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Bismuth-doped glasses have recently received significant interest
as potential material for ultrabroadband optical amplification in
the telecommunication spectral bands, as well as as gain mate-
rial for fiber lasers. However, the nature of the active centers
that are responsible for the observed near-infrared (NIR) lumi-
nescence is still highly debated. In order to probe the mechanism
that leads to NIR emission in bismuth-containing glasses, fe-
mtosecond (fs) laser irradiation was used. It is shown that local
absorption properties in the visible spectral range can be altered
in initially transparent bismuthate glasses after fs laser irradi-
ation. Induced absorption centers exhibit the well-known broad-
band optical emission peaking at ~ 1250 nm when excited with a
785 nm diode laser. Absorption and emission intensities increase
with increasing average pulse energy. These observations are
interpreted as a photo-induced reduction reaction of Bi>" to Bi*
species, while the previously discussed formation of Bi-clusters
by ion diffusion is excluded due to the very short interaction time
that results from the use of fs laser. Bi* species are, therefore,
proposed as the major origin of NIR emission from Bi-doped
glasses.

I. Introduction

RAPID growth in data capacity of telecommunication net-
works continues to stimulate exploration of luminescent
materials (glasses) with improved emission bandwidth in the
near-infrared (NIR) spectral range. In the future, such materials
are expected to provide a new generation of broadband optical
fiber amplifiers: the larger the bandwidth of the optical ampli-
fier, the more transmission channels can be accessed, and the
more data can be transferred simultaneously in a single optical
fiber.! In this context, Bi-doped glasses have experienced ex-
tensive research efforts.”® Under a variety of excitation condi-
tions, such glasses exhibit NIR emission in the range of 1000—
1700 nm with bandwidths varying between ~200 and 500 nm.
Fluorescence occurs with lifetimes of up to several hundred
microseconds.>® After the first report by Murata et al.,> NIR
emission has now been observed in silicate,*>"° germanate,3’6’lo
borate,!' phosphate,'*!* and chalcogenide'* glasses. All these
glasses have been proposed as gain medium for ultrabroadband
fiber amplifiers.> ™ In subsequent experiments, optical amplifi-
cation, laser output, tunable laser operation, and all-fiber lasers
were demonstrated based on Bi-doped glasses.!>™'® More re-

S. Bhandarkar—contributing editor
Manuscript No. 25333. Received October 8, 2008; approved November 18, 2008.

fAuthor to whom correspondence should be addressed. e-mail: mingying.peng@
ww.uni-erlangen.de

542

cently, Bi-doped glasses were further considered for use as spec-
tral converters and planar luminescent concentrators for
photovoltaic energy conversion using low-bandgap semiconduc-
tors.!” On the other hand, the origin of NIR emission still re-
mains highly debated. It is now widely accepted that Bi** and
Bi** ions do not contribute to NIR emission.>™>7'> Several
proposals have been made tentatively, assigning the role of
emission center to Bi®*,72% Bi* 11-1521 and even Bi-ion clus-
ters.'%?? Fujimoto and colleagues’* suggested Bi** ions as NIR
emission centers and confirmed the presence of Bi** species in
NIR-luminescent Bi-doped alumino-silicate glasses by X-ray
absorption fine structure analysis. However, other authors”™!!
showed that increasing basicity of the host glass (what generally
favors the higher valence states of Bi) resulted in disappearing
NIR emission. Furthermore, introducing reducing agents such
as carbon into the batch, Arai e al.** clearly demonstrated im-
proved emission intensity. Truong et al.>! found similar results
when heat-treating Bi-doped silicate glass in H, atmosphere.
These experimental results point to Bi™ as the responsible
emission center. Other opinions are based on the fact that at
high temperatures, Bi,O; can dissociate and convert into BiO or
even into Bi metal. Then, Bi clusters may form by aggregation
of Bi atoms.'*?

