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In this paper, the tellurite glasses76.4TeO2-12Nb2O5- 12.6ZnO doped with 3000ppm 

Tm2O3 ions were prepared by conventional melt quenching method. The optical properties 

of the glasses were estimated by measuring UV–Vis-NIR spectroscopy in the range from 

200 to 2500 nm and linear refractive indices (n) at different wavelength was estimated. 

From the absorption edge studies, the value of optical band gap (Eopt) was determined. 

Moreover, the nonlinear refractive index (n2), third-order nonlinear susceptibility (χ
(3)

), 

and nonlinear absorption coefficient, (β), were observed. It is noticed that (n2) , χ
(3)

 and β 

increase by decreasing the value of optical band gap (Eopt). The classical McCumber 

theory was used to evaluate the emission cross-sections for the
 3

F4 → 
3
H6 transition at a 

wavelength of around 2µm. Gain cross-section for the Tm
3+

 laser transition 
3
F4→ 

3
H6 was 

obtained. These glasses have the effective emission cross section bandwidth (108 nm) and 

large stimulated emission cross-section (28.37×10
-21

cm
2
). Spectroscopic properties 

indicate that these glasses doped with Tm
3+

 are a promising candidate for optical 

applications and may be suitable for optical fibre lasers and amplifiers. Furthermore, the 

structures of these glasses were analyzed by Raman spectroscopy. 
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1. Introduction      
 

Newly, much interest has been played to Tm
3+

 doped glasses due to their optical properties 

for several applications, such as optical reading, atmospheric sensing, some applications in 

medical surgery and eye-safe laser radar [1–4]. Most of the investigations on Tm
3+

ions have been 

focused on their four metastable multiplets 
3
F4, 

3
H4, which emit in the NIR region and 

1
G4, 

1
D2 

which emit mainly in the visible region. Especially interesting is the emission at 1.8μm which is 

attribute to the 
3
F4 → 

3
H6 transition and the blue emission (

1
D2 → 

3
F4) which could be used for 

visible lasers. However, the host material is one of the important issues that need to be considered. 

Amongst the potential candidates as hosts, tellurite glasses of far several advantages including ease 

and low production cost in comparison to single crystal counter parts, high chemical stability and a 

wide transmission range from ultraviolet to mid-infrared (0.35– 5.0μm) [5–7]. In comparison to 

silicate and phosphate glasses, tellurite glasses have lower melting temperature [8,9], a higher 

refractive index [10], a good infrared transmittance [11] as well as smaller phonon energy that 

reduces the effect of non-radiative decay and therefore results in higher luminescence quantum 

efficiencies. Furthermore, the solubility of rare earth oxides is much higher than in SiO2 glasses 

[12]. 

This work presents a study of the optical properties of tellurite glasses doped 

with3000ppm. The emission cross sections determined using the McCumber theory. Furthermore, 

the structure of these glasses was analyzed by Raman spectroscopy. 
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2. Experimental Procedure 
 

Tellurite glasses with the molar composition 76.4TeO2- 12Nb2O5-12.6ZnO in mol% 

(TNZ: Tm) was prepared by melt quenching technique from the raw materialsTeO2- Nb2O5-ZnO 

and Tm2O3, which all were used as high purity reagents ( ˃ 99.99%).The powder was mixed and 

heated in a platinum crucible in the furnace at 950 ˚C for 45min. Subsequently, the highly viscous 

melt was cast to a graphite mould. The quenched glass was annealed at 300 ˚C for 2 hours, then 

slowly cooled down to room temperature. The glasses sample was cut and polished to different 

geometries for spectroscopic studies and optical measurements. The thickness of the studied 

samples is L =4.51 mm. The density of the glasses was measured using helium pycnometer 

(AccuPyc1330, Micromeritics GmbH, Germany) with an accuracy of +0.0001 g/cm
3
.  

The structure of this tellurite glass was studied using a Raman spectrometer (Senterra, 

Bruker GmbH, Germany) under an excitation of 514 nm. The transmission spectrum was 

measured using a Fourier transform spectrometer Vector 22 (Bruker GmbH, Germany).The 

absorption spectrum was recorded at wavelengths in the range of 190–2500nmusingUV/ 

Vis/NIRspectrophotometer3101PC (Shimadzu, Japan)errorofabout1%. 

