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Bi-doped and Bi/Er Co-doped Calcium Aluminum Germanate Glasses
with Ultra-broadband Infrared Luminescence
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Abstract: Luminescence from Bi and Bi/Er doped aluminum calcium germanate glasses were investigated.
The glasses were prepared by conventional melting-quenching technique. The near infrared luminescence
of Bi-doped calcium aluminum germinate glasses can be divided into two Gaussian peaks which are located
at 1 265 and 1 420 nm separately. The X-ray photoelectron spectroscopy spectrum indicates the valence
state of Bi ions in the calcium aluminum germinate glasses is the mixed. Bi'" ions could be reduced to low
valence states bismuth ions. The experiments support the assumption that the near-infrared luminescence
is connected with a low valence state of Bi, may be Bi". Er’" was introduced to adjust the 1420 nm band
of Bi-related fluorescence. With the increment of Er'" concentration, near-infrared fluorescence relative
intensity of Bi ions is decreasing, which implies the energy transfer from Bi ions to Er’".
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0 Introduction

The low loss wavelength region of dry optical
fibers has been expanded from 1 200 to 1 700 nm""’,
But the bandwidth of the traditional rare earth doped
luminescent materials cannot surpass 100 nm due to the
{-f transition confined in the inner shell . It is
essential to explore new luminescent materials with
bandwith

developing new amplifiers or lasers.

much broader covering this region for
Bismuth-doped
glasses have been shown to be promising active
material in this broadband Near - Infrared ( NIR ) region ™ .

Silica fiber is usually drawn at above 2 000 C,
whereas the boiling point of bismuth oxide is 1 890 C,
causing the lower concentration could leave in it*”. The
melting temperature of GeQ, glasses is lower than that
of silicate glasses. Moreover, germanate glasses have
better infrared transmittance character, more stable
chemical durability, higher mechanical stability and
lower phonon energy. Germanate glasses are attractive
for their unique physical properties and have been
extensively studied.  However, there are few
researches about calcium aluminum germanate glasses.
Study fund that Al, O, and CaO could lead some good

. Ren er al.

properties for germanate glasses
reported that the NIR emissions covering the whole low
loss wavelength region of dry optical fifers from
75Ge0,-20Ca0-5A1,0,-1Bi, O, glass®™. This
broadband flatly  and

asymmetrically. Co-doping with some optically active

super

luminescence is not

species is a method to adjust emission schemes.

In this article, bismuth singly doped and Bi/Er co-
doped Calcium Aluminum Germinate (CAG) glasses
were investigated. GeQ, was selected as glass network
former, CaO was flux agent, and Al, O, was both glass
network former and network modifier. The optical
basicity of CAG glass matrix is introduced to explain
the origin of NIR luminescence of bismuth ions. And
the energy transfer from bismuth ions to Er''" is

discussed.

1 Experiment

Three groups of glasses were prepared. The
compositions of glasses are as follow:

Group one:

70GeO, « 18Ca0 « 12Al, 0,
1.0 and 1.5 mol %).

Group two:

70Ge0, « 18Ca0 « 12A1,0, * 1Bi,O, * yEr, O, (y=
0.05, 0.10 and 0. 20 mol %).

Group three:

70GeO, « (18—2)CaO « 2AlL O, « 1B, O, -

* zBi,O, (x=0, 0.5,

0.1Er, O, (2=14,16 and 18 mol %).
Analytic reagents GeQO,, CaCO,, ALO,, Bi,O,
The 8g

glasses

and Er,O, were selected as raw materials.
batches CAG
respectively weighted and thoroughly homogenized in

corresponding to the were
an agate mortar, and then melted at 1 550 C for 30
min in alumina crucibles in air. Then the melts were
cast onto a stainless steel plate and annealed at 560 C
for 3 hours. Each obtained glass sample was cut and
polished into pieces with size of 10 X 10 X 2 mm® for
measurement.

The absorption spectra were performed using a
Hitachi U-4100 The

luminescence spectra were obtained with

spectrophotometer. infrared
a Zolix
SBP300 spectrofluorometer with an InGaAs detector
excitated by 808 nm LD. The X-ray Photoelectron
Spectra (XPS) were recorded on Aphi5000 VersaProbe
spectrometer, the binding energy (BE) was referenced
to the adventitious Cls line at 284. 8 eV. All

measurements were performed at room temperature.

