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Abstract 

In this paper, Tm3+ doped fluorotellurite glasses are synthesized by melt-quenching 

technique. The thermal and spectral properties of the glasses are characterized. The 

effect of the 1.8 μm emission properties for different Tm3+ concentrations are 

investigated. ∆T (153℃) of the glass indicates it has good thermal stability. 

Spectroscopic parameters of Tm3+ such as radiative transition probability, branching 

ratio, spectroscopic quality factor, integrated emission cross section and radiative 

lifetime are calculated on the basis of Judd-Ofelt analysis. The maximum half-height 

width corresponding to 1.8 µm broadens as Tm3+ increases and reaches a maximum of 

216 nm, as well as the longer lifetime (5.68 ms). For 1.8µm (3F4→
3H6) emission band, 

the calculated Tm3+ doped fluorotellurite glass has a high quantum efficiency of 75.93%. 

Furthermore, the theoretical analysis of the energy transfer mechanism between Tm3+ 

ions were represented. Therefore, these results demonstrate that prepared Tm3+ doped 

fluorotellurite glass is an ideal laser material for 1.8 µm band solid-state laser 

applications.  

1. Introduction 

In recent years, the development of 1.8 μm solid-state lasers have aroused great 

interests for potential applications, including laser ranging, air pollution monitoring, 

and eye safety laser surgery[1-4]. Due to their unique incomplete 4f electron layer, rare 

earth ions play an important role in the laser generation process. A number of 

experiments have proved that Tm3+, Ho3+ perform well in luminescence of 1.8 μm 

because of the transition between energy levels Tm3+: 3F4→
3H6 or Ho3+: 5I7→

5I8[5-12]. 

However, Ho3+ cannot be directly pumped by available commercial 808 nm and 980 

nm lasers diodes because it lacks a matching absorption band, while Tm3+ has a strong 

absorption band around 800 nm[13, 14]. It can be effectively pumped by commercial 

808 nm lasers. In this article, Tm3+ doped glass was chosen as the candidate for 1.8 μm 

solid-state lasers. 



 

 

The emissions efficiency of rare earth doped glass depends on the characteristics 

of the matrix glass. Therefore, a suitable host glass is also an important part of 1.8 μm 

luminescence. Most of the research has focused on tellurite glass[15, 16], silicate 

glass[17]and fluoride glass[18, 19]. In a variety of oxide glasses, tellurite glass is 

considered having low energy (700cm-1), high refractive index and wide infrared 

transmittance range, but at the same time, it has some problems such as high thermal 

expansion coefficient and poor chemical stability. Silicate glasses have great physical 

chemical durability and thermal stability, but the high phonon energy of silicate glasses 

(1100cm-1) limits development in Mid-infrared radiation(MIR) band[17, 20]. As we all 

know, lower phonon energy is beneficial for suppressing the probability of non-

radiative transition. Fluoride glass has a lower phonon energy (600cm-1)[21], which 

leads to a lower probability of non-radiative transition and improved MIR luminescence 

property. On the other hand, fluoride glass has high solubility of rare earth ions and 

excellent transmittance. However, the disadvantages of fluoride glass are poor 

mechanical properties and harsh preparation conditions. How to improve the physical 

and chemical properties of fluoride glass while ensuring the optical properties has 

always been the research focus of many researchers. With the introduction of TeO2, the 

thermal stability and mechanical strength of the prepared fluorotellurite glass have been 

significantly improved[22]. Moreover, the laser and optical properties of fluorinated 

glass are greatly improved. So far, it has been reported that strong 1.8 µm fluorescence 

is obtained in tellurite and fluoride glasses[3, 18] , which leads to a lower probability 

of non-radiative transition and improved MIR luminescence property. On the other 

hand, fluoride glass has high solubility of rare earth ions and excellent transmittance. 

However, the disadvantages of fluoride glass are poor mechanical properties and harsh 

preparation conditions. How to improve the physical and chemical properties of 

fluoride glass while ensuring the optical properties has always been the research focus 

of many researchers. With the introduction of TeO2, the thermal stability and 

mechanical strength of the prepared fluorotellurite glass have been significantly 

improved[22]. Moreover, the laser and optical properties of fluorinated glass are greatly 

improved. So far, it has been reported that strong 1.8 µm fluorescence is obtained in 

tellurite and fluoride glasses 

2. Experimental 

 Tm3+ doped fluorotellurite glass with weight percentage composition of 85(AlF3-

MgF2-CaF2-SrF2-BaF2-YF3)-15TeO2-xTm2O3(where x = 0, 2.1, 2.8, 3.5, 4.2, named as 

AYT0 to AYT4). The reagents used in the experiment are all analytically pure (99.99% 

purity or higher). For each sample, the well-mixed analytic-grade raw materials (15g) 

with the required proportion were mixed and melted for 20min in an alumina crucible 

of 900°C under a normal atmosphere. Subsequently, the heated glass solution is poured 

into preheated mold and annealed for 2h at 420 ℃. Finally, the annealed glass sample 

was cut into 10mm×10mm×1mm and polished for testing. 

