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This paper describes Nd3+-ions doped multicomponent tellurite glasses TeO2-TiO2-ZnO (TTZ) 

applicable to advanced optical devices, which were characterized by UV-Vis-NIR absorption, Raman, 

and photoluminescence (PL) techniques. Not only did we perform experimental characterizations but 

also theoretically predicted the PL properties of Nd3+-doped TTZ glasses by using the Judd-Ofelt 

theory. The influence of the residual hydroxyl (OH) groups and types of crucible used in the melt 

preparation on the structures and optical properties of TTZ glasses was investigated. We found that 

the use of a Pt crucible increased the network-connecting structures of trigonal bipyramidal TeO4 

compared to the case of a Al2O3 crucible. Moreover, reducing the OH groups in TTZ glasses improved 

the optical properties of Nd3+-doped TTZ glass, and a higher spectral figure of merit of 8.71 ×

10−24  s cm2 for Nd3+:4F3/2→4I11/2 emission at 1,075 nm could be achieved, indicating that Nd3+-

doped TTZ glass with lower hydroxyl content is promising for laser or active optical applications. 

 

Keywords: Nd3+ ions; TeO2-TiO2-ZnO glasses; lower hydroxyl content; Judd-Ofelt analysis; glass 

structure; stimulated emission cross-section 

 

1. Introduction 

Rare-earth (RE) ion-doped tellurite glasses have attractive optical properties, including high 

refractive index (>2.0), wide optical window from near-ultraviolet (NUV) to infrared (IR) region and 

a variety of photoluminescence (PL), as well as low melting point, good chemical stability and high 

solubility of RE ions.[1-8] Low phonon energy of tellurite glasses (~700 cm-1) is beneficial for 

obtaining high PL intensity of RE ions doped in a tellurite matrix. However, the residual hydroxyl 

group (–OH) in the glasses can somewhat influence the optical properties and limit transmission in a 
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longer-wavelength region, because OH groups strongly absorb IR light at ~ 3,000 cm-1. Such high 

phonon energy can impair the PL of the RE-ions-doped tellurite glass due to non-radiative transitions 

known as multiphonon relaxation (MPR).[9,10] Recently, we have reported the influence of humidity 

in glass melt preparation (in open and dry air atmospheres) on the forming ability of tellurite glassy 

networks, TeO2-Nb2O5-ZnO (TNZ).[11] In this case, the incorporation of OH groups could make the 

glass melt more easily homogenized to form transparent tellurite glasses but was not necessarily 

favorable for optical applications because of the above mentioned reasons. To reduce OH groups in 

tellurite glasses, a targeted tellurite system should have a well-developed glassy network and thus, in 

this study, a TeO2-TiO2-ZnO (TTZ) system is adapted, where up to ~10 mol% TiO2 can be incorporated 

in the TeO2 glassy network without changing the Raman spectra.[12,13] ZnO is known as an 

intermediate oxide in glasses and can bridge tellurite networks.[14,15] When emissive RE ions are 

doped in TTZ glass system, ZnO can also play the role of leading more dopant ions, such as Nd3+, into 

the tellurite glassy network.[16] In this study, to obtain TTZ glasses with lower OH contents, highly 

pure air with low dew point (D.P.) is used and the PL properties of Nd3+-doped TTZ glasses are 

investigated. Nd3+ ions have been widely used for laser applications due to the strong near-infrared 

(NIR) radiation of 4F3/2→4I11/2 transition.[17] 

 

Influence of crucible used 

The structures and optical properties of glasses are influenced by the type of crucible selected in 

glass preparation and the glass composition adapted. Thus, we also show how the use of different types 

of crucibles influences the resultant tellurite glass structures. A typical selection would be Al2O3, 

because of cost-effectiveness, which therefore matches to industrial mass production, but special care 

should be taken to avoid the incorporation of Al2O3 with a significant level of 

contamination.[11,15,18] To avoid such a contamination, a Pt crucible may be a good alternative. The 

first part of this paper shall be devoted to compare the structures of TTZ glasses obtained with Al2O3 

and Pt crucibles by means of Raman spectroscopy. 

 

Why TTZ 

Tellurium di-oxide (TeO2) acts as a network former of glass structures but it is difficult to obtain a 

single component of amorphous TeO2 at a normal quenching speed.[15,19,20] Thus, a second 

component of alkali, alkaline-earth and transition metal oxides like WO3, TiO2, Nb2O5, Bi2O3, ZnO 

etc is intentionally used to obtain stable tellurite-based glasses.[21-24] To obtain a much higher 

refractive index, compounds such as BaO, PbO and Bi2O3 are used.[25-27] To extend the glass-

forming ability an intermediate oxide of ZnO can also be used. Ghribi et al. [28] reported the optical 

properties of TeO2-TiO2-ZnO glasses, including linear refractive index, optical bandgap and third-

order nonlinear susceptibility, and discussed the role of the ZnO modifier using Raman spectroscopy 
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data. The component of ZnO is assumed to extend the glass-forming region even when RE ions are 

doped to provide PL functionalities. In this study, Nd3+ ions are doped in TTZ glasses. The latter part 

of this paper explains the optical properties of Nd3+-doped TTZ glasses synthesized in ambient and 

dry air atmospheres, where the Judd-Ofelt (JO) analysis is conducted to theoretically predict the optical 

properties and laser performances of Nd3+-doped TTZ glasses. Conclusively, it is revealed that the 

efforts of reducing the OH groups in TTZ glasses improved the optical properties of Nd3+-doped TTZ 

glass, and allowed a higher spectral figure of merit of 8.71 × 10−24  s cm2  for Nd3+:4F3/2→4I11/2 

emission at 1,075 nm, indicating that Nd3+-doped TTZ glass with lower hydroxyl content is promising 

as a laser material. 