2 Results

The color of the

gradually from colorless to deep reddish brown with

group one glasses turned
increase of bismuth ions. The NIR emission of group
one glasses firstly increase and then decline, the
strongest fluorescence intensity was obtained in about
1.0 mol% bi-doped glass under the same measurement
conditions at room temperature. Fig. 1 showed the
emission spectrum of the 70GeQ, « 18Ca0O « 12A1,0, *
1Bi, O, glass sample in the range of 1000 ~ 1800 nm
excitated by the 808 nm LD at room temperature. As
can be seen in the figure, the peak was at about 1 300
nm and the Full Width at Half Maximum (FWHM)
was more than 300 nm. According to the asymmetric
feature of the spectrum, it could be decomposed into
two Gaussion peaks which are at 1 265 and 1 420 nm
with a FWHM of 178 and 302 nm,

respectively. The relative intensity of 1 265 nm was

separately,

stronger than one of 1 420 nm.
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Fig.1 Luminescence spectrum of

70Ge0, « 18Ca0 « 12A1; 05 + 1Bi, O; glass
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The chemical state of Bi ions in the glass was
obtained by Aphi5000 VersaProbe spectrometer. Fig. 2
shows the Bi 4f XPS spectrum of 70GeO, « 18CaO -
12A1,0, « 1Bi,O,. The peaks of Bi 4f;,, and Bi 4f,,
were centered at 158. 7 and 164. 0 eV, which were
consistent with that of Bi*" reported "', However, the
two peaks had asymmetric shape with small shoulders
on the low binding energy side. The shoulders situated
at about 157. 4, 158. 2, 162. 6 and 163. 3 eV,
The shoulders of 157. 4 and 162. 6 eV

Generally, the

respectively.
could be assigned to the metal Bi'".
higher binding energy of atom mean a higher valent
state. The shoulders of 158. 2 and 163. 3 eV might
origin from a medial state between Bi’ and Bi*".
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Fig. 2 Bidf XPS for 70GeO, + 18Ca0 « 12Al, O, « 1Bi, O, glass
In order to improve the tail intensity of NIR
luminescence of bismuth doped glasses. Er,O, was
introduced into samples. Fig. 3 shows the Er, Bi singly
Er-Bi
optical

doped, co-doped and nothing doped glass

samples’ absorption spectra. The strong
absorption bands below 300 nm could be ascribed to the
intrinsic absorption of the CAG matrix. There were
two absorption peaks at about 500 and 710nm at the
range of 200 to 1000nm wavelength band of Bi singly
doped glass. The phenomenon was similar with the
silica-based glasses of work in reference [7]. Er*"
related absorption peaks located at 365, 378,488,521
and 652nm. They could be assigned to the transitions

from ground state 'I;,,to corresponding exited states.
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Fig. 3 Absorption spectra of Bi, Er singly-doped

and Bi/Er co-doped CAG glasses

Fig. 4 showed the normalized fluorescence spectra

of 70Ge0, + 18Ca0 » 12AL 0O, * 1Bi,O, * yEr,O, (y=
0, 0. 05, 0. 10, 0. 20 mol %) samples. With the

increment of Er,O, concentration, the relative
intensities of Bi ions spectra decrease.
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Fig. 4 Normalized luminescence spectra of 70GeQ), *

18Ca0 « 12A1,0; « 1Bi, O; « yEr, O, (y=0, 0.05,
0.10, 0.20) glasses
The NIR emission of bismuth ion was sensitive to
crystal field. The relative fluorescence intensity of
bismuth ions varied with glass compositions. As shown
in Fig. 5, we could find that the NIR emission
intensities of Bi/Er co-doped CAG glasses might be
improved with the decrement of CaO/Al O, molar

ratio.
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Fig.5 Luminescence spectra of 70GeQ, « (18— =2)CaO -

zALO; ¢ 1Bi; O3 * 0. 1Er, O3 (2=14,16,18) glasses

3 Discussion

As can be seen in Fig. 1, the NIR emission of Bi could
overlap the whole optical communication region. It was an
attractive material for optical communication. Fujimoto et

al concluded that the NIR emission would come from

Bi"" according to their experimental analysis ¥, In

contrast, many experts considered lower valent

bismuth ions, such as Bi'"*', Bi cluster'”™, Bi,, Bi,,
Big{lﬁ'l7] s

the mechanism of Bi-related NIR luminescence has been

etc, as the origin of NIR emission. However,

still unclear.

