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Er3+-doped tellurite glasses with molar compositions of xNb2O5 − (14.7 − x)Na2O–10ZnO–5K2O–10GeO2–

60TeO2–0.3Er2O3 (x = 0, 3, 5, 7 and 9) have been investigated for developing 1.5 µm fibre and planar amplifiers. The

effects of Nb2O5 on the thermal stability and optical properties of Er3+-doped tellurite glasses have been discussed.

It is noted that the incorporation of Nb2O5 (x = 5) increases the thermal stability of tellurite glasses significantly.

Er3+-doped niobium tellurite glasses exhibit a large stimulated emission cross-section (7.2× 10−21 − 10.7× 10−21 cm2)

and the gain bandwidth, FWHM×σpeak
e (274 × 10−28 − 480 × 10−28 cm3), which are significantly higher than that

of silicate and phosphate glasses. In addition, the intensity of upconversion luminescence of the Er3+-doped niobium

tellurite glasses decreases rapidly with increasing Nb2O5 content. As a result, Er3+-doped niobium tellurite glasses

might be a potential candidate for developing laser or optical amplifier devices.
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1. Introduction

Glasses based on tellurium oxide doped with Er3+

ions can provide a broadband amplification around

1530 nm (4I13/2 →
4I15/2 transition), and tellurite

glasses, possess a number of advantages over the con-

ventional oxides glasses, including a wide transmission

region (0.35 − 5 µm), good corrosion resistance, and

low phonon energy (∼ 800 cm−1).[1−4] Over the past

several years, tellurite glasses have attracted a great

deal of attention not only in fundamental research but

also in optical devices fabrication for their good elec-

trical, optical and magnetic properties.[1,5,6]

Although tremendous progress has been made,

some difficulties such as a low thermal stability and

a strong upconversion luminescence, etc., have so far

been hindering the Er3+-doped tellurite glasses de-

vices from their full commercialization.

The main objective of this work is to carry out

a detailed study on the spectral properties and ther-

mal stability of Er3+-doped niobium tellurite glasses

xNb2O5 − (14.7 − x)Na2O–10ZnO–5K2O–10GeO2–

60TeO2–0.3Er2O3 (x = 0, 3, 5, 7 and 9), to examine

their suitability as potential optical glasses for fibre

amplifiers.

2. Experiment

In this work, glasses with molar compositions

of xNb2O5− (14.7−x)Na2O–10ZnO–5K2O–10GeO2–

60TeO2–0.3Er2O3 (x = 0, 3, 5, 7, 9, referred to as N0,

N1, N2, N3 and N4 respectively) were prepared us-

ing analytic purity powders of Na2CO3, K2CO3, ZnO,

Nb2O5, GeO2, and TeO2. Er3+ ion was introduced

from high purity powders of Er2O3. Batches of 20

g were well mixed and melted in a covered platinum

crucible at 850 ◦C for 15 min in a SiC-resistance elec-

tric furnace. The liquids were cast on a preheated

stainless-steel mould and moved into a muffle fur-

nace for 2 h at a temperature above the glass tran-
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sition. The annealed samples were cut into specimens

of 20 mm× 10 mm×2 mm and optical-polished.

Thermal analyses of glasses were examined by

a Netzsch STA 449C Jupiter differential scanning

calorimeter (DSC) at a heating rate of 10 K·min−1

from room temperature to 700 ◦C. Raman scatter-

ing spectra were obtained using a microscope spec-

trophotometer (model RM 2000, Renishaw, England)

with 514.5 nm laser as the excitation source and the

working power is 20 mW. The Raman spectra were

recorded in the wavenumber range of 250–1000 cm−1.

In order to compare the stretching vibrations of the

samples with different compositions as accurate as

possible, the laser power level and scan frequency were

fixed under the same condition.

The absorption spectra were recorded by a Perkin

Elmer Lambda-900 UV/VIS/NIR spectrophotometer

ranging from 350 to 1700 nm with a resolution of 1 nm.

