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Abstract

The effect of melting atmosphere on the luminescent characteristics of Bi-doped soda-lime-silicate
glasses was investigated, and the origin of NIR luminescence was also discussed. The appearance
of these glasses changed from colorless and transparent to deep brown depending on the
melting atmosphere (amount of carbon addition). The characteristic absorption bands can not be
observed in all glasses. The colorless and transparent glass (C1.50) exhibit both UV-VIS and NIR
luminescence. The UV-VIS luminescence comes from Bi** ion, which remains in glasses. On the
contrary, the NIR luminescence is derived from Bi clustering, such as Bi, or Bi,, and therefore
transparent colorless C1.5 glass contains both Bi** ion and Bi, or Bi,. The ESR measurements
confirmed that the ESR signals derived from molecular clustering of Bi, Bi, can be detected at
g~2.0. Consequently, it is found that the molecular clustering of Bi, Bi, or Bi,, might be produced
under the mild reducing condition.
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Introduction

There are several reports on visible
luminescence from Bi-doped glasses and
crystals. Srivastava (1998, 2002) reported
luminescence from Bi*:CaBPO, at 15 K and
luminescence from Bi*:Y,Sn,0,. These
spectra are both very wide, and the excitation
and luminescence peaks exist at around 240
nm and 380 nm, respectively. Although the
excitation and luminescence peaks change
with the host crystals, the excitation peaks

are located between the violet and ultraviolet
regions and luminescence peaks between
the blue and green regions. This visible
luminescence is believed to be derived from
Bi** ions (Blasse, 1997; Srivastava, 2002).
Recently Fujimoto and Nakatsuka (2004)
discovered a new infrared luminescence from a
Bi-doped silica glass with a long life-time. The
glass has three excitation/absorption bands at
500, 700, and 800 nm. These excitation bands
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are intrinsic for luminescent bands at 750,
1,120, and 1,250 nm, respectively. These
spectroscopic properties are quite different
from previous Bi-luminescent materials, and
the 1,250 nm wide band luminescence is useful
for an optical amplifier of telecommunications
with an optical fiber. Fujimoto and Nakatsuka
(2004) proposed that this near infrared (NIR
luminescence) comes from Bi** ion. On the
other hand, Peng et al. (2004, 2006) estimated
to be due to BiO or Bi metal.

The authors have found new NIR
luminescent Bi-doped glasses. In this paper, the
effect of melting atmosphere on the luminescent
characteristics of Bi-doped soda-lime-silicate
glasses was investigated, and the origin of NIR
luminescence was also discussed and proposed
that the color generation and NIR luminescence
of Bi-doped glasses is likely to be caused
by molecular clustering of Bi, Bi,, or Bi,-.

Experiment

Sample Preparation

The compositions of glasses studied
are shown in Table 1, and the base glass
composition is the typical window glass.

High purity silica sand, alumina and
reagent grade chemicals of Na,CO;, K,CO;,
MgO, CaCO,, Bi,0, and carbon were used as
raw materials. In order to control the melting
atmosphere, carbon was added to batches.
Batches corresponding to 25 g of glass were
mixed thoroughly and melted in 50 cc alumina
crucibles at 1,450°C for 1 h in an electric

Table 1. Glass compositions (Wt%) studied

furnace in air. After melting they were poured
onto an iron plate and pressed by other one.
Then they were annealed at 650°C for 30 min
and cooled slowly in the furnace.

The glasses were cut and polished
optically into about 2 mm thick for optical
measurements.

Absorption and Luminescence Measure-
ments

The absorption spectra were measured
with a Cary SE UV-VIS-NIR Spectrometer in
the range of 300 nm to 800 nm at room
temperature. The luminescence spectra in
the UV-VIS (300 nm to 900 nm) region were
measured using a Perkin-Elmer Luminescence
Spectrometer LS50B at room temperature.

The luminescence spectra in the NIR
region (950 nm to 1,650 nm) were measured
under the excitation of 800 nm of a Ti: Sapphire
tunable laser operated by an Ar laser.

SEM, ESR

The fractured surfaces of colored
Bi-doped glasses were observed by scanning
electron microscope (SEM, JEOL, JSM 6400).
The electron spin resonance (ESR) spectra
were measured by using a JEOL JES-RE2X.

