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Abstract 

In this paper, Ho3+/Yb3+ co-doped chloride-modified fluorotellurite glasses with 2-3 μm mid-
infrared luminescence are prepared. By measuring and investigating the transmission spectra and 
emission spectra, the prepared glasses show a high transmittance (91%) and low maximum phonon 
energy (813cm-1). Based on the measured absorption spectra, the Judd-Ofelt parameters and 
radiation characteristics were calculated in depth. In addition, with the assistance of phonons, the 
energy transfer between Ho3+/Yb3+ ions further increases the mid-infrared fluorescence intensity. 
The calculated emission cross-section at 2.0μm and 2.85μm reach 16.47×10-21 cm2 and 7.8×10-21 
cm2, respectively. It is worth mentioning that the quantum efficiencies of Ho3+: 5I7→5I8 and 5I6→5I7 
reach 51.47% and 84.14% respectively. The results having also in mind good thermal stability 
(ΔT=102℃) and refractive index (n=1.645) indicate that this glass has a promising application for 
the study of fiber lasers in the mid-infrared band. 
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Introduction 

In recent years, luminescence in the mid-infrared band of 2-3 μm has attracted a lot of attention 
from researchers due to its potential applications in various aspects in remote sensing, LIDAR, 
human eye safety, and military [1-7]. Fiber lasers offer stable lasing while keeping the possibility 
of power scaling, high beam quality factor M2=1.1 and compact structure. It makes that rare-earth-
doped glass fibers have been widely investigated to obtain efficient luminescence in mid-infrared 
lasers. 

Trivalent rare-earth ions, such as Ho3+, Er3+, and Tm3+ can be used as active ions to achieve 
emission wavelengths in the mid-infrared region [8-16]. Ho3+ ion is one of the most attractive for 
emission in the 2-3 μm range. Unfortunately, Ho3+ is limited by effective excitation among 
commercial high-power laser diodes, which lacks a suitable absorption band for Ho3+. Effective 
mid-infrared luminescence can be achieved by introducing a sensitizer that absorbs pump light 
energy and then transferring it to donor like Ho3+, where the sensitizers include Tm3+ or Yb3+ [17]. 
There are two reasons for using Yb3+ as a sensitizer in this study. On one hand, Yb3+ has a high 
absorption cross-section at 976 nm, which is a wavelength readily available for high-power single-



 

mode laser diodes. On the other hand, the energy level of Yb3+: 5F5/2 is close to that of Ho3+: 5I6, so 
the pump energy absorbed by Yb3+ can be transferred to Ho3+. Therefore, Yb3+ is used as a donor in 
the Yb3+/Ho3+ doped system to achieve efficient excitation by the pumped LD source. The choice 
of the glass for a particular REs is another important factor in obtaining effective mid-infrared 
emission as the phonon energy of the host material determines the quantum efficiency of radiative 
transition [17, 18]. Fluoride and sulfur-based glasses are often used as matrix materials due to their 
low phonon energy, which can effectively reduce the probability of non-radiative transitions [19]. 
However, in majority they possess poor physicochemical stability and mechanical strength which is 
in contrast to heavy metal oxide glasses. In result they are often proposed as a main host material in 
the 2-3 μm spectral range. Among the various oxide glasses, tellurite glasses are known for their 
low phonon energy (750cm-1), high rare earth ion solubility, high refractive index (2.0) and wide 
transmittance range from the visible to mid-infrared [20, 21]. Moreover, previous studies have 
shown that the addition of fluoride ions can change the ligand field structure of the glass and reduce 
the content of residual hydroxyl groups, which will facilitate the improvement of the NIR 
transmittance edge of tellurite glasses and enhance the luminescence of rare-earth emission at 3 μm 
[22]. In recent years, a large number of studies on the thermal stability, structural and optical 
properties of fluoride and fluorotellurite glasses have been reported in the literature [23, 24]. In 
order to improve the luminescence properties of fluorotellurite glass, it is found that the introduction 
of Cl- could not only enhance the thermal stability of glass, but also improve the luminescence 
efficiency [25]. So far, there are few reports on chloride-modified Ho3+/Yb3+ co-doped 
fluorotellurite glass systems, so there are no complete and specific studies on thermal stability and 
structural analysis, as well as systematic studies on the effect of chloride content on spectral 
properties. This study aims to accomplish this task presenting investigation on chloride-modified 
fluorotellurite glasses prepared by a high-temperature melting method. Subsequently, the infrared 
transmittance and thermal stability of the samples were tested and studied in comparison. It was 
found that the thermal stability of the glass was enhanced with the increase of chloride content after 
the introduction of chloride and the hydroxyl content was reduced to some extent. The highly 
efficient mid-infrared luminescence is achieved by the chloride-modified fluorotellurite glass based 
on low phonon energy and smaller hydroxyl content. 
 