Fluorescence spectra and upconversion luminescence

spectra were measured on the TRIAX320 type spec-

trometer (Jobin–Yvon Co., France) with 977 nm LD

as an excitation source. In order to compare the flu-

orescence intensities in different samples, the position

and power (600 mW) of the pumping beam and the

width (0.5 mm) of the slit to collect the luminescence

signal were kept constant. The fluorescence lifetimes

were measured by exciting the samples with the 977

nm LD and detected by a photon-counting R5108 pho-

tomultiplier tube. All the measurements were per-

formed at room temperature.

3. Results and discussion

The various properties of the glasses with different

compositions are summarized in Table 1. The densi-

ties and refractive indices of these samples increase

with increasing Nb2O5 content added in the tellurite

glasses.

Table 1. Density, refractive indices and thermal properties of xNb2O5 − (14.7− x) Na2O–10ZnO–

5K2O–10GeO2– 60TeO2 (x = 3, 5, 7, 9).

sample density/g· cm−3 refractive indices Tg/◦C Tx/◦C Tx − Tg/◦C

N0 4.70 1.94 262.7 - -

N1 4.75 1.98 300.6 - -

N2 4.78 2.00 317.1 - -

N3 4.82 2.03 335.4 422.9 87.5

N4 4.86 2.05 352.8 460.0 107.2

The DSC curves of N0, N1, N2, N3, and N4

are illustrated in Fig.1. Glass transition temperature

(Tg), crystallization onset temperature (Tx), and ∆T

(∆T = Tx−Tg) are shown in Table 1. Tg increases sig-

nificantly with substitution of Nb2O5 for Na2O, while

no obvious crystallization peak is detected in N0, N1,

N2 samples. Tg increases with Nb2O5 content mono-

tonically while Tx−Tg increases initially and then de-

creases with increasing content of Nb2O5. When the

content of Nb2O5 is 5 mol%, the glass presents the

best thermal stability. The evolution of Tg for Na/Nb

substitution can be easily explained since the glass

transition involves the breaking of the chemical bonds.

The bond energy of Nb–O is larger than that of Na–

O because the charge densities of Nb5+ is larger than

that of Na+, so the substitution of Nb2O5 for Na2O

leads to the increase of the Tg values. In addition, the

obvious increase of Tg also indicates a restructuring of

the network. The evolution of ∆T may be explained

as follows: the electronegativity of Nb (xNb = 1.6) is a

large, which results in a large attraction between Nb5+

ion and the neighbouring glass-forming units. So the

thermal stability increases when its content is lower

than 5 mol%. When the concentration of Nb2O5 is

over 5 mol% in the glasses, more nonbridging oxygens

are produced, which results in destroying the network

and decreasing the thermal stability. This result is

not consistent with that in Ref.[7]. Effect of Nb2O5

on thermal properties may be connected with the host

of glasses.

The thermal stability factor ∆T is frequently used

as a rough estimate of the glass stability. To achieve a

large working range of temperature during sample fi-

bre drawing, it is desirable for a glass host to have ∆T

as large as possible.[5] As shown in Fig.1, no obvious

crystallization peak is detected at a heating rate of 10

K·min−1 for the samples of N0, N1, and N2, indicat-

ing that these glasses are much preferable for perform-

ing fabrication and crystal-free fibre drawing.[2,8]

The Raman spectra of N4 and N0 shown in Fig.2
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are composed of three spectral regions: (i) a low-

frequency region (< 300 cm−1), which is attributed

to the collective modes of local structures and heavy

metal vibrational modes;[9] (ii) an intermediate re-

gion (300–650 cm−1), which is attributed to the de-

formation of vibrational modes of a glass network

structure with bridged oxygen,[10−12] and (iii) a high-

frequency region (> 650 cm−1), which is attributed to

the stretching vibrational modes of the glass network

former.[11,12] In the intermediate region, the bands of

N4 around 462 cm−1 originate from the stretching

vibrations in Ge–O–Ge and Te–O–Te. In the high-

frequency region, the bands around 688 cm−1 origi-

nate from TeO4 and those at 764 cm−1 originate from

TeO3+1, TeO3 and GeO6. The maximum phonon

energy of N0 is 757 cm−1 which is slightly lower

than that of N4, and the intensity of these peaks are

lower than N4 demonstrating that Nb2O5 increases

the phonon energy and the phonon energy density in

these tellurite glasses.

