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The Er3+/Ce3+ co-doped tellurite-based glasses (TeO2-Bi2O3-TiO2) modified with various WO3 contents are prepared 

using conventional melt-quenching technique. The X-ray diffraction (XRD) patterns and Raman spectra of glass sam-

ples are measured to investigate the structures. The absorption spectra, the up-conversion emission spectra, the 1.53 

µm band fluorescence spectra and the lifetime of Er3+:4I13/2 level are measured, and the amplification quality factors of 

Er3+ are calculated to evaluate the effect of WO3 contents on the 1.53 µm band spectroscopic properties. With the in-

troduction of WO3, it is found that the prepared tellurite-based glasses maintain the amorphous structure, while the 

1.53 µm band fluorescence intensity of Er3+ is improved evidently, and the fluorescence full width at half maximum 

(FWHM) is broadened accordingly. In addition, the prepared tellurite-based glass samples have larger bandwidth qual-

ity factor than silicate and germanate glasses. The results indicate that the prepared Er3+/Ce3+ co-doped tellurite-based 

glass with a certain amount of WO3 is an excellent gain medium applied for the 1.53 µm band Er3+-doped fiber ampli-

fier (EDFA). 
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Tellurite-based glasses possess a variety of interesting 

and important optical and material properties, such as 

good transparency in the visible (VIS) and infrared  

regions (0.4—6 µm), high dielectric constant, high re-

fractive index (~2), low melting temperature and good 

solubility for rare earth dopants (10 to 50 times larger 

than that in silica), and the properties in their potential 

applications have increased considerably over the last 

few years[1-6]. Indeed, many optical devices, including 

Er3+-doped fiber amplifiers (EDFAs), lasers and planar 

waveguides, have been fabricated by the tellurite-based 

glasses[3,7]. 

Under the excitation of a commercial 980 nm laser 

diode (LD), a strong up-conversion emission resulting 

from the excited state absorption (ESA) of Er3+ at the 

pump level 4I11/2 is observed in Er3+-doped tellurite 

glasses applied for the 1.53 µm band EDFA[8], which is 

ascribed to the low phonon energy (~750 cm-1) of glass 

hosts. The low phonon energy of tellurite glass restrains 

the rapid multi-phonon relaxation process of Er3+ from 

the pump level 4I11/2 to the fluorescence emitting level 
4I13/2, and in turn results in a weakened 1.53 µm band 

fluorescence emission. In order to improve the 1.53 µm 

band fluorescence intensity, it is necessary to suppress 

the ESA of Er3+, i.e., to decrease the lifetime of Er3+ at 

the pump level 4I11/2 and then to increase the Er3+ 

populations at the fluorescence emitting level 4I13/2. To 

this end, an effective Er3+/Ce3+ co-doped scheme is 

adopted to provoke the non-radiative decay from the 
4I11/2 level to 4I13/2 level through the energy transfer of 

Er3+:4I11/2+Ce3+:2F5/2→Er3+:4I13/2+Ce3+: 2F7/2
[9,10]. 

In this paper, a relatively large phonon energy oxide of 

WO3 is introduced into the Er3+/Ce3+ co-doped tellurite 

glass (TeO2-Bi2O3-TiO2) to further improve the 1.53 µm 

band fluorescence, since a large energy mismatch (~1200 

–1400 cm-1) exists between the transitions of Ce3+:2F5/2 

→2F7/2 and Er3+:4I11/2→
4I13/2

[10,11]. 

The Er3+/Ce3+ co-doped tellurite glasses with (78.75–x)- 

TeO2-10Bi2O3-10TiO2-xWO3-0.5Er2O3-0.75Ce2O3 (x= 0%, 

3%, 6%, 9% and 12%) were prepared in alumina cruci-

bles at 1000–1100 ˚C for about 30 min. The obtained 

glass melts were annealed at about 330 ˚C for 120 min, 

then were cut and well polished for optical measure-

ments. The obtained glass samples were denoted as 

TBW0–TBW4, respectively. For a comparison, the Er3+ sin-

gle-doped tellurite glass sample with 79.5TeO2-10Bi2O3- 
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10TiO2-0.5Er2O3 was prepared and denoted as TBT.  

The Raman spectra were measured by Renishaw mi-

cro-Raman instrument. Powder X-ray diffraction (XRD) 

pattern was recorded using a power diffractometer of 

Bruker D2 with Cu Ka radiation (30 kV×10 mA). The 

absorption spectra were measured with a Lamda 950 

UV/VIS/NIR spectrophotometer. The up-conversion and 

fluorescence emission spectra were recorded with a 

TRIAX550 spectrophotometer under the excitation of a 

980 nm LD. The fluorescence lifetime of Er3+ was meas-

ured with light pulses of 980 nm LD and a TDS1012 100 

MHz oscilloscope.   

In order to analyze the amorphous structure of TBW0– 

TBW4 samples, powder XRD measurements were car-

ried out, and the measured XRD patterns are presented in 

Fig.1. It can been seen that all glass samples possess 

nearly identical XRD patterns, and the introduction of 

WO3 does not give rise to any intensive discrete or sharp 

diffraction peak, but broadens the humps, which is the 

characteristic of amorphous materials[12], indicating that 

the synthesized glass samples maintain the amorphous 

structure. 