Experiments and measurements 
 The molar composition of the studied glass is as follows: a series of (100-x) (AlF3-MgF2-CaF2-
SrF2--YF3-TeO2)-xBaX2 (X = F, Cl) glasses were prepared by the conventional melting method and 
the samples were named F15, F10C5, F5C10, C15 with doping amounts of 1%mol HoF3 and 2%mol 
YbF3, respectively The molar percentages of different rare-earth ions for the preparation of AYCl 
glass contained: C15 - yHoF3 - 2YbF3 (y=1.5,2,2.5,3,3.5,4) which named AYCl1-AYCl6. The 
samples were prepared with 99.99% purity AlF3, CaF2, BaF2, SrF2, MgF2, BaCl2, YF3, YbF3, HoF3 
powders. The mixed 20g batch of each sample was placed in an alumina crucible and melted in a 
furnace at 900°C for 20 minutes. During melting crucible was covered with an alumina sheet in 
order to prevent evaporation loss of the fluoride components. The melt was poured onto a preheated 
stainless steel mold and annealed in a muffle furnace according to the glass transition temperature. 
Fully annealed samples were made and polished to 10mm×10mm×2mm for optical property 
measurements. 
 The density was measured by distilled water and Archimedes' principle, refractive index of the 



 

sample using prismatic least deviation method. The thermal stability of the chloride-modified 
fluorotellurite glasses were determined by using NetzschSTA449/C differential scanning 
calorimeter (DSC) at a temperature rise rate of 10 K/min. The absorption spectra in the range of 400 
~ 2500 nm were recorded with a UV/Vis/NIR spectrophotometer with a resolution of 1 nm. Raman 
spectra were measured with a Renishaw Via Raman microscope in the spectral range of 400 ~ 1000 
cm-1 using a 532 nm laser excitation with a resolution of 1 cm-1. Infrared transmittance was 
measured with a Perkin-Elmer 1600 series infrared spectrometer. The decay curves of Ho3+:5I6 and 
5I7 energy levels at 2μm and 2.85μm were recorded with a digital oscilloscope under 980 nm LD 
excitation at a maximum power of 2W with a resolution of 1 nm. The mid-infrared luminescence 
spectra (1800 - 2200 nm) and (2600 - 3200 nm) injected by light pulses were measured by using a 
monochromator with a liquid nitrogen-cooled FLS980 Mid-infrared fluorescence spectrometer with 
a 980 nm LD pumped beam. All measurements were performed at room temperature. Other 
conditions were kept as consistent as possible. 
 
Thermal stability characteristics 

Fig. 1(a) shows the DSC curve of the chloride-modified fluorotellurite glass at 10 K/min 
temperature rise. The analysis of the DSC curve leads to characteristic temperature parameters such 
as glass transition Tg, crystallization onset Tx. The Tx is generally considered as the upper 
temperature limit for glass heat treatment process to avoid devitrification. The thermal stability 
(ΔT=Tx-Tg) is usually used as a rough criterion parameter to judge the glass fiberisation ability [26]. 
Therefore, as the value of ΔT is larger, it indicates a wider working temperature range for preparing 
optical fibers. In order to satisfy the resistance to crystallization of glass preforms in the fiber 
drawing process, the ΔT should be larger than 100°C, however it strongly depends on the drawing 
parameters. From the analysis in Fig. 1(b), the characteristic glass temperatures of Tg and Tx 
decrease with the increase of the introduced Cl content. Similar with other reported results [25], the 
decrease of Tx was more moderate. The increasing of the thermal stability parameter occurred as a 
result of faster decrease of Tg value with the chloride ions concentration in the fluorotellurite glass. 
Hence it is inferred that the thermal stability of the chloride-modified fluorotellurite glass was 
improved. It is worth to note that showed in Table 1, the ΔT of the prepared C15 glass is 102°C, 
which is larger than that of the ZBLAN glass and fluorophosphate glass. Therefore, it is judged that 
fluorotellurite glass under chloride modification exhibits promising thermal stability and has 
potential applications in the field of mid-infrared lasers. 