The XPS spectrum indicated the valence state of Bi
ions in the CAG glasses was the mixed. Bi’" ions could
be reduced to low valence states of Bi and Bi’" ions

would be less likely to be induced in these glasses. Bi’”

0316001~ 3
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ions might not be the NIR emission center.

According to optical basicity theory, the higher
optical basicity favors the higher valence state of the
multivalence metal ions. The optical basicity of glass
matrix could be calculated as follow ™,

A=A +x,A F Ay + o+ 2,A, o)
where, A, was the optical basicity quantity of the nth
composition of glass, and x, was the molar fraction of
the nth composition. The values A, were from Rel.
[19]. The calculated results of the optical basicity of
group three glasses showed that the intensities of Bi-
related emission decrease with the increase of the
optical basicity (Fig. 5). We could infer that the Bi-
related NIR fluorescence might originate from lower
valence bismuth ions rather than Bi’".

In process of experiment, we found that the color
of CAG glasses become more and more deep with the
concentration of bismuth ions increasing, and small
particles were sometimes observed at the bottom of
crucibles. Romanov et al reported that adding Bi metal
could produce black coloration of glass™’. These small
particles might be Bi metallic colloids™"*!. When the
CAG glasses become darker, viz. Bi metallic colloids
increase, the Birelated NIR luminescence didn't
always increase, therefore the luminescent center may
not be the Bi metallic colloids.

Bi'" and Bi*' were usually excluded as the NIR

emission centers W0 %7,

But the NIR luminescence
ranging from 1300 to 1 700 nm wavelength region was
observed from BiF, BiCl, BiBr, and Bil®*".

above analysis, the NIR emission might arise from Bi’

Base on

ions. But there has been no direct evidence identifying
this conjecture.

Khonthon et al. suggested that Bi,/Bi, may be
Bi-doped

Sokolov et al. performed quantum chemical

responsible for NIR luminescence in

glasses™"’ .
calculations on the electronic states of Bi, and Bii and
the results showed they are possible NIR emission

5] and so on.

centers Further investigations are
necessary to make the mechanisms of the Bi-related
NIR luminescence clear.

The NIR luminescence of bismuth in CAG glasses
was not symmetrical. Er’" was introduced to improve
its tail intensity. As shown in Fig. 4, the relative
intensities of Bi-related luminescence decrease with the
This may be

ascribed to energy transfer from Bi ions to Er'". The

increasement of Er'" concentration.
possible mechanism of the energy transfer could be
drawn as Fig. 6. Since the origin of Bi-related NIR
fluorescence was still ambiguous, we draw the Bi
energy level on the basis of absorption spectra and
emission spectrum. The ground state was defined as

GS. The excited states were ES,, ES,, ES,, ES, and

ES, ., corresponding to the peaks at 1420, 1265, 808,
710 and about 500 nm, respectively. Non-radiative
transitions were showed by dotted lines. Radiative
transitions were marked by solid lines. According to
the Fig. 6, pumping at 808 nm the electrons would be
excitated to the third excited state in Bi and ‘I, in
Er*". If interaction between two states was neglected,
the electrons would jump to ES,, ES, and 'I,;,, states
with a non-radiative process, respectively. And then
release photons back to ground states. Noteworthy,
'I,,and ‘1,5, 0of Er'" were partially overlapping ES, and
ES, of Bi, the energy transfer between ES, and 'I,,, as
well as ES, and

The efficient energy transfer occurred

'1,,, would be induced by cross
relaxations.
from Bi ions to Er'" ions. The Bi ions were sensitizers

for the luminescence of Er't.
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Fig. 6 Possible energy transfer mechanism from active
Bi to Er*"

4 Conclusions

In summary, the spectra of bismuth singly doped
and Bi/Er co-doped CAG glasses were investigated.
Enhanced  Bi-related broadband ~ NIR

luminescence has been observed in CAG glasses when

supper

the optical basicity of glass matrix decreases. The NIR
emission of Bi ions may arise from low valence state
bismuth ions, possible from Bi". Er'" co-doping leads
to a decrease of Bi-related emission intensity but adjust
schemes of the NIR

luminescence of Er, O, could be sensitized by bismuth

luminescence. The NIR

active centers.
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