 

 

2. Experimental 

2-1. Glass synthesis using different crucibles (Al2O3 and Pt) 

The composition of zinc-titanium tellurite (TTZ) glass is 85TeO2-5TiO2-10ZnO in mol%. TiO2 and 

ZnO were purchased from Nacalai Tesque Inc.. and Kishida Chemical Co., respectively, and used as 

received. TeO2 was obtained by thermal decomposition of telluric acid (purchased from Aldrich Co.) 

heated at 550 °C for 10 h. The mixture of TeO2, TiO2 and ZnO was melted in two different crucibles, 

SSA-H grade Al2O3 (Nikkato Co.; 95%Al2O3-3%SiO2, 3.7g/cm3(bulk density)) and Pt. TeO2, TiO2 

and ZnO were precisely weighted, mixed well, and melted at 950 °C for 30 min or 5 h with intermittent 

shaking, and quenched on a warm brass mold preheated at ~100 °C. After appropriate annealing at a 

temperature 50 °C lower than the glass transition temperature (Tg) for 12 h to release surface stress, 

the resultant glasses were polished to be planar with ~ 1 mm thickness with optical flatness. The optical 

bandgap was estimated using a UV-Vis-NIR spectrometer (JASCO, UV-670). Tauc plots of the UV-

Vis-NIR spectra were drawn to determine the optical bandgap 𝐸g
𝑜𝑝𝑡  of the obtained tellurite 

glasses.[29-31]  

αℎ𝜈 = 𝐵(ℎ𝜈 − 𝐸g
𝑜𝑝𝑡)

𝑝
,          (1) 

where α is optical absorption coefficient in cm-1 , B is a constant, ℎ𝜈 is photon energy in eV, and p 

has values of 1/2, 2, 3/2 and 3 for direct, indirect, forbidden direct, and forbidden indirect transition 

between the valence and conduction bands, respectively. Here an indirect transition of p = 2 is assumed 

because of no PL under excitation over the optical bandgap energy for non-doped TTZ glasses. From 

a cross point of two tangential lines in the Tauc plot, the optical bandgap energy 𝐸g
𝑜𝑝𝑡 was estimated. 

The linear refractive index was analyzed by an ellipsometer (FiveLab., MARY-102) using a He-Ne 

laser (632.8nm). The density was measured by Archimedes method. The thermal properties (𝑇𝑔, on-

set crystallization temperature (𝑇𝑥), crystallization temperature (𝑇𝑐), melting point (𝑇𝑚), and thermal 

stability Δ𝑇(= 𝑇𝑥 − 𝑇𝑔)) were examined by differential thermal analysis-thermogravimetry (DTA-

TG; RIGAKU, TGD9600). The Hruby factor, defined as [32] 
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𝐻𝑟 =
𝑇𝑥−𝑇𝑔

𝑇𝑚−𝑇𝑥
       (2) 

is also calculated. Raman spectra were measured by a Raman spectrophotometer (JASCO, NRS-2000) 

using a diode-pumped solid-state laser at 532 nm with 10 mW power. The obtained Raman spectra 

were deconvoluted with Gaussian functions to evaluate the percentages of tellurite unit structures 

(trigonal bipyramids (TeO4), intermediate (TeO3+1) and trigonal pyramid (TeO3)) [33-36] which are 

related to the glass structure of zinc-titanium tellurite glasses (Fig.1). An elementary analysis for the 

obtained TTZ glasses was conducted using the X-ray fluorescence (XRF) method (SII, SEA2200A). 

NIR PL experiments were conducted under 808 nm excitation of a diode laser (JDS Uniphase, SDL-

2362). 

 

Fig.1 Structural units of tellurite glasses: trigonal bipyramids (tbps) denoted by TeO4; 

intermediate, denoted by TeO3+1; and terminal trigonal pyramid (tp) with a double bond Te=O, 

denoted by TeO3, which are detectable in Raman spectroscopy. 

 

 

2-2. Attempt to synthesize TTZ glasses with low hydroxyl groups 

Nd2O3 (0.5wt%; Kojyundo Kagaku Co.) was doped in 85TeO2-5TiO2-10ZnO glass. The glass melts 

were prepared in two different atmospheres; ambient air and dry air with grade “G2” (D.P.< −60 °C, 

CO(CO2) < 0.5ppm, NOx(SO2) < 0.05ppm). A Pt crucible was used for Nd3+-doped TTZ glasses. In 

ambient atmosphere, the glass melt, maintained for 30 min. at 950 °C with intermittent shaking, was 

casted in the same way as the case of the non-doped TTZ glasses. In dry atmosphere synthesis, a 

mixture of TTZ and Nd2O3 was preheated at 200 °C for 12 h, and subsequently heated at 950 °C for 

30 min and cooled down in a tube furnace through which the “G2”-grade dry air was passing 

continuously. The moderately cooled glass in the Pt crucible was transferred in a grove box filled with 

“G2”-grade dry air and again heated in a box-type furnace at 950 °C for 5 min. to be casted on a warm 
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brass mold at 100 °C after being shaken several times. The obtained glass was characterized using a 

Fourier transform-Infrared (FT-IR) spectrometer (JASCO, FT/IR-410) to estimate the residual OH 

contents. These procedures were repeated four times. Finally the glass was annealed in the same way 

as the non-doped TTZ glasses but in the dry air atmosphere. The glasses obtained were polished to 2 

mm thickness for further optical measurements. All experiments were conducted at room temperature. 

 

2-3. Estimation of OH amounts in glasses 

The amount of hydroxyl groups 𝑁𝑂𝐻 in unit volume was estimated using the OH vibration band at 

around 3,000 cm-1 in FT-IR spectra.[37,38]  

𝑁𝑂𝐻 =
𝑁𝐴

𝜀𝑂𝐻 𝐿
𝑙𝑛 (

1

𝑇
) ,       (3) 

where 𝑁𝐴 is the Avogadro constant, 𝜀𝑂𝐻 is the molar absorption coefficient of OH groups (49.1 dm3 

mol-1 cm-1), 𝐿 is the sample thickness in cm, and 𝑇 is IR transmittance. The OH content in glass is 

given by 

𝐶𝑂𝐻 =
𝑁𝑂𝐻𝑊𝑂𝐻

𝑁𝑂𝐻𝑊𝑂𝐻+𝑁𝐺𝑙𝑎𝑠𝑠𝑊𝐺𝑙𝑎𝑠𝑠
      (4) 

(𝑁𝐺𝑙𝑎𝑠𝑠 is the amount of glass in unit volume, and 𝑊𝑂𝐻 and 𝑊𝐺𝑙𝑎𝑠𝑠 are the molar weight of OH and 

glass, respectively.)[39] 

 

2-4. JO analysis of optical properties of Nd3+ in glasses 

We briefly explain the JO analysis [40-42] of Nd3+-doped TTZ glasses. The optical absorption 

spectra from visible to IR region were taken as molar absorbance 𝜀 (dm3 mol-1 cm-1) for Nd3+ as a 

function of wavenumber 𝜈 of the incident photon in cm-1, 𝜀(𝜈) = OD(𝜈) 𝐶𝑁𝑑𝐿⁄ , where OD(𝜈) is 

the optical density as function of 𝜈, 𝐶𝑁𝑑 is the Nd molar concentration in mol/dm3, and 𝐿 is the 

sample thickness in cm. The absorption peaks due to f-f transition of the doped Nd3+ were estimated 

to obtain the integrated band intensity and oscillator strength 𝑓𝑒𝑥𝑝 as follows. 