Table 1 Characteristic temperature of non-rare earth ion doped glasses. 
 Tg Tx ΔT Reference 

F15 451 540 89 This work 

F10C5 441 537 96 This work 

F5C10 428 527 99 This work 

C15 423 525 102 This work 

fluorophosphate glass 332 408 76 [18] 

ZBLAN 438 520 82 [19] 



 

 
Figure 1 (a) Characteristic temperature of C15 glass. (b) Trend of characteristic temperature of 
chloride-modified fluorotellurite glasses. 
 
Infrared transmission spectra and XRD spectrum 

The infrared transmission spectra of chloride-modified fluorotellurite glasses in the range of 
400-4000 cm-1 are illustrated in Fig. 2(a). The maximum infrared transmittance of fluorotellurite 
glass reaches 91%, leaving 10% loss due to Fresnel reflection absorption and dispersion of the glass 
[27]. The infrared transmittance is reduced due to the influence of absorption peak of CO2 group 
near 3000cm-1 and absorption of OH- group around 3500cm-1. It is known that OH- groups 
participate in energy transfer, which leads to luminescence quenching of Er and Ho ions at 3 µm[28]. 
Therefore, the introduction of chlorides reduces the content of OH- and strengthens the mid-infrared 
luminescence. The hydroxyl content can be calculated by the infrared transmission spectra through 
the following equation [1]: 

 α[𝑂𝑂𝑂𝑂−] = ln(𝑇𝑇0 𝑇𝑇⁄ )
𝑑𝑑

 (1) 

where d is sample thickness, T0 is baseline transmittance and T is transmittance at 2.5μm. As shown 
in Fig. 2(b), the infrared transmittance gradually increases while the OH- content decreases through 
the addition of BaCl2. Table 2 shows the hydroxyl content of fluorotellurite glass modified by 
chloride and the hydroxyl content of C15 is calculated as the minimum value of 0.782 cm-1. 
Therefore, we believe that the introduction of Cl- causes the HF and HCl formation in the 
fluorotellurite glass to volatilize continuously leading to the OH- group being removed constantly. 
It is also worth to note that with the increase of Cl- content, the infrared cut-off wavelength of glass 
reaches 7.6μm, which is longer than fluorophosphate glasses (4.5μm) [29] and germanate 
glasses(6.5μm) [30]. Therefore, the chloride-modified fluorotellurite glass with low hydroxyl 
content and high transmittance is a promising mid-infrared luminescent material. 
 

Table2 The hydroxyl content of fluorotellurite glass modified by chloride 
 F15 F10C5 F5C10 C15 

Hydroxyl Content(cm-1) 1.352 1.336 1.138 0.788 

 



 

 
Figure 2 (a) Infrared transmittance spectra of chloride-modified fluorotellurite glass in the range of 
400-4000cm-1. (b) Infrared transmittance (@2.5μm) and hydroxyl content of samples with different 
chloride concentrations. 

Fig. 3 shows the XRD spectra of AYCl glass. It can be seen that all the glasses exhibit similar 
spectrum and there is no sharp crystallization peaks but broad humps between 20° and 60°, which 
confirms the glass is in an amorphous nature. 

