O9Cl and BPO5 of 273 and 260 nm, respectively, see
Table 1. Simultaneous with the appearance of Bi2+ was the
disappearance of the GLPC possibly via the following reaction:

Bi3+ + -Ge-(GLPC) - Bi2+-Ge-(E’ center). (3)

It should also be noted that another contributing factor to
the disappearance of the GLPC from the luminescence spec-
trum is likely absorption by bismuth which has strong absorp-
tion bands in this region. Also, the presence of aluminum in
the NBO low matrix significantly strengthened this emission as
evidenced by the dominant component of the emission lifetime
of 9.3 ms increasing from 50% to 96.3% as shown in Table S3.
The strengthening of this emission arose either from a bismuth

emission configuration standpoint and/or the fact that the
aluminum is enabling of a greater amount of Bi2+ since Al3+

cations in 4-fold coordination when replacing Ge4+ generate a
localized negative charge, [AlO4]5�,44 which can help stabilize
Bi2+. Shown in Fig. 3b is the Gaussian deconvolution of the
luminescence emission from 1 mol% Bi2O3 doped NBO low glass
excited at 248 nm. As shown in the figure, the broadband
emission was fit with two Gaussians with the fit component
centered at 610 nm (FWHM = 154 nm) speculated to be associated
with Bi2+ emission while the longer wavelength component is
speculated to be matrix emission that was not absorbed by
bismuth which has weak absorption bands in this range.

The narrower bandwidth emission centered at 810–815 nm
(FWHM of B 55–90 nm) for excitations of 325 (NBO low only) to
500 nm is absent from the luminescence spectra of the
undoped NBO high and low glasses, Fig. 2b, c, e and f for
excitations of 325 and 375 nm which display a broader band-
width emission with FWHM of 240 nm. It is strongest when
excited at longer wavelengths in the 400–500 nm (2.5 to 3.1 eV)
spectral range, Section S5 of the SI, Fig. S3a and b because the
amplitude of the excitation bands in this spectral region are
240–564 times stronger relative to that at 325 nm (3.8 eV) as
shown in Fig. 4d and Fig. S4b. The presence of aluminum in the
NBO low glass as well as increased concentration of bismuth is
seen to generally enhance the formation of this emission. The
lifetimes of the emission (16.8–31.4 ms in NBO high glass and
19.2–26.8 ms in NBO low glass at the 1 mol% Bi2O3 doping
level), Table S3, are consistent with the lifetime of Bi0 in
crystals, Table 1. As bismuth in conjunction with silicon has
been shown to emit in the 830 nm spectral range with a FWHM

Fig. 4 Excitation spectra for emission windows associated with 1 mol% Bi2O3 doped NBO low glass centered at (a) 440, (b) 620 and (d) 810 nm.
Excitation spectra for emission window associated with 0.003 mol% Bi2O3 doped NBO zero glass centered at (c) 775 nm. The peak center wavelengths of
each of the Gaussian fit curves are shown in the plots. The plots include: raw data (black), sum of Gaussians (brown), individual Gaussians from longer to
shorter wavelength (red, green, blue and purple).
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of 24 nm and lifetime components of 0.301 and 6.8 ms,58 Energy
dispersive spectroscopy was performed to rule out contamina-
tion (at least above 0.1 at%) with silicon as the source of this
emission. In addition, the glass was batched using high purity
chemicals as described in the experimental section. This emis-
sion is thought to be related to Bi0 even though it lies in a
slightly shorter spectral range than emission of Bi0 from
crystals. The speculation concerning this is based on (1) the
fluorescence lifetimes for excitation wavelengths of 325–500 nm
which are consistent with the lifetime of Bi0 (17–46 ms) in
crystals27,33 and (2) coincidence of the strongest two excitation
spectra fit peaks with centers located at 394 (385) and 454 (455)
nm in NBO high (low) glasses, Fig. 4d and S4b, with those
associated with Bi0 in Ba2B5O9Cl (1055 nm window) (378 and
478 nm)33 and Bi0 in Sr2B5O9Cl (990 nm window) (369 and
460 nm)27 crystals, Table 1. The much smaller FWHM associated
with this emission (B55–90 nm), Table S3, relative to the longer
wavelength emissions centered between 1000–1400 nm (FWHM
of 185–375 nm) is indicative of an emission environment of
lower diversity that is possibly more compact.