𝑓𝑒𝑥𝑝 = 4.318 × 10−9 ∫ 𝜀(𝜈)  𝑑𝜈     (5) 

The absorption intensity of f-f transition is regarded as a sum of two contributions: electric and 

magnetic dipole transitions, 𝑓𝑒𝑥𝑝 =  𝑓𝑒𝑑 + 𝑓𝑚𝑑, which are respectively expressed as 

𝑓𝑒𝑑 =
8𝜋2𝑚𝑐𝜈

3ℎ(2𝐽+1)
(

(𝑛2+2)2

9
) 𝑆𝑒𝑑      (6) 

𝑓𝑚𝑑 =
8𝜋2𝑚𝑐𝜈

3ℎ(2𝐽+1)
𝑛𝑆𝑚𝑑      (7) 

where 𝜈  is the wavenumber of energy between the levels denoted by  𝐽  and 𝐽′  manifolds 

corresponding to the initial and final state of transitions, respectively; m is the mass of an electron; 𝑛 

is the refractive index; 𝑐 is light velocity; and ℎ is the Planck’s constant. 𝑆𝑒𝑑 and 𝑆𝑚𝑑 indicate the 
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line strength for electric and magnetic dipole transitions, respectively. In general, the contribution of 

magnetic dipole transition to absorption intensity is negligible. Even if not, 𝑆𝑚𝑑 is only dependent 

on the refractive index and thus the contribution is theoretically calculated, which can be referred to 

from Carnall et al.[43] 

The electric dipole line strength 𝑆𝑒𝑑 can be expressed with three individual parameters, called  

parameters (or JO parameters), Ω2,4,6. 

𝑆𝑒𝑑 = 𝑒2 ∑ Ω𝑡 |⟨(𝑆, 𝐿)𝐽||𝑈𝑡||(𝑆′, 𝐿′)𝐽′⟩|2
𝑡=2,4,6  ,    (8) 

where |⟨(𝑆, 𝐿)𝐽||𝑈𝑡||(𝑆′, 𝐿′)𝐽′⟩|  is a t-th ranked tensor for a transition from levels (𝑆, 𝐿)𝐽  to 

(𝑆′, 𝐿′)𝐽′ , whose tables are available in the literatures.[44,45] Substantially, Ω2,4,6  are 

phenomelogical parameters that well-characterize the optical properties due to f-f transition of RE ions 

doped in materials. The parameters can be calculated using the Gauss-Seidel algorithm from the 𝑆𝑒𝑑 

values of eight different absorption bands experimentally obtained for Nd3+-doped TTZ glasses, 4I9/2 

→ 4I13/2, 415/2, 4F3/2, 4F5/2+2H9/2, 4F7/2+4S3/2, 4F9/2, 4G5/2+2G7/2, and 2K13/2+4G7/2+4G9/2. The accuracy of 

the estimation is observed as a root mean square (RMS) deviation for oscillator strength, as 

follows.[44] 

𝛿𝑅𝑀𝑆 =
(sum of squares of deviation)

1
2

(No.of transitions−No.of parameters)
1
2

 ,    (9) 

which is also used to obtain RMS error % defined as a ratio of 𝛿𝑅𝑀𝑆 against averaged 𝑓𝑒̅𝑥𝑝 obtained 

from squares of experimental oscillator strengths. Once Ω2,4,6  parameters are known, the 

luminescence properties between two different levels, 𝐽 and 𝐽′, can be theoretically predicted as a 

radiative transition probability, 𝐴:  

𝐴 = 𝐴𝑒𝑑 + 𝐴𝑚𝑑 =
64𝜋4𝜈3

3ℎ(2𝐽+1)
{

𝑛(𝑛2+2)2

9
𝑆𝑒𝑑 + 𝑛3𝑆𝑚𝑑}   (10) 

The former is the contribution of electric dipole transition, while the latter is obtained from magnetic 

dipole transition, of a spontaneous emission. The emissive level which is an initial state of 

luminescence, |𝑖⟩, sometime provides several luminescence lines with different final states, denoted 

by |𝑗⟩. Then a branching ratio 𝛽𝑖→𝑗 can be defined as 

𝛽𝑖→𝑗 =
𝐴𝑖→𝑗

∑ 𝐴𝑖→𝑗𝑗
       (11) 

and the radiative lifetime can be theoretically determined by the following equation. 

𝜏𝑖 = (∑ 𝐴𝑖→𝑗𝑗 )
−1

       (12) 

The stimulated emission cross section 𝜎𝑒𝑚 is given by the Fuchtbauer-Ladenburg (FL) equation: 

[46,47]  

𝜎𝑒𝑚 =
𝜆𝑝

4

8𝜋𝑐𝑛2Δ𝜆
𝐴𝑖→𝑗 ,      (13) 

where 𝐴𝑖→𝑗, 𝜆𝑝 and Δ𝜆 indicate the radiative transition probability, peak wavelength and effective 
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linewidth, respectively, of the laser emission line, in case of Nd3+, 4F3/2-4I11/2 transition around 1,060 

nm, 

𝜆𝑝 =
∫ 𝜆 𝐼(𝜆) 𝑑𝜆

∫ 𝐼(𝜆) 𝑑𝜆
       (14) 

Δλ =
∫ 𝐼(𝜆) 𝑑𝜆

𝐼𝑚𝑎𝑥
 .       (15) 

 

2-5. Theoretical prediction of laser performance for Nd3+-doped tellurite glasses 

The spectroscopic figure of merit (FOM) can be introduced to predict the likelihood in a low-

threshold operation. A large FOM value implies a low laser threshold of the laser host. FOM can be 

expressed as [48] 

FOM =  𝜎𝑒𝑚𝜏𝑒𝑓𝑓  ,       (16) 

where 𝜏𝑒𝑓𝑓 is the experimental lifetime. 

In general, the laser performance of a material can be predicted theoretically by calculating the 

absorption and emission cross section by using the Beer-Lambert equation and McCumber (MC) 

theory, given as[49] 

𝜎𝑎𝑏𝑠(𝜆) =
2.303 𝑂𝐷(𝜆)

𝐶𝑁𝑑𝐿
      (17) 

𝜎𝑒𝑚
𝑀𝐶(𝜆) = 𝜎𝑎𝑏𝑠(𝜆)

𝑍𝐿

𝑍𝑈
𝑒𝑥𝑝 {

ℎ𝑐

𝑘𝐵𝑇
(

1

𝜆𝑍𝐿
−

1

𝜆
)},    (18) 

where 𝜎𝑎𝑏𝑠 is the absorption cross section, 𝜎𝑒𝑚 is the stimulated emission cross-section, 𝑍𝐿 𝑍𝑈⁄  is 

the population function of the lower (4I11/2) and upper (4F3/2) levels tested at a low temperature or can 

be approximately replaced by the ratio of degeneracy of the upper and lower energy levels at high 

temperature, 𝑘𝐵 is the Boltzmann constant, 𝑇 is the temperature in Kelvin, and 𝜆𝑍𝐿 = 1,081 nm is 

the zero phonon line. 