 

 

3. Results and discussion 
 

3.1. Refractive index and density 

Linear refractive indices measured at the wavelengths 436, 480, 546, 589 and 644nm are 

3.3701, 3.0939, 2.8511, 2.7497 and 2.6579, respectively (shown in Fig.1). The refractive index is 

affected by many factors such as the electronic polarizability of the ions which are included in the 

glasses composition and the optical basicity of the glasses. 

 

 
 

Fig. 1. Variation of refractive index as a function of wavelength for the TNZ doped with 

Tm
3+

 ions. 

 

 

On the other hand, the linear refractive index depends on the wavelength and it is given by 

the wimple equation [13]. 
1

𝑛2(𝐸)−1
=  

𝐸𝑠

𝐸𝑑
−

𝐸2

𝐸𝑠𝐸𝑑
  , where E is the light energy (= hν), Es is called 

Sellmeier gap which is usually considered as the energy separation between the centers of both the 

conduction and the valence bands energy and Ed is the dispersion energy or the average oscillator 

strength. This latest measures the average strength of interband optical transitions. From the linear 

regression of the curve 1/(n
2
–1) vs. E

2
 (see Fig. 2), values for Ed and Es of 18.34 and 3.88eV, are 

respectively obtained. 
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Fig.2: Dependency of the refractive index on the photon energy (illustrated as 

1/(n
2
–1) vs.(E)

2
) of the TNZ glass doped with Tm

3+
ions  

 

 

The third order nonlinear susceptibility, χ
(3)

, of glasses according to the theory of Lines 

[14,15] and Kim et al. [16] can be calculated as follows: 

𝜒3 = 25 × 10−13 .  
(

ƒ .(𝑛0
2+2)

3
)

3

.  𝑑2.  (𝑛2−1) .𝐸𝑠
6

𝑛
0 [𝐸𝑠

2−  𝐸2]
4  , where: ƒ is the local field enhancement factor and d 

is the bond length between cation and anion, in angstrom. The nonlinear refractive indices n2 is 

related to χ
3
 by the following relation: χ

3
(esu) = n0/3π . n2 (esu). The |𝑛2|values and χ

(3)
 of  92.9 × 

10 
-15  

(cm
2
/w) and 143.6 × 10

-13
 (esu), respectively. The two photon non-linear absorption 

coefficient (TPA), β can be calculated using the following expression: β = 𝐾𝐸𝑃
1 2⁄

𝐹/𝑛2𝐸𝑔
3[17- 20]; 

where F is the function which represents the dispersion of β with respect to the incident photon 

energy hν, with: F = [2ℎ𝑣 − 𝐸𝑔/𝐸𝑔]
3

2⁄
/ [

2ℎ𝑣

𝐸𝑔
], and K = 3100 cm GW

-1 
; EP= 21 eV is the Kane 

energy parameter. The photon energy hν range is selected at wavelength satisfying the two-photon 

absorption TPA condition: Eg /2 <hν<Eopt. If the glasses have high nonlinear absorption coefficient 

this leads to promising properties for nonlinear optical devices such as power limiters, real time 

holography, ultrafast optical switches, self focusing and white light continuum generation. In the 

present work, the value of β is 4.38 cm GW
-1

. In the glasses with the compositions 76TeO2- 

20Nb2O5- 4BaO and 60TeO2- 10Bi2O3- 30WO3, the value of, β, was reported as 1.72 and 0.565, 

respectively. By using femto- second Z-scan method at 800 nm the value of β for TeO2- Bi2O3- 

BaO and TeO2- Bi2O3- TiO2glasses were obtained; they were in range from 1.037 to4.141 cthe the 

the m GW
-1

 and from 0.599 to 1.483 cm GW
-1

, respectively [21, 22]. So the present glasses should 

have promising properties for the above mentioned applications. 

The optical absorption edge is an important parameter for describing solid-state materials 

and it is interpreted in terms of direct or indirect transitions across an optical bandgap.The 

absorption coefficient, α(ω), is given by [23]: α(ω) =
𝐴(ћ𝜔 −𝐸𝑜𝑝𝑡)

𝑟

ћ𝜔
 , where α(ω) is the absorption 

coefficient, A is constant, Eopt, is the optical band edge and ℏω is the photon energy of the incident 

radiation. The exponent, r, is takes different value which depend on the mechanism of the 

interband transition [24]. The, Eopt, is estimated by extrapolating from the linear regions of the 

curves (αℏν)
1/2

 vs. ℏν as shown in Fig. 3. The value of optical energy gap equals to 2.7eV. This 

comparatively high value of the optical energy gap provides the possibility that these glasses may 

be suitable for optical device components. 
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Fig. 3. (αhν)
1/2 

as a function of hν for the TNZ doped with Tm
3+

 ions. 