Fig.1. DSC curves of xNb2O5 − (14.7 − x)Na2O–

10ZnO–5K2O–10GeO2–60TeO2 (x = 0, 3, 5, 7, 9)

glasses.

Fig.2. Raman spectra of xNb2O5–(14.7 − x)Na2O–

10ZnO–5K2O–10GeO2–60TeO2 (x = 0, 9) glasses.

Figure 3 shows the room temperature optical absorption spectra for these tellurite glasses in the 350–

1700 nm spectral range. The inhomogeneously broadened bands are assigned to the transitions from the ground

state 4I15/2 to the excited states of Er3+ ions.

Fig.3. Absorption spectra of Er3+-doped xNb2O5 − (14.7 − x)Na2O–10ZnO–5K2O–10GeO2–60TeO2 (x = 0, 3, 5, 7, 9) glasses.
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Judd–Ofelt intensity parameters Ω t (t = 2, 4, 6)

have been calculated from the absorption spectra in

Fig.3 by using the Judd–Ofelt theory. Figure 4 illus-

trates the compositional dependence of Ωt (t = 2, 4, 6)

parameters of sample glasses. Apparently, Ω2, Ω4 and

Ω6 increase with increasing Nb2O5 content.

Fig.4. Judd–Ofelt intensity parameters of xNb2

O5−(14.7−x)Na2O–10ZnO–5K2O–10GeO2–60TeO2–

0.3Er2O3 (x = 0, 3, 5, 7, 9) glasses.

As is known, Ω2 is related with the symmetry of

the glass host, while Ω6 is inversely proportional to the

covalency of Er–O bond. The larger the Ω2, the more

asymmetric the glass host. Ω2 in the present glasses

changes from 6.62×10−20 cm−2 to 7.86×10−20 cm−2

which is larger than that in germanate (= 5.81 ×

10−20 cm−2), silicate (= 4.23×10−20 cm−2), and alu-

minate (= 5.6 × 10−20 cm−2) glasses.[13] Ω6 changes

from 0.89×10−20 cm−2 to 1.13×10−20 cm−2. These

values are comparable to the Ω6 of fluoride (1.11 ×

10−20 cm−2) glass[14] but larger than that of silicate

(0.61 × 10−20 cm−2), aluminate (0.61 × 10−20 cm−2)

and germinate (0.28 × 10−20 cm−2) glasses.[13] These

differences indicate that the covalency of Er–O bond

in the present glasses is lower than that in germanate,

silicate, aluminate and phosphate glasses.[4] Accord-

ing to the electronegativity theory, the smaller the dif-

ference of electronegativity between cation and anion

ions, the stronger the covalency of the band. Since

the values of electronegativity, for Na, Nb and O ele-

ments, are 0.9, 1.6 and 3.5, respectively, the covalency

of Nb–O bond is stronger than Na–O. It is expected

that effects of Nb–O on the local ligand environments

around Er3+ increase with Nb2O5 content. Conse-

quently, the covalency of the Er–O bond decreases,

and the value of Ω6 increases accordingly.

Lifetimes of 4I13/2 levels of Er3+ in xNb2O5–

(14.7 − x)Na2O–10ZnO–5K2O–10GeO2–60TeO2–0.3

Er2O3 (x = 0, 3, 5, 7, 9) are also investigated and the

compositional dependence of measured fluorescence

lifetimes are illustrated below in Fig.7, from which

we see that the fluorescence lifetime of the 4I13/2level

decreases with an increase of Nb2O5 content. The in-

teraction between Nb5+ and O2− ions is contributed

to the nonradiative decay of the 4I13/2 level.