 
Figure 3 XRD of chloride-modified fluorotellurite glass 

 
Raman spectra 
 In Fig. 4, the inset shows the Raman spectra of all samples with peaks near 415 cm-1, 
corresponding to the stretching vibrations of the Te-O-Te bond formed by the [TeO4] triangular 
double cone, the [TeO3] triangular cone and the [TeO3+1] polyhedron vertex. The vibrational peak 
at 568 cm-1 is close to the position of the Raman peak of the Al-F bond in the [AlF6] regular 
octahedron reported by Gan [31]. Maaoui [32] reported that after the introduction of BaF2 into 
tellurite glasses, F- replaced some of the bridging oxygen in the [TeO4] unit, turning the [TeO4] unit 



 

into a [TeO, F]4 structural unit connected by bridging oxygen or bridging fluorine. Nabazal [33] 
found that F- took the place of O2- in part of the glass network structure after the introduction of 
fluoride into tellurite glasses. It is judged that the less O2- in the fluorotellurite glass network 
structure, the more [TeO3] units will be present. In addition, the presence of [TeO, F]4 structural 
units in the fluorotellurite glass structure will cause the Raman peak position of [TeO3] units moving 
to higher energy levels. Moreover, the Raman vibrational peak at 813 cm-1 corresponds to the [TeO3], 
[TeO3+1] and [TeO, F]4 structural units. The Raman spectra of undoped rare earth chloride-modified 
fluorotellurite glasses are shown in Fig. 4. The peaks at 813cm-1 decrease with the increase of 
chloride ions content, which indicates that introduction chloride ions will reduce the number of non-
bridge fluorides. This peak corresponds to the maximum phonon energy of chloride-modified 
fluorotellurite glass which is known as an important factor responsible for decreasing of non-
radiative transitions, and facilitates the acquisition of efficient mid-infrared laser emission.  
However, the changes of different phonon energy of the chloride modification fluorotellurite glass 
are slight. We have judged the change of emission strength of modified fluorotellurite glass from 
phonon density. As reported in the literature[33], in the case of weak coupling of rare-earth 
luminescent centers, the multiphonon emission rate(MPR) 𝑊𝑊𝑀𝑀𝑀𝑀 follows the exponential gap law 
given by the following equation: 

 𝑊𝑊𝑀𝑀𝑀𝑀(0) = C � 𝑒𝑒𝑒𝑒𝑒𝑒(ℏ𝜔𝜔𝑃𝑃/𝐾𝐾𝐾𝐾)
𝑒𝑒𝑒𝑒𝑒𝑒(ℏ𝜔𝜔𝑃𝑃/𝐾𝐾𝐾𝐾)−1

�
𝑃𝑃
𝑒𝑒−𝛼𝛼ΔE (2) 

where P = ΔE/ℏ𝜔𝜔𝑃𝑃 is the phonon order, E is the energy level difference, ℏ𝜔𝜔𝑃𝑃 is the maximum 
phonon energy of the glass matrix, K is the Boltzmann constant, 𝛼𝛼 = ln(𝜀𝜀)/ℏ𝜔𝜔𝑃𝑃, and C depends on 
the matrix. In general, the maximum phonon energy of the glass matrix determines the multiple 
phonon decay of rare earth ions in the glass, as expressed in the equation. However, for samples 
with similar phonon energies, it is shown that the P values of the chloride-modified samples are also 
closer to each other. Therefore, the constant C may be an important factor in determining the 𝑊𝑊𝑀𝑀𝑀𝑀. 
According to the Debye approximation: 
 C ∝ ρω5/3 (3) 
where ρω is the phonon density of the glass matrix. Thus, a lower phonon density leads to a smaller 
C, implying a weaker MPR and stronger luminescence. The Raman peak intensity of the chloride-
modified glasses decrease significantly with the increase of Cl-. From the small changes in the 
emission intensity and the maximum phonon energy of these modified glasses, it is inferred that the 
difference in emission intensity is mainly influenced by the phonon density. In this study, the 
fluorotellurite glass has low phonon energy, and the phonon density is further reduced by the 
chloride modification. It is expected the mid-infrared luminescence can be enhanced. 



 

 

Figure 4 Raman spectra of chloride-modified fluorotellurite glasses. The inset is Raman split peak 
diagram. 
 