The gain function is also one of the important parameters for RE-doped laser materials. If the Nd3+ 

ions are only distributed at the 4F3/2 and 4I11/2 levels, the gain coefficient can be calculated as [50] 

𝐺(𝜆) = 𝑁𝐴𝐶𝑁𝑑[𝜉𝜎𝑒𝑚(𝜆) − (1 − 𝜉)𝜎𝑎𝑏𝑠(𝜆)],    (19) 

where, 𝐺(𝜆) is the gain coefficient from the upper level to the lower level at wavelength 𝜆 and 𝜉 is 

a reversal factor value from 0 to 1, representing the ratio of upper-level populations to the totals. 

 

3. Results 

3-1. Influences of different crucible types on fundamental properties of tellurite TTZ glasses 

All TTZ glasses obtained in this study are amorphous, as confirmed by X-ray diffraction (XRD). 

Table 1 summarizes the density d, linear refractive index n, optical bandgap energy 𝐸g
𝑜𝑝𝑡  and 

absorption edge wavelength 𝜆edge
NUV  = 𝐸g

𝑜𝑝𝑡 /1240 for TTZ glasses synthesized with different 
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crucibles (Al2O3 and Pt). The main distinguishing factor is that TTZ glass synthesized with Al2O3 

crucible (TTZ-Al2O3) has lower density, as well as lower linear refractive index, than that of the TTZ 

glass synthesized with Pt crucible (TTZ-Pt). The optical bandgap 𝐸g
𝑜𝑝𝑡 of TTZ-Al2O3 is higher than 

that of TTZ-Pt (the respective Tauc plot for determining the gap is depicted in Fig.2 as inset), clearly 

evidenced from the fact that TTZ-Al2O3 glass is transparent and has no color while TTZ-Pt is slightly 

yellow-colored. These results indicate that TTZ-Al2O3 and TTZ-Pt glasses have substantially different 

structures despite the same starting composition. The thermal properties of TTZ-Al2O3 and TTZ-Pt 

glasses are also summarized in Table 1, where TTZ-Al2O3 has higher 𝑇𝑔  and thermal stability 

Δ𝑇(= 𝑇𝑥 − 𝑇𝑔). The Hruby factor is also higher for TTZ-Al2O3 glasses, indicating the higher thermal 

stability of TTZ-Al2O3. A comparison of the thermal properties of the two glasses elucidates that the 

crucible selection considerably influences the thermal behaviors of the resultant glasses. 

 

 

Table 1. Density d, linear refractive index n, optical bandgap energy 𝐸g
𝑜𝑝𝑡 and absorption edge 

wavelength 𝜆edge
NUV (= 1240/ 𝐸g

𝑜𝑝𝑡) in NUV and 𝜆edge
IR  in IR region (determined by FT-IR spectra), 

and thermal properties (glass transition temperature (𝑇𝑔 ), on-set crystallization temperature (𝑇𝑥 ), 

crystallization temperature (𝑇𝑐 ), melting point (𝑇𝑚), thermal stability Δ𝑇(= 𝑇𝑥 − 𝑇𝑔) and Hruby 

factor 𝐻𝑟) for TTZ glasses synthesized with different crucibles (Al2O3 and Pt) 

 d / g 

cm-3 
n 

𝐸g
𝑜𝑝𝑡 

/ eV 

𝜆edge
NUV

/ nm 

𝜆edge
IR / 

nm 

𝑇𝑔 / 

°C 

𝑇𝑥 / 
°C 

𝑇𝑐  / 
°C 

𝑇𝑚 
/ °C 

Δ𝑇 / 
°C 

𝐻𝑟 

TTZ-Al2O3 4.96 2.01 3.00 415 5,508 384 531 562 642 147 1.83 

TTZ-Pt 5.45 2.19 2.88 440 5,878 323 395 423 612 72 0.33 

 

 

Figure 2 shows optical transmission spectra of TTZ-Al2O3 and TTZ-Pt glasses, ranging from UV 

to IR region. The large absorption band at 3,000 nm is due to OH vibrations. The infrared absorption 

edge, defined as a wavelength with half the maximum transmission, is found to be different between 

TTZ-Al2O3 (~ 5,500 nm) and TTZ-Pt (~ 5,900 nm), revealing that TTZ-Pt itself has a wider optical 

window from 440 to 5,900 nm. However, the windows for optical applications as IR devices are quite 

significantly limited up to ~3,000 nm in both glasses due to strong OH vibrations, which should be 

reduced for further considerations of tellurite glasses for IR applications. The data of transmission to 

TTZ-Al2O3 have a slope down to a shorter UV from the IR region and in fact TTZ-Al2O3 is slightly 

opaque, which might suggest light scattering by an inclusion. 
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Fig.2 Transmittance of 85TeO2-5TiO2-10ZnO glass synthesized with (a) alumina (TTZ-

Al2O3) and (b) Pt crucible (TTZ-Pt). The insertions show Tauc plots around the NUV 

absorption edge for the respective glasses. 

 

 

3-2. XRF and Raman analyses of TTZ glasses synthesized with different crucibles 

To elucidate why TTZ-Al2O3 and TTZ-Pt glasses have such different properties, as shown in Table 

1, we perform XRF analysis, whose results are shown in Table 2. A prominent difference between the 

two glasses is found, in that the additional incorporation of Al2O3 content to TTZ glass, which would 

come from the crucible, is detected to be 10~11 wt% (or 14~15 atm% with the Al element) in TTZ-

Al2O3, while TTZ-Pt has one unit closer than the theoretical composition of 85TeO2-5TiO2-10ZnO. 

However, TeO2 and ZnO are slightly volatile because of the higher melting temperature of 950 °C. 
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The XRF analysis cannot detect any Pt components at an appropriate accuracy. In TTZ-Al2O3, the 

volatilization of TeO2 even for a longer melting time of ~ 5 h is restricted such that 

Te:Ti:Zn=85.2:6.3:7.1 (calculated without Al2O3) against Te:Ti:Zn=78.3:8.78:12.9 for TTZ-Pt(5h), 

which might be a reason why the TeO3 terminal structures are dominant in TTZ-Al2O3, as later seen 

in Raman analysis. The incorporation of Al2O3 component can stabilize the tellurite glass structure, 

increasing Δ𝑇 and 𝐻𝑟 (Table 1), which is a positive aspect of Al2O3 acting as an intermediate oxide 

in glass. Nevertheless, as a host material for photoluminescent activator ions, a high refractive index 

is beneficial, and such Al2O3 component obtained from the crucible makes the optical properties of 

tellurite glasses unreliable. Thus, tellurite glasses for optical applications such as Nd3+ lasers should 

better be synthesized with a Pt crucible, which is adapted in the subsequent part of this paper. 