 

 

Fig.1 XRD patterns of the powder TBW0-TBW4 sam-

ples 
 

Fig.2 displays the measured Raman spectra of TBW0 

and TBW1 glass samples. The Raman scattering band 

centered around 420 cm-1 is assigned to the stretching 

vibration of Te-O-Te or O-Te-O linkages between two 

[TeO4] four-coordinate atoms, and the bands centered 

around 660 cm-1 and 750 cm-1 originate from the stretch-

ing vibration of Te-O bond in the continuous networks 

composed of [TeO4] trigonal bipyramid and [TeO3+δ] 

trigonal pyramid structural units, respectively. A new 

Raman scattering peak centered around 920 cm-1 is ob-

served, which is attributed to the characteristic stretching 

vibration modes of W-O- or W=O bonds associated with 

the [WO4] and [WO6] structural units[13]. The results in-

dicate that the maximum phonon energy of glass host 

increases from 750 cm-1 to about 920 cm-1 when intro-

ducing WO3. 

Fig.3 displays the measured absorption spectra of Er3+ sin-

gle-doped TBT and Er3+/Ce3+ co-doped TBW0–TBW4 sam-

ples in the wavelength range of 400–1700 nm. All ab-

sorption peaks are marked with different excited levels, 

and they originate from the transitions between the 

ground state, 4I15/2 and various excited states of 4I13/2, 
4I11/2, 

4I9/2, 
4F9/2, 

4S3/2, 
2H11/2, 

4F7/2 and 4F5/2 of Er3+, re-

spectively[14]. Compared with that of Er3+ single-doped 

TBT sample, the absorption spectra of the Er3+/Ce3+ 

co-doped TBW0–TBW4 samples shift from the UV-side 

absorption edge towards the longer wavelength direction 

because of the intensive inter-configurational transition 

of Ce3+[15]. With the increase of WO3 content, the absorp-

tion band shapes and their barycenters are found to be 

almost identical except for some differences in the band 

intensities, indicating that WO3 component has no evi-

dent effect on the position distribution of the lowest 

Stark sub-levels. 
 

 

Fig.2 Raman spectra of TBW0 and TBW1 samples 

 

 

 

Fig.3 Absorption spectra of TBT and TBW0–TBW4 

samples 

 

Under the excitation of 980 nm LD, the measured 

up-conversion emission spectra of TBW0 sample in the 

wavelength range of 500–700 nm, along with the green 

and red up-conversion intensities changing with the WO3 

content, are presented in Fig.4. The up-conversion emission 

can be observed clearly in the TBW0 sample without 

WO3, in which green up-conversion emissions cen-

tered around 526 nm and 547 nm are attributed to the 
2H11/2→

4I15/2 and 4S3/2→
4I15/2 transitions, respectively, 

while the slightly weaker red up-conversion emission 

centered around 661 nm is ascribed to the 4F9/2→
4I15/2 

transition of Er3+. The up-conversion mechanism and the 

relevant excited-state emitting levels (4S3/2, 
2H11/2 and 
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4F9/2) involved in the luminescence process are well ex-

plained in Fig.5. It can be found that both the green and 

red up-conversion emissions originate from the ESA of 

Er3+ at the 4I11/2 level, and their up-conversion intensities 

decrease rapidly with the increase of WO3 content. For 

the prepared TBW0–TBW4 samples with the same 

Er3+/Ce3+ co-doped concentration, the decrease of 

up-conversion emission intensity with the increase of 

WO3 content is obviously the enhanced result of the 

non-radiative decay process from the pump level 4I11/2 to 

the fluorescence emitting level 4I13/2 aroused by the en-

hanced energy transfer process between Er3+/Ce3+ ions, 

which will be discussed later. 
 

 

Fig.4 Green and red up-conversion emission intensi-

ties as a function of WO3 content (The inset is up- 

conversion emission spectrum of TBW0 sample un-

der the 980 nm excitation.) 
 

 

Fig.5 Energy level diagram of Er
3+

 and Ce
3+

 and relevant 

transitions in the glass sample 
 

The measured 1.53 µm band fluorescence emission 

spectrum of TBW0 sample, along with the peak fluores-

cence intensity under the same 980 nm pumping condi-

tion, is displayed in Fig.6. It can be found that the full 

width at half maximum (FWHM) listed in Tab.1 in-

creases from 56 nm to 64 nm with the increase of WO3 

content, which is larger than that of silicate glass (~40 

nm), phosphate glass (~37 nm) and germinate glass (~42 

nm)[2,16]. The broad 1.53 µm band fluorescence emission 

can be attributed to the high refractive index (~2.0) of 

tellurite glass host on the one hand, which promotes the 
4I13/2→

4I15/2 transition of Er3+. On the other hand, the 

presence of multiple structural units ([TeO4] bipyramidal 

and [TeO3+δ] trigonal pyramidal units, [BiO3] pyramidal 

and [BiO6] octahedral units[17], [WO4] tetrahedral and 

[WO6] octahedral units[13]) creates a range of various 

dipole environments which result in further broadening 

of the fluorescence emission spectra inhomogeneously. 

