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Abstract

Bi-doped (60-x)GeO,—xSi0,—-15B,0,—20Mg0-5A1,0,—0.5Bi,05 (x=0, 5, 10, 15,20, 25 mol%)glasses were prepared by a
conventional melt-quenching process. A broad near-infrared (NIR) photoluminescence (PL) band from Bi centers centered
around 1100 nm with a large full-width-at-half-maximum value (~ 195 nm) was observed under excitation at 700 nm. Along
with the increase of SiO, concentration, the NIR PL intensity and the quantum yield (44.1-51.2%) increase first and then
decrease, and the PL lifetime increases from 409 to 464 us. The spectroscopic properties can be interpreted in terms of Bi
centers with different valence states, which were confirmed by two-dimension photoluminescence excitation map spectra.
The dependence of optical properties on SiO, concentration is mainly attributed to the change of the optical basicity among
different samples. This Bi-doped B,0;-GeO,—-Si0, glass could find potential application in fiber amplifier and laser due to

the efficient and tunable broad NIR luminescence.

1 Introduction

Recently, Bi-doped glasses have attracted growing atten-
tion because of their long photoluminescence (PL) lifetime
and broadband near-infrared (NIR) emission. Since Fuji-
moto et al. [1]reported that Bi-doped silica glass exhibited
strong NIR emission with large full-width-at-half-maximum
(FWHM), various glass systems doped with Bi using the
melt-quenching method have been reported, such as sili-
cate [1-4], borate [5, 6], germanate [7-9], oxyfluoride [10],
phosphate [11-13], and chalcohalide [14, 15] glasses. Due
to their unique optical properties, Bi-doped glasses are
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regarded to have potential application in various photoelec-
tric devices, such as fiber lasers and fiber amplifiers [16].
In 2005, Dianov et al. [17] proposed and fabricated the first
continuous wave laser in the spectral region between 1150
and 1300 nm using a Bi-doped aluminosilicate glass fiber,
which is a milestone in the development of Bi-doped glasses
and relevant photoelectric devices. In 2016, Thipparapu
et al. [18] reported a high gain (~25 dB) Bi-doped fiber
amplifier operating in the wavelength band 1320-1360 nm.

For Bi-doped glasses, the topological network structure of
glass plays an important role in various spectroscopic prop-
erties of Bi ions. Mixed network effect on the NIR emission
of Bi centers has been reported in different oxide glass sys-
tems, such as borogermanate [19, 20], borosilicate [21, 22],
phosphosilicate [23], and germanosilicate [24, 25] glasses.
In these glasses, it is generally considered that the Bi ion
with low valence states (possibly Bi*) contribute to the NIR
emission, and the phonon energy and the optical basicity
have strong effect on the PL behavior of Bi-doped glasses.
Apart from the spectroscopic results, the quantum yield
(QY) of Bi-doped glass and a possible means for modulating
the PL lifetime have rarely been reported for glass system,
although these are believed to be very important parameters
for photoelectric devices. Therefore, it is of significance to
investigate the effect of glass topological network structure
on the QY and PL lifetime of Bi-doped B,0;—-GeO,-SiO,
glasses.
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In this investigation, SiO, was introduced into Bi-doped
Ge0,-S10,-B,0,-Mg0-Al,0O; glasses aiming to modulate
the NIR emission of Bi centers. It is found that the NIR PL
intensity and the QY increase first and then decrease, while
the PL lifetime increases with increasing SiO, concentration.
Furthermore, the change of the glass network structure was
confirmed by a Fourier transform infrared (FT-IR) spectrom-
eter. The results indicate that the network structure strongly
affects the PL behavior, such as the PL intensity, the QY and
the PL lifetime.

2 Experimental

The glass samples with compositions (in mol%) of (60-x)
Ge0,—xSi0,-15B,0;-20MgO-5A1,05-0.5B1,0; (x=0, 5,
10, 15, 20, 25 mol%, denoted as GSBx) were prepared by the
conventional melt-quenching method. The raw materials are
analytical grade pure SiO,, H;BO;, MgO, Al,O;, Bi,05, and
5N (99.999%) GeO,. In a typical procedure, 20 g powder
mixtures were mixed thoroughly in an agate mortar, and
then melted in an alumina crucible at 1550 °C for 40 min in
air. Afterwards, the melt was quenched onto a stainless steel
plate and pressed with another stainless steel plate. The sam-
ples were then cut and polished for optical measurements.