The characteristic temperature (temperature of glass transition of Tg and 

temperature of initial crystallization of Tx) of the sample is determined by Netzschsta 

449 /C differential scanning calorimetry (DSC) at a rate of 10K /min. The density of 



 

 

AYT glass is measured by Archimedes method in distilled water. The Raman spectrum 

of the glass is measured with Renishaw in Via Raman microscope in the 400~1000 cm−1 

spectrum range using a 532 nm excitation. Infrared transmittance was measured by 

Perkin-Elmer 1600 series infrared spectrometer. The absorption spectra of 400 nm~ 

2200 nm are recorded on the Perkin-Elmer 900 UV/Vis/NIR spectrophotometer. The 

fluorescence spectra (1550~2150nm) are measured with a computer controlled Triax 

320 type spectrometer and detected with a liquid-nitrogen-cooled PbS detector from 

1550 to 2150 nm upon excitation by 808 nm LD. The decay curves are recorded with a 

digital phosphor oscilloscope (TDS3000C). The fluorescence lifetime of 1.8 µm is 

recorded by light pulses of the 808nm LD and HP546800B 100-MHz oscilloscope. All 

the measures are taken at room temperature and other conditions are kept as same as 

possible. 

3. Results and discussion 

3.1. Thermal properties 

 

 Figure 1 and the inset show different thermal scanning curves of the samples 

without any doping ions at a heating rate of 10 K/min. As we known, the values of the 

parameters Tg is an important factor for a laser glass, and the glass transition temperature 

(Tg) of prepared fluoride glass is 448℃, while the Tg of AYT glass can reach 534℃. It 

is obviously find that the introduction of TeO2 will greatly improve the glass transition 

temperature. Compared with other Tg of fluoride glass[23] and tellurite glass[24], the 

AYT glass has a good thermal stability to resist thermal damage at high pumping power. 

 The ∆T (∆T = (Tx -Tg)) is used to evaluate the glass stability or resistance to 

recrystallization during fiber drawing [25]. So it is expected that ∆T of glass is as large 

as possible to obtain a relatively wide range of temperature during fiber fabricating [26, 

27] . In general, ∆T > 100℃ is beneficial for glass fiber drawing, since the fiber drawing 

is a re-heating process. The crystallization in the fiber drawing will increase the internal 

scatter losses and reduce the performance of the drawing optical fiber. After adding 

TeO2, the characteristic temperature of fluorotellurite glass changes obviously. 

Compared with fluoride glass without TeO2, the ∆T of fluorotellurite glass is large. The 

∆T temperature of AYT glass reaches 153℃, which is much larger than prepared 

fluoride glass matrix (∆T=120℃). In addition, it is obviously larger than the reported 

values for ZBLAN (∆T=67.1℃) glass[28] and tellurite glasses[29]. The thermal 

stability and forming ability of glass have been significantly improved. It is inferred 

that the addition of TeO2 will break the Te-O bond and form the Te-F bond. At the same 

time, free O2- will join the network of the glass. Therefore, the improvement of the glass 

forming ability comes from the recombination of the structure. Excellent 

physicochemical properties of the prepared AYT glasses provide a powerful basis for 

their use in high-power applications of MIR lasers. 

 



 

 

 

Fig.1 DSC curve of AYT glass host at the heating rate of 10 K/min. The inset is 

DSC curve of fluoride glass. 

 

3.2.Infrared transmission spectrum 

 

Figure 2 shows the infrared transmission spectrum of AYT glass. It is not difficult 

to find that AYT glass exhibits high transmittance in the range of 2000-4000 cm-1. The 

transmittance can reach as high as 91% and 9% loss is caused by Fresnel reflection[30]. 

It is well known fact that the presence of OH- content will affect the quantum efficiency 

of rare earth ions and optical losses, because OH- will participate in the energy transfer 

between rare earth ions[31] . The content of OH- groups in the glass can be expressed 

by the absorption coefficient of the OH- vibration band at 3700 cm−1, and given by the 

formula[22]: 

 α[𝑂𝐻−] =
ln(𝑇0 𝑇⁄ )

𝑑
 (1) 

where d is the thickness of the sample in millimeters, T0 is the transmittance at the 

baseline, and T is the minimum transmittance near 3 μm. The hydroxyl content was 

calculated as 0.53 cm-1, which is lower than that in bismuthate glass (0.71cm-1)[30]. 