Emissions from undoped and bismuth doped NBO high/low
matrix excited with 248, 325 and 375 nm were discussed. It was
observed that the undoped matrices emitted broadband light
which shifted to longer center wavelengths as the excitation
wavelength increased. The doped matrices supported: (a) emis-
sion possibly from Bi3+ centered at B435–440 nm when excited
with 325 nm, (b) emission thought to be from Bi2+ centered at
B610 nm when excited at 248 nm and finally (c) emission
centered at B810–825 nm thought to be from Bi0 when excited
with 325–500 nm. Next, emissions from both undoped and
bismuth doped NBO zero/zero-matrices will be discussed in
order to determine the impact of matrices deficient in NBO
having a different structure on the valence state(s) of the
bismuth stabilized as well as the excitation and emission
properties of both the undoped matrix and the bismuth
dopant.

3.2.2. Emission from the NBO zero and NBO zero-matrices.
The emission seen from undoped NBO zero/zero-glasses
located at a center wavelength of 400–425 nm (FWHM of 70–
105 nm) as well as that seen in the doped analogs located in the

range 410–425 nm (FWHM of 60–90 nm), both upon excitation
with 248 and 325 nm, Fig. 2g, h, j and k, is an emission from
the matrix in the undoped case and from the matrix plus
possibly Bi3+ in the doped case. The primary lifetime compo-
nent in the undoped material lies in the range 63–72 ms, Table
S2, while in the doped glass, it lies in the range 37–81 ms, Table
S3. Because of similarities with the known luminescence char-
acteristics of the GLPC in glassy germanate,45 the emission
from the matrix could be from the germanium lone pair center.
In these materials, as aluminum is less electronegative than
germanium, it is possible that the charge balance could be such
that more electrons would reside on the germanium atoms in
the matrix thereby enabling lone pairs on a minority of atoms.
For the case of both the doped and undoped NBO zero/zero-
glasses, the excitation band centers were located in the range of
256 (FWHM of 24 nm) and 334–346 nm (FWHM of 28 nm) with
the ratio of the intensity of the longer wavelength excitation
band to that of the shorter wavelength excitation band of 24.5,
Fig. 5b. The similarity of the location of the excitation bands to
those of the GLPC in glassy germanate45 also seems to indicate
that this emission could be from the matrix. However, the
peaks of the excitation bands for the doped samples in Fig. 5b
also lie in the range of what has been seen from Bi3+ in crystals,
Table 1, of 230–243 nm and 340–354 nm.19–23 Hence, additional
work is needed to enable identification of this emission.

The luminescence emission in the 750–795 nm wavelength
range upon excitation with 325 to 450 nm, Fig. 2h, i, k and l and
Section S5 of the SI, Fig. S3c, d, seen in bismuth doped glasses
is not present in the undoped matrices and is related to
bismuth. The emission is strongest when excited with
400 nm and the emission although 60 to 80 percent weaker,
was also seen to occur when exited into the longer wavelength
excitation band in the 550–700 nm spectra range. For excitation
of 325–450 nm, this emission in bismuth doped NBO zero glass
is centered in the region 755–795 nm (FWHM of 70–100 nm)
with a primary component of the lifetime of 9.3–16.1 ms,
Table S3. In bismuth doped NBO zero- glass, it is centered in
the range 750–760 nm (FWHM of 70–100 nm) with a primary
component of the lifetime of 9.52–14 ms, Table S3. The stron-
gest peaks associated with fits to the excitation spectra, Fig. 4c