 

 

The density of TNZ:Tm glasses is determined to be ρ = 5.381 ±0.0026 g/cm
3
 that can be 

used to calculate the concentration of Tm
3+

 ions by the relation: N = [ 𝑅𝐸 𝑚𝑜𝑙%]
𝜌

𝑀
 2𝐴𝑉   ,Where 

[RE mol%] is the molar percentage of rare-earth oxide based on the molar mass of the glasses 

composition, M is the molecular weight of the TNZ:Tm glasses. The concentrationofTm
3+

 in the 

doped TNZ glass is N = 1.176581x 10
20

 ions/cm
3
. 

 

3.2. Absorption spectroscopy, emission cross section and gain coefficient 

The Judd–Ofelt (JO) theory is widely used for predicting the possibility of laser action, as 

well as of optical amplification, through an analysis of the forced electric dipole transitions within 

the 4f
n
 configuration of rare-earth ions in different isotropic lattices (crystalline and amorphous) 

[25- 27]. The absorption spectrum of 3000ppmTm2O3 doped TNZ glasses, which is obtained at 

room temperature over a spectral range of 200–2500nmis shown in Fig. 4. The absorption 

spectrum is characterized by five bands centred at 1726, 1214, 794, 686 and 468 nm, 

corresponding to the absorptions starting from the ground state 
3
H6 to the excited states 

3
F4, 

3
H5, 

3
H4,

3
F3 and 

1
G4, respectively. The transitions to energy levels higher than 

1
G4 are not observed 

because of the intrinsic conduction band absorption of the host glass. 

 

                              
 

Fig. 4. UV–vis–NIR absorption spectrum of TNZ: Tm glass. 

 

 

The absorption cross-sections of the Tm
3+

 ion for the 
3
F4→

3
H6transition can be calculated 

as follows: σ𝑎(λ) =  
2.303 .  𝑂𝐷(𝜆)

𝑁𝐿
 , Where OD (λ) = log (I0/I) is the optical density of the 

experimental absorption spectrum, L is the thickness of the sample and N is the concentration of 

respective rare-earth ions. 

The stimulated emission cross-section σe(λ) of Tm
3+

 for the 
3
F4 → 

3
H6transition can be 

deduced from their corresponding ground state absorption cross-section σa(λ) using the following 
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equation [28]:σ𝑒(λ) =  σ𝑎(λ)
𝑍𝑙

𝑍𝑢
exp [

𝐸𝑧𝑙− ℎ𝑐𝜆−1

𝐾𝐵𝑇
], Where Zl and Zu are the partition functions for the 

lower and the upper levels involved in the considered optical transition, T is the temperature (in 

this case the room temperature),and EZL is the zero line energy for the transition between the lower 

Stark sublevels of the emitting multiplets and the lower Stark sublevels of the receiving multiplets. 

Fig.5 shows the calculated absorption and emission cross sections for the present glasses. 

The peak of the stimulated emission cross-section (𝜎𝑒
𝑃𝑒𝑎𝑘) is about 28.37 × 10

-21
cm

2
respectively. 

The highest value of (𝜎𝑒
𝑃𝑒𝑎𝑘) for the emission cross-section is related to the larger value of the line 

strength of the 
3
F4→ 

3
H6 and may be due to the higher refractive index of the glasses matrix. 

 

 
 

Fig. 5.absorption cross-sections 𝜎𝑎 (𝜆)and stimulated emission cross- sections𝜎𝑒 (𝜆) 

of the transition 
3
H6 ↔ 

3
F4 in TNZ: Tm. 

 

 

The comparison value of the emission cross of the Tm
3+

 transition 
3
H6 ↔ 

3
F4 in various 

glass hosts at around 2μm of the TNZ:Tm glasses (28.37× 10
-21

 cm
2
) is larger than those of other 

glasses (TNZ: Sm [29], Gallate [30], Germanate [31], Bismuthate [32], PZC: Er [33] and PZS: Er 

[33]) (1.09× 10
-20

, 3.8× 10
-21

, 7.7× 10
-21

, 6.7× 10
-21

, 0.47× 10
-20

 and 0.39× 10
-20

 cm
2
).For laser 

glasses, it is generally desirable for the emission crosssection to be as large as possible in order to 

provide high gain [34]. It indicates that the doped glasses TNZ:Tm is a promising candidate for 

laser glass at 2μm and 1952 nm. The FWHM of the emission peak is also a critical parameter that 

is used to evaluate the gain bandwidth properties of the optical amplifiers is 110 nm respectively. 