Absorption spectra and energy transfer mechanisms 

The measured absorption spectra of glasses with different concentrations of Ho3+/Yb3+ co-
doped and Ho3+ doped chloride-modified fluorotellurite glasses in the range of 400-2500 nm are 
illustrated in Fig. 5. It mainly consists of eight absorption bands from Ho3+ ground state 5I8 to 5I7, 
5I6, 5F5, 5F4+5S2, 5F3, 5G6, 5G5 and Yb3+ ground state 5F7/2 to excited state 5F5/2, respectively. There 
is no transition above the 5G5 energy level due to the intrinsic state absorption of the substrate. The 
absorption intensity increases with increasing Ho3+ concentration, and no change in the waveform 
or shift in the peak position is observed for the Ho3+/Yb3+ co-doped fluorotellurite glass, which is 
the same result as the other Ho3+/Yb3+ co-doped mechanism glasses [34, 35]. The results indicate 
that Ho3+ is well incorporated into the chloride-modified fluorotellurite glass network and no 
clustering of the local coordination field occurs [2]. Ho3+ doped AYCl glass cannot match the 
emission wavelengths of commercial lasers (808 nm and 980 nm) because of the lack of suitable 
absorption bands, but strong absorption near 980nm can be achieved by energy transfer form Yb3+. 
The comparison between AYCl glass and AYCl1-6 glasses clearly seen a large absorption band of 
Yb3+: 2F5/2, which enables efficient laser diode pumping at the 980 nm and transfer energy to Ho3+ 
to achieve the mid-infrared luminescence at 2μm and 2.85μm. 



 

 
Figure 5 Absorption spectra of Ho3+ single-doped and Ho3+/Yb3+ co-doped chloride-modified 
fluorotellurite glasses. 

The Judd-Ofelt theory, is widely used to predict the spectral properties of the f-f transition of 
trivalent rare earth ions, was developed independently by Judd and Ofelt simultaneously in 1962 
[36]. According to this theory, some important spectral parameters such as J-O intensity parameters, 
radiative transition probabilities, fluorescence branching ratios and lifetimes can be calculated from 
absorption spectra and refractive index. The detailed calculation steps have been mentioned in other 
literature [37]. In this article, only the calculation results are discussed. Table 3 shows the J-O 
parameters of Ho3+ in various glasses. According to previous studies, Ω2 represents the number of 
covalent bonds between Ho3+ and the ligand anion. Larger Ω2 indicates the stronger covalency and 
the lower the symmetry of Ho3+ [38]. In the analyzed glasses the BaCl2 was initially introduced in 
the expense of BaF2. In addition, the high content of BaF2 is conducive to the existence of fluorine 
ions around Ho3+, which reduces the covalence of the rare earth ion position and leads to the lower 
Ω2 value. As the BaCl2 concentration was further increased, the strength of the covalent bonds 
changed again, implying that the Ho-F ionic bonds were gradually replaced by those of Ho-Cl. Since 
the electronegativity of F (3.98) was bigger than that of Cl (3.16), the covalency of Ho-Cl was 
stronger than that of Ho-F. This phenomenon indicates that the stability of the microstructure 
disorder and glass network structure after the introduction of Cl- was strengthened, while the 
asymmetry around Ho3+ was decreasing after the gradual introduction of Cl-. In contrary the Ω6 
parameter is less associated with the local environment of Ho3+ ion, but more dependent on the 
overlapping integrals of the 4f and 5d orbitals. The value of Ω6 parameter of the modified 
fluorotellurite glasses is higher than that of fluorophosphate glass, tellurite glass and fluoride glasses 
systems (Table 3). Thus, the prepared samples have lower covalency and higher 4f and 5d orbital 
overlap integrals. 

Table 3 J-O parameters (Ω2,4,6) of Ho3+ in various glasses. 
Sample glass Ω2 Ω4 Ω6 Reference 

F15 3.6 1.18 1.48 This work 
F10C5 3.25 1.2 1.58 This work 
F5C10 3.83 1.76 1.72 This work 

C15 3.54 1.94 1.59 This work 



 

Fluorophosphate 2.54 3.19 1.27 [39] 
Fluoride 1.86 1.90 1.32 [40] 
Tellurite 6.79 3.92 1.51 [41] 

The radiative transition probabilities, fluorescence branching ratios and decay lifetimes of 
Ho3+-doped chloride-modified fluorotellurite glasses at different energy levels are shown in Table 
4. It is worth noting that the Arad of AYCl3 for Ho3+:5I7→5I8 reaches 118.05 s-1, which is higher than 
both fluorophosphate glass (70.98s-1) [42] and tellurite glass (104s-1) [43]. It is well known that 
larger radiative transition probabilities provide better opportunities for mid-infrared luminescence. 
The effective luminescence of Ho3+/Yb3+ co-doped chloride-modified fluorotellurite glasses of 2μm 
and 2.85μm were obtained. 
 