Fig. 5 Excitation bands associated with (a) NBO low glass (undoped (black) and 1 mol% Bi2O3 doped (blue)) and (b) NBO zero/zero- glasses (undoped
(black/gray), 0.003 mol% Bi2O3 doped (green/light green)) for an emission window centered at 415 nm. Excitation spectra in (a) are scaled according to
the numerical values in the top left corner for/undoped glass/1 mol% Bi2O3 doped glass/. Peaks of the spectra in Fig. 5b are normalized in the 350–
370 nm spectral range.
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and S4c, are located at 360, 415 and 610 nm in Bi2O3 doped
NBO zero glass. The first two peaks coalesce into one at 382 nm
along with a peak at 622 nm in Bi2O3 doped NBO zero-glass.
The excitation spectra for Bi2+ in M2+BPO5 (421–432 and 584–
622 nm) (M = Ba and Ca),28 Table 1, and Ba2B5O9Cl:Bi (440 and
624 nm),29 Table 1, tend to be in fairly good agreement with the
peaks associated with the measured excitation spectra of NBO
zero/zero- glass. Based on lifetime, similarity of the excitation
peaks between Bi2O3 in NBO zero/zero- glass and Bi2+ in crystals
in addition to spectral location although at a slightly longer
wavelength than what has been observed from Bi2+ crystals, the
speculation is that the emission in the 750–795 nm spectral
range is from Bi2+. Previously, researchers have seen an emis-
sion from bismuth doped germanate as well as alkali/alkaline
earth gallium/aluminum germanate in the range 720–790 nm
when excited with 280–360 nm light with a FWHM between
100–120 nm that they speculated could be attributed to
Bi2+.14,34,59 Jiang’s conclusion concerning the identity of this
emission from 70 GeO2–18 Li2O–11 Ga2O3 when excited with
280–360 nm light was based on the dominance of this emission
relative to the longer wavelength emission centered in the
vicinity of 1150–1250 nm attributable to Bi+ when the melt
was performed in an oxygen atmosphere.34

Luminescence emission from both undoped and bismuth
doped NBO zero/zero- matrices was discussed. The possibility
of the emission in the 400–425 nm spectral region in both
undoped and doped glasses upon excitation with 248, 325 and
375 nm being due to the GLPC is discussed. The possibility of
Bi3+ contributing to this emission in the doped glasses was also
mentioned. Also, the emission in the 750–795 nm region found
in doped matrices was speculated to be from Bi2+ based on
position, lifetime and excitation peak information. Next, the

evolution of emission as the concentration of bismuth is
increased is discussed for NBO low matrices excited at
248 nm and NBO high matrices excited at 325 nm. This is
being done to gain insight into the effect of bismuth doping
concentration on the relative concentration of bismuth and
matrix defects as discerned via luminescence and excitation
spectra.

3.3. Evolution of emission from the matrix and bismuth with
varying bismuth content

The role of Bi concentration on the attributes of emission was
evaluated to gain insight into how the growth/diminishment of
emission from both the matrix and bismuth emission centers
were affected by the concentration of bismuth in the glass. It is
expected that this would be related to the defect concentration
in the glass matrix as well as the number of dopant ions
residing in each valence state. We will first discuss the evolu-
tion of the luminescence and excitation spectra for 0 to 1 mol%
bismuth doped NBO low glass when excited with 248 nm light.
This was done to learn more about the rate of elimination of a
matrix defect (possibly the GLPC) as the concentration of Bi2+

increased with bismuth doping concentration and whether
there is a possible linkage between these processes.

3.3.1. Evolution of emission from the NBO low matrix
upon addition of Bi2O3 when excited with 248 nm. An evolution
in the spectral features of emission was found to occur for
Bi2O3 doping concentrations between 0 and 1 mol% in NBO low
glass. Shown in Fig. 6a–d are the luminescence spectra, excita-
tion spectra for emission windows centered at 420 and 620 nm
as well as the components of the lifetimes of emission for Bi2O3

doping concentrations between 0 and 1 mol%. The center
wavelengths of the luminescence emissions, Fig. 6a and d,