The great infrared transmission property provides the fluorotellurite glass potential 

application for infrared laser materials. 



 

 

 

Fig.2 Infrared transmission spectrum of the AYT glass 

3.3. Raman spectrum 

 

For the sake of illustrating the effect of structure on 1.8 µm emission, Raman 

spectrum of AYT host glass in the range of 400 cm-1-1000 cm-1 was measured and 

shown in Figure 3. Three peaks are obtained by Gaussian convolution fitting Raman 

spectrum, corresponding to 556 cm-1, 749 cm-1 and 815 cm-1, respectively. The Al-F 

bond vibration of [AlF6] octahedral structural unit corresponds to the Raman absorption 

peak at 556cm-1. At the same time, F- ion in Al-F network is substituted to form [FnAl-

O-AlFn unit and [Al-O-Al] structure. Nabazal[32] found that the Raman peak position 

of (TeO3) unit appeared at 775cm-1 when fluoride was introduced into tellurite glass. In 

addition, the [TeO,F]4 structural units in the fluorotellurite glass structure will lead to 

the Raman peak position of [TeO3]unit moving to a high-frequency Raman band. In 

addition, with the introduction of TeO2, the Raman spectrum of fluorotellurite glass 

appear a strong Raman peak at 815cm-1, which was ascribed to the Te-O vibration in 

[TeO4] groups. It is worth noting that the maximum phonon energy of AYT host glass 

is 815cm-1, which is less than tellurite glass (832cm-1)[15] and silicate glass (970cm-

1)[17]. 



 

 

 

Fig.3 Raman spectra of AYT glass 

3.4. Absorption spectra and J-O analysis 

 

Figure 4 shows the optical absorption spectra of the Tm3+ doped samples in 

wavelength region of 400-2200 nm at room temperature. The five absorption bands of 

the spectra shown in the figure are 1673 nm, 1205 nm, 790 nm, 683 nm, and 468 nm, 

corresponding to the transitions from the ground state 3H6 to the excited states 3F4, 
3H5, 

3H4, 
3F2+

3F3, and 1G4, respectively. Owing to the intrinsic band gap absorption in the 

host glass, energy states higher than 1D2 are not observed. There is no apparent change 

in the shape and position of each peak compared with other reported Tm3+ doped matrix 

glasses[33] . The results show that Tm3+ ions are homogeneously distributed in the 

present glassy network without obvious clusters. It is worth noting that a strong 

absorption band exists around 790 nm, which indicates it can be efficiently pumped 

with a commercial 808 nm laser diode. 

 

Fig.4 Absorption spectra of Tm3+ doped AYT glasses 



 

 

To determine the transition probability of RE particles and the co-ordination 

structure, the luminescent intensity of RE ions can be calculated according to J-O theory 

in a certain range of accuracy, which is often used for evaluating the spectral properties 

of rare-earth doped glasses[33, 34] . J-O parameters are gained for further evaluation 

of the differences of ligand fields in different glasses. Then the J-O parameters of Tm3+ 

ion in present glass has been calculated by the least square fitting procedure. In general, 

Ω2 provides information on the local environment of rare earth ions sites and the point 

symmetry of the environment around the Tm3+ ions. As seen in the Tablet 1, the Ω2 of 

prepared glasses are larger than that of fluoride glass(1.14×10-20cm2), which is owing 

to the increase in ligand covalency from fluoride to oxide due to the lower polarizability 

of F- than O2-. The Ω6 is related to overlapping integrals located in different 4f-5d 

orbitals in various matrix glasses and the value of Ω6 gets bigger as the number of 

overlapping orbitals increases[5]. The Ω6 of AYT3 glass is bigger than that of fluoride 

glass and tellurite glass as shown in Table 1. Therefore, J-O analysis shows that the 

prepared AYT3 glass has a stronger covalency and larger overlap integral. 

Based on the J-O theory, the fluorescence spectra and strength parameter (Ωt, t= 2, 

4, 6) of fluorotellurite glasses can be used to calculate the spontaneous transition 

probability (Arad), branching ratio (β), and theory lifetime (τrad), the results are shown 

in Table 2. It is worth to note that the spontaneous emission transition probabilities of 

Tm3+ : 3F4→
3H6 transition is 133.74s-1. The high spontaneous emission probabilities 

provide appropriate conditions for achieving great laser emission. Consequently, 

fluorotellurite glass is well suited to be the matrix material for 1.8 μm luminescence by 

Tm3+ : 3F4→
3H6 transition. 