Fig.5. The calculated absorption and emission cross-

sections of Er3+-doped 5Nb2O5–9.7Na2O–10ZnO–

5K2O–10GeO2–60TeO2 glass in the wavelength range

of 1420–1630 nm under the 977 nm excitation at room

temperature.

The absorption cross section (σabs) is determined

from the absorption spectra and the stimulated emis-

sion cross section (σe) is evaluated by the McCumber

theory:[15]

σe(λ) = σabs(λ)exp
[ 1

kT
(ε − hν)

]

,

where ν is the photon frequency, k is the Boltz-

mann constant, and ε is the net free energy required

to excite one Er3+ from the ground state 4I15/2 to

the excited state 4I13/2 at temperature T , and the

value is calculated using the procedure provided by

Ref.[16]. Table 2 shows the absorption cross-section

values and emission cross-section values of the transi-

tion 4I13/2 →
4I15/2 of Er3+ in the glasses. The cal-

culated absorption and emission cross-sections of N2

glass in the wavelength range of 1420–1630 nm under

the 977 nm excitation are illustrated in Fig.5. Since

the stimulated emission cross section is proportional

to the host glass refractive index, σe ∼ (n2 + 2)2/n,[2]

it is apparent that Er3+ ions in the glasses with more

Nb2O5 are capable of providing large stimulated emis-

sion cross section at 1.53 µm.
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Table 2. Emission parameters of Er3+ at 1532 nm emission in various glasses systems.

sample FWHM/nm σpeak
e /10−21 cm2 σpeak

abs /10−21 cm2
FWHM×σpeak

e
τf/ms

σpeak
e × τf

/×10−28 cm3 /10−21 cm2·ms

N0 38 7.2 6.6 274 3.6 25.9

N1 39 7.6 6.9 296 3.3 25.4

N2 42 8.1 7.3 340 3.0 23.7

N3 43 9.1 8.2 392 2.9 27.2

N4 45 10.7 9.6 482 2.7 29.3

tellurite[17] 60 6.6 - 396 4 26.4

silicate[18] 45 5.5 - 247 10 55

phosphate[19] 37 6.4 - 237 8 51.2

fluorophosphates[20] 53 6.0 318 8 48

Fig.6. Normalized fluorescence spectra of xNb2O5 −

(14.7 − x) Na2O–10ZnO–5K2O–10GeO2–60TeO2–

0.3Er2O3 (x = 0, 3, 5, 7, 9) glasses excited by a 977

nm LD (Y-shift).

Figure 6 illustrates the normalized fluorescence

spectra in the wavelength range 1440–1650 nm under

977 nm excitation. The broad 1.53µm emission is as-

signed to the 4I13/2 →
4 I15/2 transition. As an impor-

tant parameter for optical amplifiers to realize broad-

band and the gain amplification, full width of half

maximum (FWHM) and σpeak
e can be used to evaluate

the gain properties of the optical amplifiers. The gain

bandwidth of an amplifier is determined mainly by

the width of emission spectra. The values of FWHM

×σpeak
e and τf × σpeak

e are important parameters for

erbium-doped fibre amplifier (EDFA). The larger the

value of FWHM×σpeak
e , the wider the gain bandwidth.

The larger the τf × σpeak
e , the higher the gain charac-

ter. FWHM, τf , FWHM×σpeak
e and τf ×σpeak

e are also

compared in Table 2 and illustrated in Figs 7(a) and

7(b). The values of FWHM, σpeak
e , FWHM×σpeak

e and

τf × σpeak
e in tellurite increase with Nb2O5 content.

Fig.7. Compositional dependence of measured life-

time of 4I13/2 level of Er3+ (τf ) and FWHM. (b) Com-

positional dependence of FWHM×σe and τf × σe in

xNb2O5 − (14.7 − x) Na2O–10ZnO–5K2O– 10GeO2–

60TeO2–0.3Er2O3 glasses (x = 0, 3, 5, 7, 9).