Table 4 Radiative transition probabilities (Arad), branching ratios (β) and radiative lifetimes 
(τrad) of Ho3+ in AYCl3 glass. 

Transition Energy gap(cm-1) Arad(s-1) β(%) τrad (ms) 
5I7-5I8 5128 118.05 100% 8.47 
5I6-5I8 8681 210.35 84.62% 4.02 
5I6-5I7 3552 38.24 15.38%  
5I5-5I8 11236 75.42 38.61% 5.12 
5I5-5I7 6108 104.79 53.65%  
5I5-5I6 2555 15.11 7.74%  

 
Fluorescence spectra and fluorescence lifetimes 
 Fig. 6(a) and (b) depict the fluorescence spectra of 1mol Ho3+/ 2mol Yb3+ co-doped 
fluorotellurite glasses under 980 nm laser pumping. The mid-infrared band luminescence at 2μm 
and 2.85μm correspond to the energy levels transition of Ho3+: 5I7→5I8, 5I6→5I7, respectively. 
Interestingly, when the content of BaCl2 increases, BaF2 in glass components is gradually replaced, 
and Cl- content in glass components increases, it can be found that the emission intensity of mid-
infrared luminescence in both bands increases significantly. When BaCl2 completely superseded 
BaF2, the emission intensity reached its maximum value, and the thermal stability of the glass was 
improved while maintaining the high infrared transmittance of the glass. It is noteworthy that the 
fluorescence spectrum of 2μm consists of several Stark emission bands in the shape of non-Gaussian 
peaks. A Gaussian deconvolution method was used to verify the peak portion of the spectrum of 
2μm, and the results are shown in Fig. 6(c). It can be observed that the wavelengths distributed by 
two Gaussians are 1944 nm and 2032 nm, respectively. According to the spectra, it can be developed 
a three-energy-level equivalent model as shown in the inset of Fig. 6(c), where the 5I7 energy level 
is represented by the upper Stark energy level c and the lower energy level b. The energy levels 
transition such as b → a, c → a, corresponding to peak 1 and peak 2, respectively (Fig. 6(c)). 
Moreover, the shape of the Gaussian peak is somewhat different compared to the other reported 
results, which could indicate a close relationship between the Stark splitting and the composition of 
the glass matrix [44]. 

To elucidate the mid-infrared luminescence more accurately, the energy level transition and 
energy transfer between Yb3+ ions and Ho3+ ions were analyzed as shown in Fig. 6(d). When the 
sample is irradiated by the 980 nm laser, the ground state energy level Yb3+: 5F7/2 is pumped to the 
excited energy level Yb3+:5F5/2. Then part of the energy can be transferred to a neighboring Ho3+ by 



 

transferring energy under the assistance of host phonons (ET: Yb3+:2F5/2+Ho3+:5I8→Yb3+:2F7/2+ 
Ho3+:5I6). A part of the ions are transferred to the higher energy level 5F4+5S2 via excited-state 
absorption (ESA:5I6+a photon→5F4,5S2). The ions on the 5F4 and 5S2 energy levels will decay non-
radiatively (NR) to the next level 5I5 as well as further decay rapidly to the 5I6 energy level. Another 
part ions in Ho3+: 5I6 energy level relax to lower energy level Ho:5I7 by radiative process obtains 
2.85μm fluorescence. Simultaneously, non-radiative emission takes place from the 5I6 level to the 
low 5I7 level. Besides, most of the Ho3+ ions in the 5I7 energy level return to the 5I8 ground energy 
level with a strong mid-infrared emission at 2.0 μm. It is worth to note that up-conversion 
mechanisms have not been analysed. 