 

Table 1 Judd-Ofelt parameters Ωt of Tm3+ in AYT3 glass 

Glass Ω2 Ω4 Ω6 Reference 

Fluoride 1.14 1.57 1.13 [35] 

Tellurite 4.16 1.87 1.14 [15] 

Silicate 3.17 0.56 0.58 [17] 

AYT3 1.96 1.99 1.72 This work 

Table 2 Calculated spontaneous transition probability (Arad), total spontaneous 

transition probability (∑A), branching ratios (β) and radiative lifetime (τrad) of AYT3 

glass for various selected excited states of Tm3+. 

Transition λ(nm) Arad(s
-1) ∑A(s-1) β τrad (ms) 

3F4  → 3H6 1677 133.74 133.74 100.00% 7.48 
3H5  → 3F4 1205 225.87 228.19 98.99% 4.38 

→ 3H6 3429 2.31  1.01%  
3H4  → 3H6  790 749.96 833.97 89.93% 1.20 

→ 3F4 1493 58.07  6.96%  

→ 3H6 2293 25.94  3.11%  

 



 

 

3.5. Fluorescence spectral analysis 

 

 In order to investigate the relationship between the doping concentration of rare 

earth ions and the luminescence intensity, Fig.5(a) shows the fluorescence spectra of 

1550-2150 nm of Tm3+ doped fluorotellurite glasses pumped by 808 nm laser diode. 

The central emission band at 1.8 μm corresponds to the energy level transition of Tm3+: 
3F4→

3H6. Inset of Fig.5(b) describes that the emission intensity increases and then 

decreases along with the increase of Tm3+ concentration. When Tm ion concentration 

is low, because of the large distance between Tm ions, energy transfer rate is not enough, 

leading to inefficient energy transfer. But as the concentration of the Tm ions increase, 

ions spacing becomes nearly until the ion concentration exceeds a certain value 

(3.5mol%), and the enhanced interaction leads to a great increment in the probability 

of energy transfer to the quenching center, which reduces the luminescence efficiency. 

 It is obvious that AYT3 glass obtains the maximum emission intensity. In addition, we have 

obtained a broadband emission spectrum with large full-width at half-maximum 

(FWHM) which is usually used to evaluate the bandwidth characteristics of optical 

amplifiers. The relationship between the maximum FWHM of the 1.8um fluorescence 

and samples with different rare earth ion concentrations is shown in figure 5(b). With 

the increase of Tm3+ ion concentration, FWHM gradually widens and reaches a 

maximum of 216nm at AYT3. In the reported Tm3+ doped tellurite glass system, the 

half-height full width can only reach 160 nm[24] Compare with fluoroaluminate glass, 

the [TeO3] units replace some [AlF6] units in AYT3 glass, thus the Tm3+ distribution 

becomes more unsymmetrical, which indicates that the glass matrix has a wider range 

of bond lengths and angles. The divergences of the crystal filed split yield a range of 

electrostatic fields around Tm3+ ions in AYT3 glass. Therefore, an inhomogeneous 

broadening of the fluorescent band in present glass was achieved.  

 To further study the broadband characteristics of fluorotellurite glasses, effective 

half-width (∆λeff) are investigated using fluorescence spectra, we often use a more 

concise formula to describe the effective emission bandwidth as[36]: 

 ∆λeff=
∫ I(λ) 𝑑𝜆

Imax
 (2) 

where ( )I   is the fluorescence intensity at a wavelength of   , and Imax is the 

maximum fluorescence intensity. The ∆λeff  value is the largest at sample AYT3 

(225.52 nm). The relatively large ∆λeff indicates AYT3 glass is an attractive candidate 

as gain medium in ultrashort pulse generation. As a consequence, the Tm3+ doped 

fluorotellurite glasses are potential matrix materials for application to optical fiber 

amplifiers. 



 

 

 

 

Fig.5(a) Emission spectra for Tm3+ doped AYT glasses in 1.8μm (b) Emission 

intensity for different concentrations and FWHM of AYT glasses 

 

3.6. Lifetime and quantum efficiency and energy transfer 

 

The fluorescence decay curves of AYT3 glass at 1800 nm are monitored and 

presented in Figure 6. It is obvious that the luminescence decay curve at Tm3+: 3F4 level 

of AYT3 glass is 5.68ms which is considerably larger than tellurite glass (1.83ms)[37] 

and smaller than fluoride glass(6.27ms)[18]. 