Fig. 6 (a) Luminescence for excitation with 248 nm as well as (b) and (c) excitation spectra for windows of width 15 nm centered at 420 nm and 620 nm,
respectively, for 0 (black), 0.01 (brown), 0.05 (magenta), 0.1 (blue), 0.5 (green), 0.75 (yellow) and 1 (red) mol% Bi2O3 doped NBO low glasses. Curves in (a)
are normalized at the peaks in the 500–650 nm spectral range. For curves (b) and (c), the luminescence peaks are scaled by factors in the top right hand
corner for the spectra that correspond to/0/1/0.75/0.5/0.1/0.05/0.01/mol% Bi2O3 doping, respectively. (d) Components of the lifetimes of emission for
excitation with a window centered at the peak of emission for each sample. The location of the peak of GLPC emission in glassy germanate at 413 nm is
indicated by the blue dotted line in Fig. 6a.45 The location of the excitation at 248 nm is shown in Fig. 6b and c by the red dotted line.
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varied slightly, likely because of slight differences in the
fabrication process conditions, however the FWHM of these
curves is seen to decrease as the mol% Bi2O3 increased, Fig. 6d.
The excitation spectra shown in Fig. 6b and c, underwent a
complex evolution from the 0 to 1 mol% Bi2O3 doping level.
The excitation bands (for windows centered at 420 and 620 nm)
may have also evolved because of increasing incorporation of
bismuth into the lattice. An evolution of the primary compo-
nent of the lifetime of emission for a window centered at the
peak of the broadband emission, Fig. 6d, toward that of Bi2+ is
seen as the doping concentration of Bi2+ increased with the
lifetime associated with Bi2+ starting to dominate that of the
matrix at a Bi2O3 concentration of 0.5 mol%.

When bismuth reduced from Bi3+ to Bi2+, the balance of
charge within the doped matrix was affected resulting in a
different distribution of matrix defects relative to the undoped
glass because of fewer available electrons. Through this pro-
cess, it is possible that the number of germanium lone pair
centers were reduced or eliminated with formation of more
electron deficient sites, i.e., the Ge E’ center. The emission
feature speculated to be from the GLPC was not evident in the
luminescence spectra at the 0.01 mol% Bi2O3 doping level,
Fig. 6a. However, an evolution is evident in the excitation
spectra, Fig. 6b, with the absorption in the 248 nm excitation
region completely gone by a bismuth concentration of
0.50 mol% which is consistent with when the lifetime of Bi2+

begins to dominate that of the matrix.
The evolution of the emission centered in the 585–615 nm

spectral region was discussed. As the concentration of bismuth

was increased, emission associated with Bi2+ started to emerge
at the 0.5 mol% doping level. Although the GLPC emission
centered at B400 nm was seen to disappear from the lumines-
cence spectrum at the 0.01 mol% Bi2O3 doping level either from
a change in the distribution of charge and/or bismuth absorp-
tion, absorption in the 248 nm spectral range for emission in a
window centered at 420 remained also until the 0.5 mol% Bi2O3

doping level. Next to be discussed is the evolution of emission
from both the NBO high matrix and bismuth emission centers
for excitation at 325 nm when the concentration of bismuth
was increased from 0 to 1 mol%. This is being done to under-
stand the rate of growth of emission likely from Bi3+ centered at
B440 nm with the simultaneous diminishment of the broad-
band emission from the matrix centered at B650 nm and
whether these processes are linked.

3.3.2. Evolution of emission from the NBO high matrix
upon addition of Bi2O3 when excited with 325 nm. Shown in
Fig. 7a–e are the luminescence spectra, components of the
lifetimes of emission and excitation spectra for emission win-
dows centered at 450 nm, 620 nm and 810 nm, respectively, for
0 to 1 mol% Bi2O3 doped NBO high glass upon excitation with
325 nm. In Fig. 7a, the addition of Bi2O3 was seen to result in
the diminishment of broadband emission from the matrix
centered at B650 nm along with the emergence of a strong
emission centered at 440 nm which peaks at a Bi2O3 concen-
tration level of 0.75 mol% Bi2O3. As the concentration of Bi2O3

was increased from 0 to 1 mol%, the lifetime associated with
the matrix component of the emission centered at 450 nm
evolved from being multicomponent to a single component