 

Table 2. Results of elementary analysis by XRF method 

XRF 
TTZ-Al2O3 

(30min) 
(5h) TTZ-Pt (30min) (5h) 

Te (atm%) 73.4±0.7 73.4±0.7 83.9±0.7 78.3±0.7 

Ti (atm%) 5.8±0.2 5.4±0.2 7.9±0.2 8.8±0.2 

Zn (atm%) 6.9±0.1 6.2±0.1 8.2±0.1 12.9±0.1 

Al (atm%) 13.9±0.2 15.0±0.2 - - 

 

 

To discuss more the differences between TTZ-Al2O3 and TTZ-Pt glasses in detail, we perform 

Raman experiments, whose results are shown in Fig.3 after base-line correction. As it can be seen, the 

obtained Raman spectra are quite different. The Raman spectrum of TTZ-Al2O3 has a broader feature 

in a higher-wavenumber region. The deconvoluted data and their assignment are given in Table 3. The 

Raman band located from 340 to 540 cm-1 is assigned to Te-O-Te(Ti, Zn) bending vibrations. The 

stretching vibration of Te-O in TeO4 tbps, TeO3+1 intermediate and terminal TeO3 tp unit structures are 

observed at around 580~660, 720 and 750~775 cm-1, respectively. The main difference in Raman 

bands between TTZ-Al2O3 and TTZ-Pt can be found as the increasing fraction of TeO4 bands for TTZ-

Pt and the larger contribution of TeO3 band for TTZ-Al2O3. The fractional numbers of the unit 

structures are estimated with the respective band area, as tabulated in Table 3, which includes the 

analyzed data for TTZ glasses obtained with a longer melting time of 5 h. For the TTZ-Pt glass, TeO4 

unit structures are dominant in comparison to TeO3 terminal unit structures, and the intermediate 

TeO3+1 structures are increased when the melt is treated for 5 h, indicating that TiO2 and ZnO are 

network-forming for connecting TeO4 and TeO3+1 units, rather than acting as modifiers to be 

terminated with TeO3 units. On the other hand, TTZ-Al2O3 has more TeO3 than TeO4 unit structures, 

which might be due to contribution of Al-O bonds in Raman spectra. The bending band intensity of 



11 

 

Te-O-Te(Ti,Zn) is considered to be an index to evaluate tellurite’s network-connectivity. TTZ-Pt 

glasses have more Te-O-Te(Ti, Zn) bonds than TTZ-Al2O3 regardless of the melting times. According 

to the XRF data mentioned above, it is clear that the incorporation of Al2O3 can change the glass 

structure of TTZ to have more TeO3 unit structures and lesser Te-O-Te(Ti, Zn) connectivities. The 

present spectroscopic data were enough to elucidate the difference in Raman spectra between TTZ-

Al2O3 and TTZ-Pt glasses, however, unfortunately some crystallization was evidenced. Please bear in 

mind that the initial glasses were all amorphous. The laser power used here ~10 mW was not too strong 

but a long exposure time ~10 sec and typically 4 times average to acquire the data might not be too 

short. 

 

 

Fig.3 Deconvoluted Raman spectra of 85TeO2-5TiO2-10ZnO glasses synthesized with (a) 

alumina (TTZ-Al2O3) and (b) Pt crucible (TTZ-Pt). 

 

Table 3 Ratio of TeOx unit structures of non-doped TTZ glasses synthesized with different 

crucibles (Refer also Fig.3). 
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 TTZ-Al2O3 (30min) (5h) TTZ-Pt (30min) (5h) 

TeO4, 580~660 cm-1 41.8 39.1 58.6 45.9 

TeO3+1, ~720 cm-1 9.6 8.0 0.6 13.3 

TeO3, 750~775 cm-1 48.6 52.9 40.8 40.8 

Te-O-Te(Ti, Zn), 

340~540 cm-1 
14.6 12.6 22.6 20.6 

 

3-3. OH content in Nd3+-doped TTZ glasses 

To derive out reasonable performance of photonic glasses for lasers, optical sensors, and nonlinear 

optical devices, glass synthesis of well-designed glass compositions like TTZ glasses in a controlled 

manner is indispensable. The influence of the crucible used is significant, as shown in the proceeding 

section (3-1 to -2), and is found to largely change the glass structure. Here we use a Pt crucible for 

preparing 85TeO2-5TiO2-10ZnO glass doped with Nd3+ ions. The hydroxyl groups are to be still 

incorporated in glasses as an impurity. For the purpose to reduce OH content, low humidity atmosphere 

is used in the glass melt preparation, where OH groups also have significant influences on the 

homogeneity of the glass melts, as discussed in our previous paper on the TeO2-Nb2O5-ZnO system, 

so that the transparency of the tellurite glasses obtained was substantially. As for TTZ glasses, special 

attention must be paid, as well. Additionally, to avoid any crystallization during laser experiments as 

seen in Raman data, rapid quenching and sufficient annealing around at 𝑇𝑔 were carefully conducted. 

This section shows the amount of OH contents lowered in TTZ glasses and discusses the Judd-Ofelt 

analytical data for Nd3+-doped TTZ glasses synthesized in ambient and dry atmospheres, which are 

denoted by TTZ-A and TTZ-D, respectively.  

The OH contents in Nd3+-doped TTZ glasses are estimated by FT-IR. Figure 4 show the IR optical 

transmittance for Nd3+-doped TTZ glasses. The optical absorption of OH vibration bands at ~3,000cm-

1 is decreased by repeated melting and quenching in dry air atmosphere (D.P. is −20~ − 10 °C when 

the furnace is used) and OH contents are finally reduced to 89.1 ppm (TTZ-D), while melt-quenching 

in ambient air atmosphere (TTZ-A) results in the OH content of 163.4 ppm (Fig.5 and Table 4). The 

Nd3+-doped TTZ glass (TTZ-A) has a refractive index of 2.18 which is comparable to that of the non-

doped TTZ glass (TTZ-Pt) (Table 1). In addition, the TTZ-D glass has n = 2.13, which is slightly 

lowered by the casting after 5 min of re-melting in the dry atmosphere. This means that some volatile 

components of TeO2 and ZnO loosen with OH contents although they are not at a significant level 

because of the shorter re-melting time. Note that, despite the four rounds of melting and quenching in 

the dry atmosphere, the OH groups still have residue. One of the reasons for this is the use of telluric 

acid as a starting material, Te(OH)6 → TeO2 + 3H2O + 1/2 O2.[51] Although it is decomposed to -

TeO2, confirmed by XRD (not shown here), it is assumed that the hydroxyl groups are chemically 
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adsorbed to prevent their complete removal. Here, none of the fluoride and chloride compounds for 

starting chemicals, such as ZnF and ZnCl, are used, to avoid the generation of HF and HCl in a nearly 

closed system when casting. However, the reduced OH contents can somewhat impact the optical 

properties of Nd3+-doped TTZ glass, as shown in the subsequent section. 