Furthermore, the peak fluorescence intensity increases 

steadily with the increase of WO3 content. For example, 

the peak fluorescence intensity of TBW4 glass sample 

increases by nearly 18% compared with that of the 

TBW0 glass sample, which can be attributed to the en-

hanced energy transfer between Er3+ and Ce3+ ions. As 

shown in Fig.2, the maximum phonon energy of glass 

matrix increases from 750 cm-1 to 920 cm-1. The larger 

the phonon energy, the less the phonons needed to bridge 

the energy mismatch, which exists in the energy transfer 

process of Er3+:4I11/2+Ce3+:2F5/2→Er3+:4I13/2+Ce3+:2F7/2. There- 

fore, the addition of WO3 into tellurite glass enhances the 

energy transfer process indeed. As a result, the non-  

radiative decay rate of Er3+:4I11/2→
4I13/2 transition is in-

creased further, and the Er3+ ions populated at 4I11/2 level 

should get more sparse while those accumulated at 4I13/2 

level should get more dense, so a much weaker up-  

conversion emission and a much stronger 1.53 µm band 

fluorescence can be anticipated, respectively. 
 

 

Fig.6 Fluorescence spectrum of TBW0 sample (The 

inset is emission intensity under pumping of 980 nm.)  
 

FWHM, peak stimulated emission cross-section ( p

e
σ ) 

and fluorescence lifetime (τm) are the three important 

spectroscopic parameters for a glass medium applied for 

the 1.53 µm band EDFA. Amplification characteristics of 

the EDFA gain medium are mainly described by the gain 

quality factor and bandwidth quality factor. Bandwidth 

quality factor is generally measured by the product of 
p

e
σ and FWHM, and gain quality factor is generally 

measured by the product of p

e
σ and

m
τ [18]. The larger the 

products, the better the properties of EDFA[6,19].  

Tab.1 lists the relevant spectroscopic parameters and 

amplification quality factors of TBW0–TBW4 samples. 

The stimulated emission cross-section is obtained from 

the absorption cross-section of Er3+:4I15/2→
4I13/2 transition 

according to the McCumber theory[20]: 

e a
( ) ( )exp[( ) / ]hv kTσ λ σ λ ε= − ,              (1) 

where h is the Planck constant, k is the Boltzmann con-
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stant, and ε is the net free energy required to excite one 

Er3+ ion from the 4I15/2 ground state to 4I13/2 excited level 

at temperature T and can be calculated using the method 

provided in Ref.[21]. Absorption cross-section is deter-

mined from the measured absorption spectra shown in 

Fig.3 according to the following expression: 

a

2.303
( ) ( )OD

NL
σ λ λ= ,                      (2) 

where OD(λ) is the measured optical density, N is the 

Er3+-doped concentration, and L is the sample thickness. 
 

Tab.1 Stimulated emission cross-sections (σ
p

e
), FWHM, 

fluorescence lifetime (τm) at the 
4
I13/2 level, and amplifica-

tion quality factors of Er
3+

 in tellurite-based glasses 

Sample 
p

e
σ  

(10-21 cm2) 

FWHM 

(nm) 

τm 

(ms)

p

e
σ ×FWHM 

(10-21 cm2·nm) 

p

e m
σ τ×  

(10-21 

cm2·ms) 

TBW0 6.74 56 2.65 377.44 17.86 

TBW1 7.07 61 2.73 431.27 19.30 

TBW2 6.94 62 2.74 430.28 19.02 

TBW3 7.17 63 2.75 451.71 19.72 

TBW4 7.09 64 2.76 453.76 19.57 

 

In Tab.1, it is clearly shown that the bandwidth quality 

factor developed in this paper is larger than that of sili-

cate glass (22.0×10-20 cm2·nm)[22] and germanate glass 

(23.9×10-20 cm2·nm)[23], which is attributed to the large 

stimulated emission cross-section and FWHM, indicating 

that Er3+/Ce3+ co-doped tellurite glass containing WO3 

component is a potential gain medium applied for the 

1.53 µm bandbroad EDFA.  

In this paper, the WO3 oxide is introduced into the 

Er3+/Ce3+ codoped TeO2-Bi2O3-TiO2 glasses. It is found 

that the prepared tellurite-based glass samples are amor-

phous in nature, and an appropriate amount of WO3 can 

evidently improve the 1.53 µm band fluorescence inten-

sity and meanwhile greatly increase the FWHM and 

bandwidth quality factors of Er3+. The improvement of 

1.53 µm band fluorescence intensity is attributed to the 

enhanced energy transfer between Er3+/Ce3+ ions, while 

the increase of the FWHM and bandwidth quality factor is 

due to the inhomogeneous broadening of fluorescence 

emission. Therefore, as a glass host applied for the 1.53 

µm band high gain and broad amplification, an appropri-

ate amount of WO3 can be selectively introduced into the 

Er3+/Ce3+ co-doped tellurite glass with low phonon en-

ergy. 
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