In addition, quantum efficiency is an important characteristic parameter for fluorescence 
emission. Spontaneous radiation life and measured fluorescence life are used to calculate the 
efficiency of quantum efficiency, which can be calculated according to the formula: 

 η = τmea
τrad

× 100% (4) 

where τmea  is the measured fluorescence emission life and τrad  is spontaneous radiation 
transition life calculated by J-O parameters. Fig. 6 (e) shows the fluorescence lifetime of Ho3+: 5I7

→5I8. With the increase of Cl content, the fluorescence lifetime increases. Moreover, the inset shows 
the obtained quantum efficiency of Ho3+: 5I7→5I8 increased from 11.6% of F15 to 14.9% of Cl15. 
The fluorescence lifetime decay curve of Ho3+: 5I6→5I7 is shown in Fig. 6 (f), in which the trend of 
changes is the same as Ho3+: 5I7→5I8. The inset shows that the obtained quantum efficiency of F15 
increases from 20.48% to 30.99% of Cl15. It can be seen that the introduction of Cl makes the 
quantum efficiency continuously improve. Therefore, the luminescence property of fluorotellurite 
glass is further improved after chloride modification. 

 



 

 

Figure 6 (a) Fluorescence spectra between 1800nm-2200nm. (b) Fluorescence spectra between 
2600nm-3200nm. (c) 2μm energy level equivalent model, and the inset is Gaussian convolution 
wavelength distribution. (d) Energy level diagram and energy transfer mechanism between Ho3+ 
and Yb3+ ions in chloride-modified fluorotellurite glass. (e) Ho3+:5I7→5I8 fluorescence lifetime and 
the inset is quantum efficiency of different samples with different chloride content in 2 μm. (f) 
Ho3+:5I6→5I7 fluorescence lifetime and the inset is quantum efficiency of different samples with 
different chloride content in 2.85 μm. 
 Fig. 7 (a) and (b) show the mid-infrared luminescence intensity for different HoF3 
concentration, when YbF3 is 2 mol%. The maximum luminescence intensity in both bands of 2μm 
and 2.85μm occur in the AYCl3 sample. Then, due to the concentration quenching effect, the 
fluorescence luminescence intensity starts to weaken with the further gradual increase of Ho3+, and 
thus the optimal concentration of HoF3 is judged to be 2.5mol%. Meanwhile, calculating the full 
width of half maximum (FWHM) of the emission spectra shown in Fig. 7(c), the strongest peak 
corresponds to the wavelength of the luminescence center, and make a horizontal line parallel to the 
X axis at half of the peak. The intersection points are located on both sides of the peak. The distance 
between the two intersection points is the maximum half-height width. FWHM is usually used to 
judge the performance of light amplification. The FWHM of 2μm is 166.32 nm, which is larger than 
that of tellurite germanate glass (146nm) [45]. As is shown in Fig. 7 (d), the FWHM at 2.85μm is 
85.76 nm, which is much larger than that of fluoroaluminate glass (59nm) [34] and fluorotellurite 
glass (83nm) [46]. Obtaining a wide FWHM offers the possibility to develop fiber optical parametric 
amplifiers [47]. 

https://dict.youdao.com/w/eng/fiber_optical_parametric_amplifiers/#keyfrom=dict.phrase.wordgroup
https://dict.youdao.com/w/eng/fiber_optical_parametric_amplifiers/#keyfrom=dict.phrase.wordgroup


 

 
Figure 7 (a) Fluorescence spectra of Ho3+/Yb3+ co-doped C15 glasses between 1800nm-2200nm. (b) 
Fluorescence spectra of Ho3+/Yb3+ co-doped C15 glasses between 2600nm-3200nm. (c) The 
relationship between FWHM of 2μm fluorescence and HoF3 content. (d) The relationship between 
FWHM of 2.85μm fluorescence and HoF3 content. 
 To analyze the Ho3+/Yb3+ co-doped luminescence properties, the fluorescence decay curves 
corresponding to the 5I7 energy level and 5I6 energy level were measured under 980 nm laser 
excitation of the chloride-modified fluorotellurite glasses as shown in Fig. 8. It is found that the 
fluorescence lifetime at 2μm and 2.85μm of the AYCl3 sample can reach 4.36ms and 0.52ms, 
respectively. The obtained fluorescence lifetime times are much larger than those of fluoride glass 
(2.997ms) [48] at 5I7 level and larger than tellurite glass (0.434ms) [35]. In addition, we can observe 
the relationship between fluorescence lifetime and Ho3+ ion dopant concentration. When HoF3 
reaches 2.5mol%, the fluorescence lifetime begins to decrease with the increase of Ho3+ 
concentration. The reason can be attributed to the fact that increasing the doping concentration will 
bring dipole-dipole interactions between Ho – Ho ions, which provides more opportunities for the 
energy transfer process, resulting in more non-radiative transitions at the 5I6 and 5I7 levels, thereby 
shortening the emission fluorescence lifetime. Additionally back transfer to Yb ions can not be 
excluded. 