Optical absorption spectra were recorded with a UV-3600
UV-Vis-NIR spectrophotometer (Shimadzu Instruments,
Kyoto, Japan). The emission spectra, two-dimension (2D)
photoluminescence excitation (PLE) map spectra and fluo-
rescent decay kinetics were measured with a FLS 980 fluo-
rescence spectrometer (Edinburgh Instruments, Livingston,
UK) equipped with a Xe lamp and ps flash Xe lamp as the
excitation source.The glass network was characterized by
FT-IR spectra with a Nicolet 6700 spectrometer (Thermo
Fisher Scientific Inc., Waltham, MA, USA). The QY was
measured with an absolute photoluminescence quantum
yield measurement system (Quantaurus-QY Plus C13534-
35, Hamamatsu Corp., Shizuoka, Japan). All the measure-
ments were carried out at room temperature.

3 Results and discussion

The obtained glasses are brownish red, as shown in the inset
of Fig. 1. From the absorption spectra of the glass samples
shown in Fig. 1, two characteristic absorption bands cen-
tering at about 500 and 700 nm could be clearly observed,
which are similar to the characteristic Bi-related absorption
bands observed in different glasses [5, 19, 20].The absorp-
tion band centering at about 500 nm can be ascribed to
Bi**P,— 'D, and Bi" *S;, — P, ,, while the band center-
ing at about 700 nm can be attributed to *P,— P, transi-
tion of Bi* [25]. The dependencies of absorption intensity
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Fig. 1 Optical absorption spectra of the glass samples. The inset is
the photographs of the glass samples

at 700 nm on Si0O, concentration are shown in Fig. 2b. The
absorption intensity in Fig. 2b is the integrated intensity of
the absorption band derived from Bi centers after subtract-
ing the contribution of baseline. The result shows a clear
dependence of the absorption of the Bi centers on the glass
composition.

Figure 2a shows the NIR PL spectra of the glass samples
under excitation at 700 nm with different SiO, concentra-
tions. A broadband PL at about 1100 nm with a FWHM
value of 195 nm is observed in the glass samples. The NIR
emission is generally attributed to Bi ions with low valence
states, such as Bi*. It is found that the NIR PL intensity
increases first, and then decreases with the rise of SiO,
concentration, as shown in Fig. 2b, which is similar to the
change of absorption intensity. Both absorption and PL
reach maximum intensities for the sample with 10% SiO,
(GSB10). With increasing SiO, concentration, the peak PL
wavelength undergoes a tiny red shift, which can be attrib-
uted to the change of glass composition. Along with the
increase of SiO, concentration, the PL intensity under exci-
tation at 500 nm also shows the same trend, which is shown
in the Table 2 and the Supplementary Fig. 1.

Figure 2c, d show the visible PL spectra of the glass sam-
ples under excitation at 320 and 475 nm. A blue emission
band centered at 420 nm under 320 nm excitation can be
ascribed to Bi****P, — 'S [10]. With the rise of SiO, con-
centration, its intensity decreases first, and then increases, as
shown in Fig. 2c. In comparison, the red emission due to the
Bi’* 2P;,,— ’P, , transition centered at 655 nm (excited at
470 nm) increases with the rise of SiO, concentration from
0 to 25%, as shown in Fig. 2d.

To understand the NIR luminescence of the Bi centers,
we performed 2D-PLE map spectroscopy measurement
to locate the excitation energies corresponding to distinct
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Fig.2 a Emission spectra of the glass samples in the NIR region
under excitation at 700 nm. b Dependence of NIR emission intensity
and absorbance at 700 nm on the SiO, concentration. ¢, d Emission