Figure 7(a) shows the compositional dependence

of FWHM and τf , and 7(b) illustrates the compo-

sitional dependence of FWHM×σe and τf × σe in

xNb2O5 − (14.7 − x) Na2O–10ZnO–5K2O–10GeO2–

60TeO2–0.3Er2O3 glasses. In Fig.7(a), the broadest
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FWHM value of these glasses is about 49 nm, which is

larger than that of phosphate glasses,[19] but is smaller

than that of tellurite based glasses (≈ 60 nm).[17]

The maximum values of σpeak
e , FWHM×σpeak

e are

10.7×10−21 cm2, 482×10−28 cm3 respectively. These

values are much larger than that of silicate, phos-

phate glasses. The maximum values of τf × σpeak
e is

29.3×10−21 cm2
· ms that is larger than the value re-

ported for tellurite glasses,[17] but is smaller than that

of silicate, phosphate and fluorophosphates. FWHM

and the lifetimes of 4I13/2 in our glasses are expected

to increase in the following work. Increasing Nb2O5

content is helpful to promote the amplification perfor-

mance.

The spectra of frequency upconversion of Er3+-

doped glass samples in the visible wavelength range

of 500–750 nm under 977 nm LD excitation at room

temperature are shown in Fig.8.

Fig.8. Visible upconversion luminescence spectrum of Er3+-doped xNb2O5 − (14.7 − x) Na2O–10ZnO–5K2O–10GeO2–

60TeO2 (x = 0, 3, 5, 7, 9) glasses. The schematic energy level diagram of possible upconversion mechanisms of these glasses

with 977 nm excitation and the possible upconversion emission mechanism is indicated (upon 977nm excitation at room

temperature).

Fig.9. The dependences of the upconversion green

and red emission intensities on pump laser power un-

der excitation of 977 nm LD.

The spectra exhibit three distinct bands cen-

tred at 524, 546, 657 nm, which are assigned to the
2H11/2 →

4 I15/2,
4S3/2 →

4 I15/2, and 4F9/2 →
4 I15/2

transitions of Er3+, respectively. In Fig.9, the green

and red upconversion emission intensities versus pump

power in log–log representation yield straight lines

with different slopes (slope 1.96, 2.06, 1.95 for 524,

546 and 657 nm, respectively). The figure indicates

that both 524 and 657 nm emissions are two-photon-

process while 546 nm emissions might be mainly a

two-photon-process with a less three-photon absorp-

tion.

The obvious decrease of the green upconversion

emission with increasing content of Nb2O5 is depicted

in Fig.8. The green luminescence intensity in the N1,
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N2, N3 and N4 glasses decreases to 94%, 90 %, 70%

and 61% of that in N0 glass, respectively. But the

red intensity is not affected apparently by the con-

centration of Nb2O5. The green upconversion emis-

sion intensity is mainly determined by the maximum

phonon energies and the densities of maximum phonon

energies density[21] of glasses while the red upconver-

sion emission intensity is mainly determined by ESA

process.[22,23] Our investigation indicates that increas-

ing Nb2O5 content could improve the phonon energy

and the density of maximum phonon energies of host

glass, and thus promote the rate of multi-phonon re-

laxation and decrease the upconversion emissions.

4. Conclusion

We have systematically studied the effects of

Nb2O5 on the thermal stability and optical proper-

ties of Er3+ ion in the tellurite glasses. In conclu-

sion, adding Nb2O5 with appropriate content in tellu-

rite glass is helpful to increase the maximum phonon

energy and the maximum density of phonon ener-

gies, and improve thermal stability, stimulated emis-

sion cross section and FWHM of it. In addition, the

upconversion green emissions are weaker and the flu-

orescence lifetimes of Er3+: 4I13/2 in Nb2O5-doped

tellurite glasses are shorter than those in the tellu-

rite glasses free of Nb2O5. In our study, the max-

imum stimulated emission cross-section, the largest

values of FWHM×σpeak
e and τf × σpeak

e of these series

of glasses are 10.7×10−21 cm2, 482×10−28 cm3 and

29.3×10−21 cm2
·ms, respectively. Therefore, they are

suitable for the application in developing waveguide

and optical amplifier devices.
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