The quantum efficiency is an important parameter used to characterize the 

luminescence of laser glasses. In practical experiments, the quantum efficiency is 

related to the highest phonon energy of the substrate glass. The maximum phonon 

energy has the greatest effect on the non-radiative relaxation. Based on the spontaneous 

radiative lifetime (τmea) calculated from J-O parameters and the measured fluorescence 

lifetime (τmea), η can be calculated by following equation: 

 η =
τmea

τrad
×100% (3) 



 

 

The quantum efficiency of Tm3+ fluorotellurite doped glass is 75.93%, which is 

much higher than that of Tm3+ doped tellurite glass (24%)[15]. Fluorotellurite glass 

with higher quantum efficiency is a potential material for 1.8 μm luminescence. 

The insert of Figure 6, shows the simplified energy level diagram of Tm3+and 

energy transfer processes to illustrate the 1.8 µm emission. When prepared Tm3+ doped 

glass pumped by 808 nm LD, the ground level of Tm3+ (3H6) are excited to the 3H4 by 

ground state absorption (GSA:3H6+a photon (808 nm) →3H4)., then some Tm3+ ions on 
3H4 relax to the 3F4 level, and cross-relaxation is generated with some other Tm3+ in the 

ground state 3H6 energy level (CR: 3H4+
3H6→

3F4+
3F4) to the 3F4 level. At the same time, 

the 3H4 energy level in the higher energy state will transfer energy to the neighboring 

Tm3+ through energy transfer (ET: 3H4→
3H4) and then decay to the 3F4 energy level. 

Therefore, a large number of ions in the sub-stable 3F4 energy level will transit to the 

ground state and obtain 1.8 µm fluorescence emission. 

 
Fig.6 Fluorescence decay curves of the Tm3+: 3F4 level in AYT3 glass. Insert is 

simplified energy level diagram of Tm3+ 

 

3.7 Absorption and emission cross sections 

 

The absorption cross section and emission cross section are calculated in order to 

characterize the spectroscopic properties of the 1.8 µm emission. The absorption cross 

section (σabs(λ)) can be obtained from the absorption spectra using the Beer-Lambert 

law as follows[38]: 

 𝜎𝑎𝑏𝑠(𝜆) =
2.303𝑙𝑔(𝐼0 𝐼⁄ )

𝑁𝐼
 (4) 



 

 

where lg(I0/I) is the absorption intensity, N is the rare earth ion concentration, and 

l is the thickness of the prepared sample. The emission cross section can be calculated 

by the Füchtbauer-Ladenburg (FL) equation[39] from the absorption cross section: 

 𝜎𝑒𝑚𝑖(𝜆) =
𝜆4𝐴𝑟𝑎𝑑

8𝜋𝑐𝑛2 ×
𝜆𝐼(𝜆)

∫ 𝜆𝐼(𝜆) 𝑑𝜆
 (5) 

where A𝑟𝑎𝑑 is the spontaneous emission probability, λ corresponds wavelength, n is 

the refractive index, c is the speed of the light and I(𝜆) is the emission intensity. 

Figure 7 gives the absorption cross section and emission cross section of 

fluorotellurite glass. The maximum value of the absorption cross section for the Tm3+ 

ion at the 3F4→3H6 is 2.54×10-21cm2 at 1675 nm and 4.11×10-21cm2 for the emission 

cross section at 1896nm. The larger emission cross section is beneficial for the laser 

effect. In addition, the FWHM×𝜎𝑒𝑚
𝑝𝑒𝑎𝑘

  is a reliable parameter to evaluate the gain 

medium. In this work, the calculated gain coefficient is 8.87×10-26cm3, which is larger 

than that of fluoride glass (7.68×10-26cm3)[40]. The results show that the prepared 

fluorotellurite glass has good gain performance for 1.8 μm applications.  

 

         Fig.7 Calculated absorption and emission cross section of the AYT glass 

 

4. Conclusions 

 

In summary, Tm3+ doped fluorotellurite glass is prepared by high temperature 

melting method. The luminescence properties and thermal stability are studied. TeO2 is 

introduced to overcome the defect of poor forming ability of fluoride glass. The 

transmittance of prepared fluorotellurite glass is as high as 91% . An effective 1.8 μm 

luminescence is obtained and FWHM reached 216nm. The emission cross section is 

calculated to be 4.11×10-21 cm2 by using the measured emission spectra. The 

fluorescence lifetime of Tm3+ reaches 5.68ms, which is related to the lower phonon 



 

 

energy(815cm-1). Due to the cross-relaxation phenomenon of Tm3+, the quantum 

efficiency achieved is 75.93%. The results show that Tm3+ doped fluorotellurite glass 

has potential application prospect in 1.8 μm laser materials. 
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