Results and Discussion

Absorption Spectra

The appearances of samples are colorless
for CO and C1.5, yellow-orange for C2.5, and
deep brown for C3 and C4. The absorption

Glass  Si0, ALO, MgO CaO0 Na,0 K, 0  Bi,O,” Carbon’
Co 72 2 4 8 13 1 0.5 -
CL5 72 2 4 8 13 1 0.5 1.5
2.5 72 2 4 8 13 1 0.5 2.5
C3 72 2 4 8 13 1 0.5 3.0
C4 72 2 4 8 13 1 0.5 4.0

* excess wt%
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spectra are shown in Figure 1. The characteris-
tic absorption band can not be observed in all
glasses. The absorption intensity of C4 is lower
than that of C3 because of the precipitation of
Bi metal at the bottom of crucible due to the
strong reducing condition during melting for
C4. This phenomenon will be discussed later.

Figure 2 shows SEM photos of colored
C2.5~4.0 glasses. It is clearly seen that small
particles can be detected in these glasses. These
particles might be colloidal metallic Bi. This
indicates that Bi,O, was reduced to metallic Bi
with increasing carbon content. The coloration
of glasses might be due to colloidal metallic
Bi (Sanz et al., 2006).

Luminescence in VIS Region

The UV-VIS luminescence spectra of
glasses are shown in Figure 3 under the excita-
tion of 300 nm at room temperature. Strong
and broad luminescence bands were observed
centered at 400 nm and 800 nm for CO, C1.5,
and C4 glasses. The emission intensity of 400
nm and 800 nm band decreases markedly
with increasing of the amount of carbon for
C2.5 and C3.0, however, the intensity of
those luminescence increases again for C4.

It is well known that UV-VIS lumines-
cence at = 400 nm comes from Bi**, and it was
assigned to °P, — 'S, transition (Blasse, 1997,
Kishimoto, Tsuda and Sakaguchi, 2004).
The strong 400 and 800 nm bands observed
in CO, C-1.5, and C-4 glasses are derived from
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Figure 1. Absorption spectra of Bi-doped
soda-lime-silicate glasses

Bi** ions. However, the structured 400 nm
band in C2.5 and C3 glasses may not be from
Bi** ions but from another Bi-related center.
It should be noted that a considerable amount
of Bi*" ion is still remained in C-4 glass despite
the strong reducing condition. As mentioned

Bi-Soda lime silicate glass C:2.5

Bi-Soda lime silicate glass C:3.0

Bi-Soda lime silicate glass C:4.0

Figure 2. SEM photos of Bi-doped soda-
lime-silicate glasses
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previously, the metallic Bi colloids deposited on
the bottom of the crucible during melting for
C4. It seems that the Bi,0, was reduced to
metallic colloids in the early stage of melting
and deposited as colloids on the bottom of the
crucible. Thus the concentration of Bi in glass
decreased and the valence state of Bi may
revert again to higher state, such as Bi**, during
further melting.

NIR Luminescence

Figure 4 shows NIR luminescence
spectra under the excitation of 800 nm at room
temperature. Three emission bands, =950 nm,
1,070 nm, and 1,300 nm, can be observed
in glasses with carbon. However, no NIR
luminescence can be observed in CO glass
without carbon. The broad and strong emission
at around 1,300 nm appears only in C1.5 glass,
and this emission for another glasses is much
weaker (=1/10) than that of C1.5 glass. On the
contrary, there is no remarkable difference in
the intensity of the 1,070 nm emission band.

CO glass does not exhibit NIR lumines-
cence. As shown before, CO glass contains
a large amount of Bi** ion but not metallic
colloid. Consequently it is found that Bi*" ion
is not the origin of NIR luminescence. On the
other hand, C2.5 and C3 glasses which contains
a large number of metallic Bi colloids and
exhibit very weak NIR luminescence. This
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Figure 3. UV-VIS luminescence of Bi-doped
soda-lime-silicate glasses under
the excitation of 300 nm at room
temperature

indicates that the NIR luminescence is not
from metallic Bi colloids. Only colorless
and transparent C1.5 glass shows strong NIR
luminescence.

There are numerous sources of visible
coloration in glasses which are of special
interest. Included in this group are blue-sulfur,
pink-selenium and purple tellurium glasses
whose colors are associated with elemental
clustering (Sigel, 1977). The selenium pink glass
is the most famous among them and has been
already commercialized.