Femtosecond (fs) ultrashort pulse lasers are powerful tools
for fabricating different functional optical devices, such as op-
tical waveguides, couplers, photonic crystals, 3D optical storage
devices, and rewritable optical memory, because they can in a
controlled way induce various microstructural changes in trans-
parent materials.>>?® For example,” fs laser irradiation has been
applied to Sm**-doped alumino-borate glass to selectively and
permanently reduce Sm>* to Sm>*. If such a glass was used as
an optical storage device, data could be read-out in form of lu-
minescence with a very high signal-to-noise ratio. As another
example, Qiu er al.*® developed a method to space-selectively
precipitate gold nanoparticles in Au**-doped silicate glass by
combining fs laser irradiation and successive annealing, and they
proposed to produce 3D Au nanocircuits in Au®"-doped glass
by utilizing this scheme.

In the following, the interaction between fs laser pulses and
Bi** containing glass will be addressed for two reasons: (a)
bismuthate glasses could provide a competitive alternative as
base material for 3D laser writing of colored structures and, (b)
such experiments may, indirectly, help to deduce the mechanism
that leads to NIR luminescence in similar glasses.

1L

Glass samples were synthesized by conventional melting and
quenching. Analytic-grade reagents H3;BO;, SiO,, SrCOs;,
Sb,03, PbO, Al(OH);, and Bi,O; were selected as raw materi-
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als. Approximately 60 g of a bismuthate glass with composition
(in wt%) 52BiO3-23B,05-4Si0,- 17PbO - 4Sb,0; (BBSPS)
were melted in an alumina crucible at 1200°C for 30 min, cast
onto a stainless-steel plate immediately after melting, and finally
annealed at 300°C for 1 h. Obtained samples were cut and
polished into suitable shapes for optical analyses. Optical ab-
sorption spectra were recorded using a JASCO V-570 spectro-
photometer (JASCO International Co. Ltd., Japan), and infra-
red fluorescence spectra were determined using the set-up as
follows: for excitation, a 100 mW/785 nm laser diode was used;
emitted light was introduced into a monochromator equipped
with three gratings (1200 G/mm for 200—-600 nm; 600 G/mm for
500-1500 nm; 300 G/mm for 800-2500 nm) and collected by an
InGaAs detector. The current signal from the detector was
transformed to a voltage signal by an I-V converter and trans-
ferred to a lock-in amplifier that was triggered by an optical
chopper operating in the beamline at 80 Hz. Fluorescence decay
curves were obtained using a digital oscilloscope (500 MHz
Tektronix TDS3054, Tektronix GmbH, Germany). All mea-
surements were carried out at room temperature.

In order to study the interaction between fs laser pulses and
the BBSPS glass, a commercial mode-locked multipass amplified
Ti:sapphire laser system (Femtopower Compact PRO, Femto-
laser Produktions GmbH, Germany) with emission at 800 nm,
pulse duration of 33 fs, and a repetition rate of 1 kHz was used.
A variable neutral density filter was used to control pulse energy.
The laser beam with an average pulse energy of 2.5 pJ (or 1 pJ)
was focused into the glass sample with a x 10 lens (NA =0.3)
with the help of a computer controlled XYZ translation stage.
In order to measure absorption and emission spectra of the glass
after laser irradiation, a plane of 2.5 mm X 2.5 mm was written
into the sample, consisting of damaged lines at an interval of 10
um, by scanning the laser beam at a rate of 1 mm/s. The distance
of the plane from the surface of the glass sample was 1 mm.