energy levels. Figure 3 shows the normalized 2D-PLE con-
tour maps for glass samples GSB0, GSB10 and GSB25,
which indicate that the position of the emission peak
strongly depends on the excitation wavelength. The glass
samples exhibit three distinct peaks, indicating there are
multiple Bi-related excitation and emission centers. Three
excitation bands were observed at around 330, 510 and
700 nm, and the corresponding emission bands were located
at around 1100 nm. Because the PL intensity with emis-
sion wavelength at around 1250 nm was relatively small,
the emission band at around 1250 nm was absent in 2D-PLE
contour maps. To further analyze the Bi-related optical cent-
ers, the contour map was divided into three areas (denoted
as 1, 2, 3), and the peak intensity of corresponding area was
denoted as /|, I, and I;, respectively, as shown in Fig. 3a.
This allows the calculation of the intensity ratios (I,//; and
I/1)) for the glass samples GSBO, GSB10 and GSB 25, as
shown in Table 1. The results show that the value of 1,/ is
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spectra of the glass samples in the visible region under excitation at
320 and 470 nm. The inset is the dependence of PL intensity on the
SiO, concentration

almost unchanged, but the value of I;/I; decreases obviously
with the increase of SiO, concentration. The result suggests
that the excitation peak located at around 510 and 700 nm
may be attributed to the same Bi centers, and the excita-
tion peak located at around 330 nm should be attributed to
another Bi center of a different valence state,which decreases
in concentration with the increase in SiO, concentration.
To understand the change of the PL intensity by SiO,
addition in the glasses, we recorded the fluorescent decay
curves at 1100 nm for the glass samples under excitation
at 700 nm, as shown in Fig. 4. By fitting the decay curves
with the single exponential decay function, the derived PL
lifetime of bismuth-doped B,0;-Ge0,-Si0, glasses under
excitation at 700 nm increases from 409 to 464 us with the
increase of SiO, concentration, as listed in Table 2. The PL
lifetime under excitation at 500 nm shows the same trend
with the increase of SiO, concentration, which is shown
in the Table 2 and the Supplementary Fig. 2. Whereas the
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phonon energy of the glass may have changed with the
increase in SiO, concentration, the increase of PL lifetime
may be attributed to the decrease of radiative transition rate.
According to Fermi’s golden rule, the radiative decay rate
in a homogeneous dielectric medium (I',) can be calculated
by the equation below [26],

I, = nl, )
where n is medium refractive index, I' is radiative decay
rate in vacuum. For the Bi-doped B,0,—GeO,-Si0, glasses
studied here, the increase in the concentration of SiO, leads
to the reduction in refractive index and thus decrease of the
radiative process. A similar dependence of transition rate
on the dielectric constant of the host have been observed in
RE-doped oxide glass as well as in RE-doped nanocrystals
dispersed in solvents [26, 27].

The QY was measured under excitation at 500 and
700 nm. It is found that the QY increases first, and then
decreases with the rise of SiO, concentration, as shown in
Table 2, which is similar to the change of PL intensity.

To understand the PL behavior and its dependence on
the glass composition, we recorded FT-IR spectra for the
glass samples. Figure 5 shows the FT-IR spectra of the
glass samples, where four main absorption bands could
be observed. The absorption bands located at around 580
and 873 cm™! are attributed to the Ge—O symmetric and
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Table 2 Spectroscopic

. . Aex (nmM) Samples GSBO GSB5 GSB10 GSB15 GSB20 GSB25
properties of Bi-doped glass
samples under excitation at 500 700 Normalized PL intensity ~ 0.60 0.66 1.00 0.93 0.87 0.79
and 700 nm PL lifetime (us) 409 423 430 435 452 464
QY (%) 44.1 44.8 51.2 48.4 47.8 47.7
500 Normalized PL intensity 0.61 0.68 1.00 0.89 0.81 0.73
PL lifetime (us) 263 282 283 285 296 303
QY (%) 42.1 42.7 47.0 45.4 44.6 41.8
Usually, Bi ions with different oxidation states or Bi clus-
60 S de ol R Iv. Bi th1 .
L GeO ] ters coexist 1n oxide glasses. Recently, B11ons with low oxi-
50 B /[ 4 dation states such as Bi* and Bi” have been regarded as the
g
40 ‘\ GSBO origin of NIR emission [10, 22, 25]. According to the optical
30 “—I’—\p | . | basicity theory proposed by Duffy [33, 34], metal species
60 | tend to stabilize at their low oxidation state in the glasses
50 \ with lower optical basicity. It has been reported previously
" “"—\ GSB5 that low optical basicity favors Bi ions with low oxidation
40 — ] o+ -0 . ..
. I : I ! . I states (such as Bi™, Bi") [10, 35, 36]. The optical basicity (A)
60 P of glasses can be calculated using the Eq. (2):
r_\ + \..—
o 90 A=XIAI +X2A2+"'+XnAn’ 2)
£ \ N GSB10) T )
\G-J/ 40 L ! : — 1 . L where X, is equivalent fractions based on the amount of oxy-
S g \ GSB15 gen contributing to the overall glass stoichiometry, and A, is
S 3 [~ the optical basicity of the oxide. The optical basicity of sili-
"E 60 E N\ _//\ cate glass (0.48-0.52) is smaller than that of the germanate
2 100 — L . L ‘ . L glass (0.60-0.94). It is apparent that the optical basicity of
S gol GSB20 the oxide glasses is expected to decrease with the increase
= 60 r in SiO, concentration, which favors the following process:
100 | N T R - Bi** - Bi’* - Bi* - Bi’.
80 i\\‘—’\[SiO ] - GSB25 Furthermore, according to Fig. 2b, the absorption inten-
. x sity centering at about 700 nm increases first, and then
L //\ decreases with the rise of SiO, concentration. The absorp-
40 | 1 " 1 1