Previous research (Peng et al., 2004,
2005; Morimoto et al., 2006) reported that
Bi-doped glasses and glass-ceramics, which
exhibit NIR luminescence, appeared to be pink
to reddish brown in color. It has proposed that
the pink coloration and NIR luminescence is
likely to be caused by molecular clustering
of Bi, such as Bi, and Bi,” (Morimoto et al.,
2006). Therefore, this result implies that such
molecular clustering, Bi, and Bi,", are present
in these glasses. It is very interesting to note that
the transparent and colorless Bi-doped glass
discussed here (C1.5) also exhibits NIR
luminescence. This indicates that C1.5 glass
contains molecular clustering of Bi, such as
Bi, and Bi, and their concentration might be
quite low.

In order to confirm the luminescent
center, the ESR spectra were measured and
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Figure 4. NIR luminescence of Bi-doped
soda-lime-silicate glasses under
the excitation of 800 nm at room
temperature
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ESR wide scan spectra are shown in Figure 5.
Three ESR signals were observed at g~4.24,
g~2.5, and g~2.0 in C1.5 glass, while two ESR
signals were observed at g~4.24 and g~2.0
for C2.5, C3, and C4 glasses. CO glass shows
only one ESR signals at g~4.24. The ESR
signal at g~4.24 may be due to impurities such
as Fe** ion, but the signal at g~2.5 is not clear.
CO0 glass does not show NIR luminescence
and the ESR signal at g~2.0, and hence it is
considered that the ESR signal at g~2.0 is
strongly related to NIR luminescence. The
intensity of ESR signal at g~2.0 does not
change by samples as shown in Figure 5,
however the intensity of NIR luminescence is
different. This may be due to concentration
quenching. ESR signal at g~2.0 might be due to
molecular clustering of Bi, such as Bi, or Bi,".

The ESR signal at g~2.0 has often been
observed in UV-irradiated alkali halide crystals
(Nistor et al., 2000), Se-containing glasses
(Guha et al., 1998) and Te-containing glasses
(Lindner et al., 1996). This signal is due to the
Vk center or self-trapped center (X,) in alkali
halide crystals. Likewise in Se-containing
glasses and Te-containing glasses, the ESR
signal at g~2.0 is believed to be due to Se,
and Te, centers. In analogy with above
examples, the ESR signal at g~2.0 observed
here is likely to caused by the molecular
clustering of Bi, Bi,".
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Figure 5. ESR spectra of Bi-doped soda-
lime-silicate glasses at room
temperature

Thus the strong NIR luminescence can be
obtained from C1.5 glass, and this glass may
contain a relatively large amount of molecular
clustering of Bi, Bi,-. However, the glasses C2.5,
C3, and C4, which were melted under strong
reducing condition, do not exhibit the strong
NIR luminescence. These glasses contain a
large amount of metallic Bi colloids. This effect
is related to a redox process partially reducing
Bi*" ions to a lower valence state, and hence
the next process may be given:

Bi,0, — 2BiO + 1/20,, BiO — Bi +
1/20,, 2(Bi) — (Bi,), n(Bi) — (Bi), (1)

Here, (Bi) indicates elemental Bi, (Bi,) the
molecular Bi and (Bi), the metallic Bi colloid.
Above reactions go to right side with increasing
amount of carbon (strong reducing condition).
C1.5 glass exhibits the strong NIR luminescence,
and hence a relatively large amount of mole-
cular clustering of Bi, Bi,", may be produced
comparing with C2.5, C3, and C4 glasses.
Consequently, it is found that the molecular
clustering of Bi, Bi,, or Bi,”, might be produced
under the mild reducing condition.

Conclusion

The effect of melting atmosphere on the
luminescent characteristics of Bi-doped soda-
lime-silicate glasses was investigated, and the
origin of NIR luminescence was also discussed.

The appearance of these glasses changed
from colorless and transparent to deep brown
depending on the melting atmosphere (amount
of carbon addition). The characteristic absorp-
tion bands can not be observed in all glasses.
The colorless and transparent glass (C1.50)
exhibit both UV-VIS and NIR luminescence.
The UV-VIS luminescence comes from Bi** ion,
which remains in glasses. On the contrary,
the NIR luminescence is derived from Bi
clustering, such as Bi, or Bi,, and therefore
transparent colorless C1.5 glass contains both
Bi*" ion and Bi, or Bi,". The ESR measurements
confirmed that the ESR signals derived from
molecular clustering of Bi, Bi,” can be detected
at g~2.0.
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Consequently, it is found that the mole-
cular clustering of Bi, Bi,, or Bi,", might be
produced under the mild reducing condition.
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