Due to the large overlap of the absorption and emission spectrum of Tm
3+

 ions at 2 µm, re-

absorption will occur and cause the fluorescence spectrum deformed. Thus, due to the asymmetric 

profile of the emission line, it is more reasonable to calculate an effective line width, instead of the 

FWHM. The effective line width (Δλ) can be expressed as Δλ= ∫ 𝜎𝑒 (𝜆)𝑑𝜆/ 𝜎𝑒
𝑃𝑒𝑎𝑘. The effective 

bandwidth is 108nm respectively. The ground state presents a larger Stark splitting than the 

emitting level for the tellurite glass under study, in a similar way as in previous reports on Er
3+

 

doped tellurite glasses [35]. The results also indicate that the bandwidth is strongly dependent on 

the overall extent of the Stark splitting. 

 

The optical gain coefficient is an important factor for evaluating the performance of laser 

media. The light field intensity derived from the light field power by the simplified relationship 

I(Z) = 
𝑃(𝑍)

𝐴
 , where P(Z) is pump power at the position Z and A is an effective cross sectional area 

of the core. The propagation equationfor the pump and signal field power P(Z) in a given direction 

are thus [36,34]:
𝑑𝑃(𝑍)

𝑑𝑍
  = [𝜎𝑒𝑁2(𝑍) − [𝜎𝑎𝑁1(𝑍)]𝑃(𝑍)  , Where N is total population volume-

density and defined as N = N1 + N2, N1 and N2 represent the population volume- densities of upper 

and lower levels, respectively. From the absorption and emission cross sections for the transitions 

between two laser operating levels, the optical gain cross section σgain that lead to an estimation of 

the probable operating laser wavelength. If P is the population inversion rate for 
3
F4 → 

3
H6, 

Tm
3+

laser transition, the gain cross section can be calculated using the following relation:    

σgain =  Pσem(λ)– (1 −  P)σabs(λ), where σem and σabs are emission and absorption cross section, 
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respectively. The wavelength dependence of the gain cross section was calculated for different 

values of population inversion P (P = 0, 0.1, 0.2,….. , 1) and are shown in fig.6. 

 

                              
 

Fig. 6. The gain coefficient of the transition 
3
F4  →

3
H6 for TNZ: Tm glass. 

 

 

In the case of total inversion at 1952nm, again coefficient of 28.5cm
-1

 is obtained for TNZ 

doped with 3000ppm Tm2O3 ions. But, as it is known for such laser systems, the inversion 

coefficient fraction is more likely close to 0.4 which leads to the gain coefficient values of 3.5 × 

10
-21

cm
-1

at1970nm. Laser experiments for these emissions are expected to find light amplification 

in the future. 

 

3.3. Raman Spectra 
Fig. 7 shows the spectrum of TNZ: Tm is deconvoluted using Gaussian fitting to four 

peaks at about 409, 516, 686 and 800cm
-1

 which are labeled as A, B, C and D bands respectively. 

It show that abroad Raman band(A) at 409cm
-1

 that are assigned to the symmetrical stretching or 

bending vibrations of Te–O–Te linkages which are formed by corner-sharing of (TeO4), (TeO3+1) 

polyhedral andTeO3 units [37–39]. The peak (B) is ascribed to the axial symmetrical stretching 

modes of (Teax–O)s of TeO4 tetrahedra [40–43]. The band (C) is assigned to the (Teeq–O)s and 

(Teeq–O)as vibration modes of TeO3+1 polyhedraorTeO3 trigonal bipyramids units [44, 45] and peak 

(D) attributed to the stretching vibrations of Nb – O bonds in NbO6  octahedra [45]. 

 

 
 

Fig. 7.Deconvoluted Raman spectra of TNZ: Tm glass. 

 

 

4. Conclusion 
 

The optical properties of the glasses were estimated by measuring UV–Vis-NIR 

spectroscopy. Indirect optical band gap energy value is 2.7eV. The present glasses have the high 

absorption intensities, emission cross-sections. The optical gain coefficient of the population 

inversion of the 
3
F4 level (3.5× 10

-21
cm

-1
) and an effective bandwidth of 108nm for glasses has 
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been evaluated. The spectroscopic data obtained that the TNZ:Tm glasses can be used as a 

candidate for optical devices around at 2μm. 
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