Fig. 7 (a) Luminescence for excitation of NBO high glass with 325 nm as well as (c), (d) and (e) the excitation spectra for windows of width 15 nm
centered at 450 nm, 620 nm and 810 nm, respectively, for 0 (black), 0.01 (brown), 0.05 (magenta), 0.1 (blue), 0.5 (green), 0.75 (yellow) and 1 (red) mol%
Bi2O3 doping. Note that the luminescence curves were normalized to align the minimum point in the 520–560 nm spectral range for samples having
waning matrix emission in the 550–750 nm spectral range. For curves (c)–(e), the scaling factors of the excitation curves are indicated in the top of each
plot for/0/1/0.75/0.5/0.1/0.05/0.01/mol% Bi2O3, doping. The location of the excitation at 325 nm is shown in (c) and (d) by the blue dotted line. (b)
Components of the lifetimes of emission for excitation with a window centered at the peak of emission in the 430–440 nm spectral range for each
sample.
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with the primary component remaining in the range 7.6 to
18.1 ms, Fig. 7b. The associated excitation spectra, Fig. 7c,
indicate that the influence of the matrix lasts in the 325 nm
spectral range until approximately the 0.75 mol% Bi2O3 doping
level. As mentioned in Section 3.2.1, the luminescence emis-
sion centered at 440 nm is likely related to Bi3+ which has a
nanosecond lifetime with matrix emission in the background.

The luminescence emission from the matrix, Fig. 7a, cen-
tered at 650 nm appears to be significantly suppressed at a
Bi2O3 concentration of 0.5 mol%. The associated excitation
spectra in Fig. 7d, indicate a similar trend with the longer
wavelength peak whose leading edge is excited into at 325 nm
gradually shifting from being centered at 348 nm (undoped) to
384 nm (1 mol% Bi2O3 doped) with the shift largely accom-
plished by the 0.5 mol% Bi2O3 doping level.

Finally, the excitation bands centered at 450–460 nm asso-
ciated with the emission at 810 nm, Fig. 7e, are fully shifted
from those characteristic of an undoped sample to those
associated with a sample doped with Bi2O3 by a concentration
level of 0.01 mol%. The very weak excitation bands at 325 nm
are the reason for the absence of this emission, however, the
excitation band in the 400–500 nm spectral region where the
emission at 810 nm is the strongest is approximately 60 times
greater than what it is at 325 nm for the 1 mol% Bi2O3 doping
case. To conclude, the evolution of the broadband emission as
well as the emissions centered at 450 and 815 nm are indicative
of a complex process associated with evolution of the glass
structure as the concentration of Bi2O3 is increased.

4. Conclusions

The role of the germanate glass matrix and the bismuth dopant
concentration on emission behavior within the visible and near
infrared spectral regions has been investigated and correlated
to the matrix-environment defect level and dopant valence
states. A significant shift in the luminescence spectra (out to
900 nm) between NBO high/low and NBO zero/zero- undoped
and bismuth doped glasses was seen to occur and attributed to
(1) differing defects which form in the two classes of glass
matrices (NBO high/low vs. NBO zero/zero-) resulting in the
formation/stabilization of different sorts of bismuth emission
centers having unique emission as well as (2) the tightening of
the glass structure as the Na/Al ratio decreased resulting in
increased crystal field splitting with an accompanying shift of
emission to shorter wavelengths. Bismuth specific emissions
were characterized and tentatively identified at 450 nm (likely
Bi3+ emission), 615 nm (likely Bi2+) and 810 nm (possibly Bi0)
from the NBO high/low matrices and at 775 nm (possibly Bi2+)
from NBO zero/zero- glasses. With the addition of bismuth to a
(1) NBO low matrix excited with 248 nm, elimination of the
absorption associated with emission from the matrix in the
420 nm region (GLPC region) coincided with the emergence of
dominant Bi2+ emission centered at 615 nm, and (2) NBO high
glass excited with 325 nm, the elimination of the broadband
matrix emission centered at B650 nm coincided with the

simultaneous growing in of a bismuth related emission, likely
Bi3+, centered at 440 nm. Additional work is needed to fully
understand the complex processes which occur when multi-
valent bismuth is added to a soda alumino germanate glass
matrix. Finally, investigation of the emission properties of
identical bismuth doped glasses in the 900–1600 nm spectral
range for longer excitation wavelengths will be presented in a
future publication.
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