 

 

 

 

 

Fig.4 Normalized transmittance of Nd3+-doped TTZ glasses synthesized with Pt crucible in 

dry atmosphere (D.P. :-20 to -10°C) by repeated melting and quenching (M&Q) in a grove box. 
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Fig.5 Absorption coefficient of Nd3+-doped TTZ glasses synthesized in ambient atmosphere 

(TTZ-A) and in dry atmosphere (D.P. -20 to -10 °C) in a grove box (4times re-melting and 

quenching) (TTZ-D). 

 

 

3-4. Optical properties of Nd3+ ions in TTZ glasses synthesized in ambient and dry air 

atmosphere 

Figure 6 shows the UV-Vis absorption spectra of Nd3+-doped TTZ glass. Several absorption bands 

due to f-f transitions of Nd3+ are observed, which are assigned to transitions from the ground state 4I9/2 

to excited states: 2K13/2+4G7/2+4G9/2 (~520nm), 4G5/2+2G7/2 (~580nm), 4F9/2 (~690nm), 4F7/2+4S3/2 

(~750nm), 4F5/2+2H9/2(~808nm), 4F3/2(~890nm), 4I15/2(~1700nm) and 4I13/2(~2500nm).[47] The band 

intensities are integrated after Gaussian function fittings to calculate oscillator strengths for the 

transitions, which are summarized in Table 4. The actual Nd3+ concentrations of both glasses for 

estimating the oscillator strengths are determined by XRF and energy-dispersive X-ray spectroscopy 

(EDS). Note first that the experimental absorption profile and band intensity of 4I9/2→4I15/2 are quite 

different between the two glasses (See [ii] in Fig.6(a) and (b)). However, the smaller strength on the 

order of 0.01 to 0.1 × 106 eventually itself contributes less to the resulting JO parameters. The 

theoretical oscillator strengths obtained using the JO method are given in the same table and can be 

compared with the experimental values. The RMS deviation 𝛿𝑅𝑀𝑆  (RMS error) is 0.443 × 10−6 

(3.8%) and 0.798 × 10−6 (7.2%) for TTZ glasses synthesized in the low hydroxyl and ambient 

atmospheres, respectively, which guarantee the computation accuracy. The JO parameters are 

calculated to be Ω2 = 3.94  pm2, Ω4 = 4.79  pm2, and Ω6 = 3.90  pm2  for TTZ-D, and Ω2 =
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4.32  pm2, Ω4 = 4.02  pm2, and Ω6 = 3.66  pm2 for TTZ-A. The spectroscopic quality factor 𝜒 =

Ω4 Ω6⁄  [48] can effectively estimate the intrinsic intensities of 4F3/2→4I9/2 and 4F3/2→4I11/2 in Nd3+-

doped glass. If 𝜒 is smaller than 1, the intensity of 4F3/2→4I11/2 transition will be stronger than that of 

4F3/2 → 4I9/2 in the glassy matrix, indicating a stronger emission line at 1.06 m (4F3/2 → 4I11/2 

transition).[52]  We found that the TTZ synthesized in the dry atmosphere has a larger 𝜒 value, 

which affects the theoretical branching ratio observed in Table 5. 

 

 

 

Fig.6 Optical absorption spectra of Nd3+-doped TTZ glasses synthesized in (a) ambient air 

and (b) dry air atmosphere. The inset shows Nd3+ molar absorbance 𝛆(𝝂) as a function of 

wavenumber in cm-1 for transitions from the ground state 4I9/2 to excited states: [i] 4I13/2 

(~2500nm), [ii] 4I15/2 (~1700nm), [iii] 4F3/2 (~890nm), [iv] 4F5/2+2H9/2 (~808nm), [v] 4F7/2+4S3/2 

(~750nm), [vi] 4F9/2 (~690nm), [vii] 4G5/2+4G7/2 (~580nm) and [viii] 2K13/2+4G7/2+4G9/2 (~520nm), 

which are deconvoluted with Gaussian functions having smaller residuals between the data 

and fitting curve to calculate the oscillator strength for each transition. 
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Table.4 Experimental and calculated oscillator strength values of Nd3+-doped 

TTZ glass synthesized in ambient and dry air atmospheres. 

Transition 

from 4I9/2 

Baricenter 

(cm-1) 

Ambient air atmosphere 

TTZ-A 

n = 2.18 

[OH] = 163.4 ppm 

Dry air atmosphere 

TTZ-D 

n = 2.13 

 [OH] = 89.1 ppm 

fexp (×

106) 

fcal 

(× 106) 

fexp 

(× 106) 

fcal 

(× 106) 

4I13/2
 4,036 1.551 1.754 1.588 1.793 

4I15/2 5,825 0.015 0.243 0.372 0.248 

4F3/2 11,383 3.127 3.226 3.162 3.602 

4F5/2,
 2H9/2 12,434 8.685 9.114 9.700 9.632 

4F7/2,
 4S3/2 13,391 9.525 8.782 9.360 9.016 

4F9/2 14,660 0.859 0.716 0.616 0.743 

4G5/2,
 2G7/2 17,106 29.48 29.51 28.59 28.64 

2K13/2,
 4G7/2,

 

4G9/2 
18,961 10.02 7.842 9.004 8.236 

RMS (× 10−6) 0.798 0.443 

(RMS error) (7.21%) (3.79 %) 

Ω2  /  pm2 4.32 3.94 

Ω4  /  pm2 4.02 4.79 

Ω6  /  pm2 3.66 3.90 

𝜒 = Ω4 Ω6⁄  1.10 1.23 

 

 

Figure 7 shows the NIR PL spectra excited at 808 nm. Three strong three PL lines are detected 

around 900, 1070, and 1340 nm,[53] which are attributed to 4F3/2 → 4I9/2, 4I11/2 and 4I13/2 transitions, 

respectively, all of which agree with those calculated from our optical absorption data. The 

experimental branching ratios  of 4F3/2 to the lower levels are estimated and shown in Table 5. The 

contribution of 4F3/2→4I15/2 to total emissions from 4F3/2 level is found to be < 0.5 % and thus not 

included in the  values shown. Clearly, TTZ-D glass has a higher branching ratio of 74.9 % for 

4F3/2→4I11/2. Notably, the experimental  value of 4F/3/2→4I9/2 is quite lower than the theoretical 

prediction. According to Mann and DeShazer, [42,54] the reason for this difference in the line 

intensities of 4F3/2 → 4IJ’ (J’=9/2, 11/2, and 13/2) transition can be explained by the “Resonant 

Fluorescence Trapping (RFT)” of 4I9/2→4F3/2. 