600 800 1000 1200

Wavenumber (cm™)

Fig.5 FT-IR spectra of glass samples

asymmetric stretching vibration of [GeO,] tetrahedron
unit, respectively [28, 29]. The absorption bands located
at around 680 and 1070 cm™! are ascribed to Si—O sym-
metric and asymmetric stretching vibration of [SiO,4] tet-
rahedron unit, respectively [30-32]. The results show that
this glass network mainly consists of [SiO,] and [GeO,]
tetrahedron units through interconnection of apical oxygen
atoms. It is also found that the intensity of [GeO,] tetrahe-
dron unit at 580 and 873 cm™! decreases and the intensity
of [Si0,] tetrahedron unit at 680 and 1070 cm™! increases
with increasing SiO, concentration (Fig. 5), indicating the
growth in the number of [SiO,] tetrahedron unit.

tion reaches maximum intensity for the sample with 10%
SiO, (GSB10). The absorption band at about 700 nm is
attributed to 3PO—>3P2 transition of Bi* [25], as shown
in Fig. 6, which indicates the concentration of Bi* ions
increases with increasing SiO, concentration from 0 to
10 mol%, and then decreases because of reduction to Bi’
with further increase of SiO, concentration. The NIR emis-
sion centered at approximately 1100 nm is attributed to
3P1 —>3P0 transition of Bi* [25], as shown in Fig. 6. There-
fore, the NIR PL intensity increases first, and then decreases
with the rise of SiO, concentration, which is in line with the
change of Bi* ion concentration.

In addition, the maximum phonon energy of silicate
glass is higher than that of the germanate glass. Therefore,
the electron—phonon coupling strength in the Bi-doped
B,05;-Ge0,-Si0, glasses are expected to increase with
the increase in SiO, concentration, which can increase the
probability of phonon-assisted nonradiative process and thus
decrease the PL intensity. Compared with the effect of Bi*
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ion concentration, the effect of phonon energy on NIR PL is
small, considering the fact that each component in a multi-
component glass contribute to the vibrational properties.
Therefore, we mainly consider here the influence of Bi* ion
concentration on the NIR PL intensity.

4 Conclusions

Bismuth-doped GeO,-Si0,-B,0;-MgO-Al,0; glasses
were prepared by the conventional high-temperature melt-
quenching method. The Bi-doped B,0,;—-GeO,-Si0, glasses
shows a broad NIR emission band with large FWHM value
(~ 195 nm), and the position of the emission peak strongly
depends on the excitation wavelength. With the increase in
Si0, concentration, the NIR PL intensity increases first,
and then decreases. The NIR PL lifetime under excitation
at 700 nm increases from 409 to 464 us and the QY under
excitation at 700 nm is found to be in the range of approxi-
mately 44.1-51.2% with the rise of SiO, concentration. The
2D-PLE map indicates the NIR emission from multiple Bi
centers may involve multiple energy states. The evolution
of optical properties is mainly attributed to the change in
optical basicity and the oxidation state of Bi centers resulted
from the rise of SiO, concentration. The large FWHM and
strong NIR emission of Bi-doped B,0;-GeO,-SiO, glass
may facilitate its application in NIR optical amplifiers and
lasers.
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