III. Results

Figure 1 shows the absorption spectra of BBSPS glass samples
before and after fs pulse laser irradiation. In the as-received
glass, very high transparency is observed in the visible range
from 400 to 800 nm. The glass appears weakly yellow due to the
presence of Bi*". Irradiation caused apparition of a strong ab-
sorption peak at around 500 nm, and peak intensity increased as
the average pulse energy was increased from 1.0 to 2.5 pJ (Figs.
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Fig.1. Absorption spectra of BBSPS glasses before femtosecond (fs)
laser illumination (a), after fs laser illumination with average pulse en-
ergy of 1 pJ (b), and 2.5 pJ (c), respectively. Insets 1 and 2 show samples
after fs laser irradiations with average pulse energy of 1 and 2.5 pJ, re-
spectively. Scale bars are 0.5 mm. Inset 3 is the photograph of the glass
with fs laser-irradiated areas a—d. The S mm x 5 mm area d in inset 3 was
written with fs laser with average pulse energy of 2.5 pJ in March 2005.
The experiment of irradiating with fs laser with average pulse energy of
2.5 uJ was repeated two more times to demonstrate reproducibility.
BBSPS, 52Bi,0; - 23B,0; - 4Si0, - 17PbO - 4Sb,05.
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Fig.2. Emission spectra of BBSPS glasses when pumped by 785 nm
laser diode: (a) before femtosecond (fs) laser illumination, (b) after 1 pJ
fs laser irradiation, and (c) after 2.5 pJ fs laser irradiation. BBSPS,
52Bi,03 - 23B,03 - 4Si0; - 17PbO - 4Sb,0s.

1(b) and (c)). Correspondingly, in areas where the glass was
irradiated, it turned pink (inset of Fig. 1). The experiment of
irradiating by 2.5 pJ fs pulse laser was repeated two more times
to prove reproducibility (inset of Fig. 1).

NIR emission spectra of BBSPS glass samples are shown in
Fig. 2. While in as-received glass, no NIR emission can be detected
after excitation (785 nm laser diode, Fig. 2(a)), in the fs laser-ir-
radiated area of the sample (1.0 pJ, area of inset of Fig. 1(b)), a
weak emission peak protrudes in the range of 1000-1500 nm
(Fig. 2(b)). When increasing the average energy to 2.5 pJ, the peak
position remains unchanged, but its intensity is enhanced by a
factor of ~6 (Fig. 2(c), and area of inset of Fig. 1(c)).

Figure 3 is a representation of the decay curve of the emission
at 1250 nm. For comparison, data were fitted to a first order
exponential decay equation, y = 1.00475¢~/17°+0.02395, which
produced a fluorescence lifetime of 179 ps.

1V. Discussion

Bismuthate (Bi-rich) glasses are long known for several appli-
cations, e.g. sealing glasses, glazes, etc. If melted in air, in such
glasses bismuth is usually present in the form of Bi**, and
glasses appear yellowish. When illuminated with UV-light
(~230-250 nm), low concentrations of Bi*" may result in emis-
sion of blue light (~450 nm), with very short fluorescence decay
times of < 10 ps.?” The observed emission properties of fs laser-
irradiated BBSPS glass are similar to those of other Bi-doped
glasses,z’“"”’24 which leads to the conclusion that in the con-
sidered glass, fs laser-induced NIR emission originates from the
same emission centers as it does in other Bi-doped glasses.
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Fig.3. Fluorescent decay curve of BBSPS glass irradiated by femto-
second 800 nm pulse laser with average pulse energy of 2.5 pJ when
pumped by 785 nm laser diode. The monitored emission wavelength is
1250 nm. BBSPS, 52Bi,0; - 23B,05 - 4Si0, - 17PbO - 4Sb,0;.
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Given the pulse width of ~33 fs and the average pulse energy
of 1 uJ of the used laser, a power density of up to 3.8 x 10'> W/
cm? results in the focal point of irradiation. In most glasses, this
is sufficient to induce various nonlinear physicochemical reac-
tions. For instance, the already mentioned fs laser-induced
photoreduction of Au*" to Au in Au®"-doped silicate glass>®
and Sm** > Sm?* in Sm*"-doped alumino-borate glass?5 were
attributed to multiphoton absorption processes. In the case of
Au-containing silicate glasses, additional thermal treatment is
necessary to obtain the desired 3D coloration effects by diffu-
sion-driven formation of metallic clusters. Typically, the desired
gold particles form while heat-treating 0.5-1 h at 550°C.*°
Therefore, the present observation that NIR emission (as well
as changes in the absorption spectrum) occur directly after fs
laser irradiation (i.e., no additional thermal treatment is
required) enables an important conclusion on the underlying
emission mechanism.