The stimulated emission cross section of 4F3/2→4I11/2 is given by the radiative transition probability 

A obtained from the JO analysis and the PL line shape (𝜆𝑝, ∆𝜆), which has 𝜎𝑒𝑚 = 3.93 × 10−20 cm2 
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and 𝜎𝑒𝑚 = 3.89 × 10−20 cm2, respectively, for the TTZ glasses synthesized in the low hydroxyl and 

ambient atmospheres (Table 6). Note that the former is, although slightly, higher than the latter. Table 

6 also includes literature data of several tellurite-based glass systems. It can be seen that the NIR 

emission of 4F3/2 → 4I11/2 transition for TTZ-D glass has a band width Δλ  broader and a peak 

wavelength 𝜆𝑝 longer than those for TTZ-A glass and the other glass systems. 𝜆𝑝 contributes more 

to 𝜎𝑒𝑚 through Eq.(13), indicating that the drying process can have a positive effect on Nd3+ laser 

specifications. 

The PL decay lifetimes examined at 808 nm excitation are 221.4 and 212.8 s for TTZ glasses 

synthesized in the low hydroxyl and ambient atmospheres, respectively (Fig.7). The spectroscopic 

FOM for TTZ synthesized in the dry atmosphere is 8.71 × 10−24  s cm2, which is greater than the 

values reported in the literatures (Table 6). 

 

 

Fig.7 PL spectra and 4F3/2 PL decay curves of Nd3+-doped TTZ glass synthesized in (a) 

ambient air and (b) dry atmosphere(D.P.-20 to -10 °C) in a grove box (4 times melting). 

 

Table.5 Experimental and calculated branching ratio  (4F3/2→4I15/2 is neglected 
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because of its small contribution ( < 0.5%)) of Nd3+-doped TTZ glass synthesized in 

ambient and dry air atmosphere (D.P.-20 to -10oC) in a grove box ( 4times melting) 

Transition process 

Ambient air atmosphere 

TTZ-A 

Dry air atmosphere 

TTZ-D 

𝛽exp (%) 𝛽cal (%) 𝛽exp (%) 𝛽cal (%) 

4F3/2→4I9/2 20.6 44.8 19.4 46.4 

4F3/2→4I11/2 69.6 46.7 74.9 45.6 

4F3/2→4I13/2 9.8 8.5 5.7 8.0 

 

 

4. Discussion 

The obtained JO parameters for TTZ-A and TTZ-D glasses are all comparable to those reported in 

the literatures for other Nd3+-doped tellurite glasses; for example, Ω2 = 3.09  pm2, Ω4 = 3.11  pm2, 

and Ω6 = 3.25  pm2  for Nd3+-doped 85TeO2-15ZnO glass (in wt%),[53] and  Ω2 = 3.11  pm2, 

Ω4 = 5.00  pm2 , and Ω6 = 3.87  pm2  for Nd3+-doped 74.6TeO2-8.8ZnO-16.6ZnF2 glass (in 

mol%).[55] Thus, the calculated radiative lifetimes (cal = 135 s (TTZ-A) and cal = 132 s (TTZ-D)) 

are also comparative with some reported values: cal = 145 s for TeO2-ZnO-ZnF systems [55] and cal 

= 158 s for TeO2-TiO2-Nb2O5 glass.[56] Nevertheless, the experimental lifetime for 4F3/2 emission is 

larger than the theoretical prediction. The doping level is 0.5wt% so that Nd3+ ions would be free from 

ion-ion interactions; it is supposed that the Nd3+ are isolated well in the TeO2-TiO2-ZnO glassy matrix. 

One of the causes for this is attributed to the strong RFT of 4I9/2→4F3/2, yielding a lower experimental 

branching ratio of 4F3/2→4I9/2 emission shown in Table 5. The RFT process can lead to a higher 

population of 4F3/2 level during the emission, and eventually the longer lifetime observed in Fig.7. 

 The FOM value obtained for TTZ-D glass is shown with literature data in Table 6, and is found to 

be higher than the reported ones, due to the relatively longer radiative lifetime and increased radiative 

emission cross section, 𝜎𝑒𝑚. The laser performance can be estimated from Eqs.(17-19). However, 

since 4F3/2→4I11/2 of Nd3+ is not a transition from an excited state to a ground state, the absorption cross 

section cannot be estimated from the absorption spectrum. Thus, the “reciprocal method” is used to 

calculate the absorption cross section of the excited state 4I11/2 to 4F3/2 level. The result is 𝜎𝑎𝑏𝑠 =

1.68 × 10−20 cm2. Figure 8(a) depicts the gain coefficient of 4F3/2→4I11/2 transition for the Nd3+-

doped TTZ glass as a function of reversal factor 𝜉. The output performance of lasing action can be 

utilized when 𝜉 > 0.3, predicting that this glass has a lower laser threshold than the recently reported 

case (𝜉 > 0.4) of TeO2-MoO3-ZnO.[48] 

  As mentioned about the experimental branching ratio (Table 5), the RFT process can eventually 

repopulate 4F3/2 level to increase the reversal factor as an additional process, which is attributed to the 

strong absorption of 4I9/2→4F3/2 resulting from the larger contribution of |〈|𝑈4|〉|2 = 0.2293 [44] and 
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𝜒(= Ω4 Ω6⁄ ) = 1.23. The reduced OH content must minimize the MPR process from 4F3/2 to lower 

levels. Thus, these two processes of the RFT and minimized MPR can increase the population of 4F3/2, 

as schematically illustrated in Fig.8(b). In this study Nd3+ ions are pumped via 4F5/2 and 2H9/2 levels at 

808 nm by focused laser excitation and went down to the emissive level of 4F3/2. Photoluminescence 

from 4F3/2 to 4I9/2 (ground state) and 4I11/2, 4I13/2 etc can depolulate 4F3/2 level. However, the excited 

state absorption from 4I11/2 to 4F3/2 (𝜎𝑎𝑏𝑠 = 1.68 × 10−20 cm2), larger than that reported in literature 

[48], can re-polulate 4F3/2, and even RFT from 4I9/2 can increase the population, as well. Moreover, an 

additional merit of the minimized MPR can be received so as to increase the population of 4F3/2, 

leading to lower threshold and higher efficiency of lasing actions. Attempts for developing a procedure 

to further reduce OH groups in tellurite glasses should be continued to apply them to not only efficient 

RE-doped laser devices but also novel IR tellecomminication/sensors. 
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Table.6 Stimulated emission cross section 𝝈𝒆𝒎, refractive index n, radiative transition 

probability A(4F3/2→4I11/2), 𝝀𝒑 and 𝚫𝛌 of 4F3/2→4I11/2 transition, 4F3/2 experimental lifetime eff 

and FOM of several Nd3+-doped tellurite glasses 

Glass system n 

A(4F3/2

→4I11/2) 

/ s-1

𝜆𝑝 / 

nm 
Δλ / nm

𝜎𝑒𝑚  

(×

1020) 

/ cm2 

eff / 

s 

FOM  

(×

1024) 

/ s cm2 

Ref 

TTZ-D 2.13 3,452 1,075 34.3 3.93 221.4 8.71 
This 

work 

TTZ-A 2.18 3,451 1,069 32.3 3.89 212.8 8.28 
This 

work 

TZF(a) 2.06 3,130 1,059 25 4.90 128 6.28 [55] 

TZ(b) 2.01 2,182 1,062 29.3 3.11 217 6.75 [53] 

TMZ(c) 2.08 2,659 1063 32.7 3.12 192.7 6.02 [48] 

TTN(d) 2.19 2,920 1076 27.8 3.89 146 5.68 [56] 

TW(e) ~2 2,180 1065 29 3.21 149 4.78 [57] 

TZN(f) 2 3,135 1061 30.9 4.27 104 4.44 [58] 

TWY(g) 2.05 2,042 1061 30.4 2.70 150.3 4.06 [47] 

(a) TZF: 74.6TeO2-8.8ZnO-16.6ZnF2(in mol%)/1wt%NdF3, (b)TZ: 85TeO2-15ZnO(in 

wt%)/1wt%Nd2O3, (c)TMZ: 70TeO2-20MoO3-10ZnO(in mol%)/0.7mol%Nd2O3, (d)TTN: 85TeO2-

5TiO2-15Nb2O5(in mol%)/1wt%Nd2O3, (e)TW: 80TeO2-20WO3 (in mol%)/1.0mol%Nd2O3, (f)TZN: 

60TeO2-39ZnO-1Nd2O3, (g)TWY: 80TeO2-15WO3-4.5Y2O3-0.5Nd2O3 (in mol%) 
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Fig.8 (a) Gain cross section of 4F3/2→4I11/2 transition as a function of reversal factor , and (b) 

schematical illustration of optical transition of 4F3/2 emission for lower hydroxyl Nd3+-doped 

TTZ glass (TTZ-D). 

 

5. Conclusion 

In this study, a Nd3+-doped TTZ glass with lower OH groups (down to 89 ppm) was synthesized 

with Pt crucible. In the first part of the paper, the influence of the use of different crucibles (Al2O3 and 

Pt) on the properties and structures of non-doped TTZ glasses were elucidated. The use of Al2O3 

crucible caused a contamination of 10-11 wt% level in Al2O3, as detected in the resultant TTZ glass 

(TTZ-Al2O3) and restricted the volatilization of TeO2 and ZnO. However, the incorporation 

significantly changed the TTZ glass structures, as clarified by Raman spectroscopy. On the other hand, 

the use of Pt crucible for TTZ glass synthesis (TTZ-Pt) showed more enhancement of the TeO4 

network-forming structure and achieved a higher refractive index of 2.18-9. The JO analysis was 

performed with an RMS error of 3.8% for Nd3+-doped TTZ-Pt glasses with attempts to reduce the OH 

groups in the glasses, revealing a higher 𝜒 = Ω4 Ω6⁄  value for Nd3+-doped TTZ glasses. The 

stimulated emission cross section 𝜎𝑒𝑚 of 4F3/2→4I11/2 was 3.93 × 10−20 cm2. The longer 4F3/2 PL 

lifetimes were observed for the TTZ glasses, and the obtained FOM was at most 8.71 × 10−24  s cm2. 

The decrease in OH contents positively influenced the observed optical properties of Nd3+ in TTZ 

glasses due to an increase in the population of 4F3/2 by the RFT and minimized MPR, expecting an 

efficient laser action of lower hydroxyl Nd3+-doped TTZ glass and a widened optical window up to 

~6,000 nm potentially available as IR resources. 
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Figure Caption 

Fig.1 Structural units of tellurite glasses: trigonal bipyramids (tbps) denoted by TeO4; intermediate, 

denoted by TeO3+1; and terminal trigonal pyramid (tp) with a double bond Te=O, denoted by TeO3, 

which are detectable in Raman spectroscopy. 

 

Fig.2 Transmittance of 85TeO2-5TiO2-10ZnO glass synthesized with (a) alumina (TTZ-Al2O3) and (b) 

Pt crucible (TTZ-Pt). The insertions show Tauc plots around the NUV absorption edge for the 

respective glasses. 

 

Fig.3 Deconvoluted Raman spectra of 85TeO2-5TiO2-10ZnO glasses synthesized with (a) alumina 

(TTZ-Al2O3) and (b) Pt crucible (TTZ-Pt). 

 

Fig.4 Normalized transmittance of Nd3+-doped TTZ glasses synthesized with Pt crucible in dry 

atmosphere (D.P. :-20 to -10°C) by repeated melting and quenching (M&Q) in a grove box. 

 

Fig.5 Absorption coefficient of Nd3+-doped TTZ glasses synthesized in ambient atmosphere (TTZ-A) 

and in dry atmosphere (D.P. -20 to -10 °C) in a grove box (4times re-melting and quenching) (TTZ-

D). 

 

Fig.6 Optical absorption spectra of Nd3+-doped TTZ glasses synthesized in (a) ambient air and (b) dry 

air atmosphere. The inset shows Nd3+ molar absorbance ε(𝜈) as a function of wavenumber in cm-1 

for transitions from the ground state 4I9/2 to excited states: [i] 4I13/2 (~2500nm), [ii] 4I15/2 (~1700nm), 

[iii] 4F3/2 (~890nm), [iv] 4F5/2+2H9/2 (~808nm), [v] 4F7/2+4S3/2 (~750nm), [vi] 4F9/2 (~690nm), [vii] 

4G5/2+4G7/2 (~580nm) and [viii] 2K13/2+4G7/2+4G9/2 (~520nm), which are deconvoluted with Gaussian 

functions having smaller residuals between the data and fitting curve to calculate the oscillator strength 

for each transition. 

 

Fig.7 PL spectra and 4F3/2 PL decay curves of Nd3+-doped TTZ glass synthesized in (a) ambient air 

and (b) dry atmosphere(D.P.-20 to -10 °C) in a grove box (4 times melting). 

 

Fig.8 (a) Gain cross section of 4F3/2→4I11/2 transition as a function of reversal factor , and (b) 

schematical illustration of optical transition of 4F3/2 emission for lower hydroxyl Nd3+-doped TTZ 

glass (TTZ-D). 
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