The focal spot of the laser beam has a diameter of ~10 um.
In view of the scanning speed of 1 mmy/s and the repetition rate
of 1 kHz, the number of laser pulses applied to each focal point
can be calculated as ~ 10. This means that the interaction time is
about 330 fs between fs laser and BBSPS glass. Although
quantitative data on diffusion is not available in sufficient de-
tail, some conclusions can be drawn from comparison with Ag
diffusion. Atomic radii of silver and bismuth are comparable.
Effective ionic radii of six-fold coordinated Bi** (here, we refer
to Bi*" because data for Bi™ are not available; note that the
effective radius of Bi* would be even higher than that of Bi*™)
and Ag™ are 103 and 125 pm,*® respectively. An order-of-mag-
nitude of the diffusion coefficient of Ag, Dy =4.7 x 1072 cm?/s
and the corresponding activation energy of diffusion, Ex = 161
kJ/mol, can be taken from Euken.?® This results in an estimated
diffusion coefficient 6.2 x 10713 ecm?/s (6.2 x 10728 cm?/fs) at
500°C. This means that during the estimated interaction time of
~330 fs, virtually no diffusion occurs at a length scale >1 nm.
Instead, it is assumed that the observed effects are based on fast
photo-induced reduction of Bi** to Bi*. At sufficiently high la-
ser intensity, electrons simultaneously absorb multiple photons
that allow them to pass from valence to conduction band. Once
an electron is promoted to the conduction band, it will nucleate
a process of avalanche ionization: by impact ionization, excess
energy may be transferred to another electron, resulting in two
electrons in the conduction band. Increasing the pulse energy
leads to an increase of the number of these electrons and thereby
improves the probability of permanent reduction, resulting in
increasing concentration of Bi* and, consequently, increasing
NIR emission intensity (Figs. 1 and 2).

It is further noteworthy that the fs laser-induced coloration
does not, at ambient temperature, fade with time; some irradiated
samples have been stored for more than 3 years (since March
2005) without any visible alteration of laser-written features (such
as area in inset 3 of Fig. 1(d)). Compared with expensive Au’*-
or Ag*-doped glasses, where fs pulse lasers in combination with
subsequent heat treatment have been used to space-selectively
precipitate gold or silver nanoparticles to produce colored images
in transparent glass blocks, Bi’"-doped glasses where the bismuth
ions can be reduced to Bi* may offer a convenient alternative.
Similarly colorful structures can be written into such glasses, but
without any additional thermal treatment.

V. Conclusions

For the first time, it was demonstrated that fs laser irradiation
can be used to write colored features into bismuthate glasses.
Upon optical excitation, irradiated areas exhibit NIR emission,
peaking at ~1250 nm. Induction of coloration and NIR
emission do not require thermal annealing subsequent to laser
irradiation. Emission properties are similar to these of other
Bi-doped glasses. It is concluded that, thus, emission occurs
from the same emission centers. Because of the short interaction
time between fs laser and glass, diffusion-driven formation of

Vol. 92, No. 2

Bi-containing clusters is excluded. Rather, it is concluded that
Bi* species are responsible for NIR emission in this class of
materials. Laser irradiation results in photo-induced reduction
of Bi*" to Bi" by multiphoton absorption. It is suggested that
for the fabrication of colored, 3D structures in transparent
glasses via fs laser writing, Bi**-containing glasses offer a con-
venient alternative for Au*" or Ag™-doped glasses.
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