The obtained quantum efficiencies of Ho3+ : 5I7→5I8 and Ho3+ : 5I6→5I7 at AYCl3 are 51.47% 
and 84.14% respectively, which are larger than that of Ho3+ : 5I7→5I8 in tellurite glass (42.6%) [43] 
and Ho3+ : 5I6→5I7 in YSGG(32.7%) [49]. The chloride-modified fluorotellurite glass with higher 
quantum efficiency is a potential material for 2-3 μm luminescence. 

 



 

Figure 8 Fluorescence decay curves of the Ho3+: 5I7→5I8 level and 5I6→5I7 transitions in AYCl3 
glass. 
 
Absorption cross-section, emission cross-section and gain coefficient 
 To explore more deeply the potential applications of mid-infrared luminescent materials, we 
calculated the emission cross-section, absorption cross-section, and gain coefficient of the AYCl3 
glass. The emission cross-section was calculated from the emission spectra according to the 
Füchtbauer– Ladenburg (FL) formula [50]: 

 𝛿𝛿𝑒𝑒𝑒𝑒(𝜆𝜆) = 𝜆𝜆4𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟
8𝜋𝜋𝜋𝜋𝑛𝑛2

× 𝜆𝜆𝜆𝜆(𝜆𝜆)
∫ 𝐼𝐼(𝜆𝜆)𝑑𝑑𝑑𝑑

 (5) 

where Arad is the spontaneous transition probability corresponding to Ho3+: 5I7→5I8, 5I6→5I7 
transitions, λ is the wavelength, n and c represent the refractive index of the glass and the speed of 
light, respectively. λI(λ) and the integral λI(λ) are the fluorescence spectral intensity and the light 
intensity integral. 2μm and 2.85μm emission cross-sections of the AYCl3 sample are 11.82 × 10-21 
cm2 and 8.95 × 10-21 cm2, respectively. The higher emission cross-section is more favorable to 
obtain high gain laser output. In addition, the absorption cross-section was obtained from the 
calculated emission cross-section using the McCumber (MC) formula [39]: 

 𝛿𝛿(𝜆𝜆) = 𝛿𝛿𝑎𝑎𝑎𝑎𝑎𝑎(𝜆𝜆) × 𝑍𝑍𝑙𝑙
𝑍𝑍𝑢𝑢

× 𝑒𝑒𝑒𝑒𝑒𝑒 �ℎ𝑐𝑐
𝑘𝑘𝑘𝑘

× � 1
𝜆𝜆𝑍𝑍𝑍𝑍

− 1
𝜆𝜆
�� (6) 

where Zl and Zu represent the lower and upper energy level optical transition parameters, 
respectively. λZL is the transition wavelength between the Stark lower energy level of the emitting 
polymorph and the Stark lower energy level of the receiving polymorph. T and k are constants 
representing the temperature and Boltzmann constant, respectively. 

The larger absorption cross-section is beneficial to absorbing energy from pump light and 
improving pump efficiency. As shown in Fig. 9(a) and (c), it indicates that the absorption cross-
section of the AYCl3 sample glass reaches 16.47×10-21 cm2 and 7.8×10-21 cm2 at 2μm and 2.85μm, 
respectively. Therefore, the chloride-modified fluorotellurite glass is a good favorable substrate 
material with good mid-infrared luminescence properties. Furthermore, the gain characteristic 
coefficient of the material can be calculated to judge its emission performance quantitatively. The 
gain coefficient G(λ) can be obtained by using the formula [3]: 
 G(𝜆𝜆) = 𝑁𝑁[𝛿𝛿𝑒𝑒𝑒𝑒(𝜆𝜆)− (1− 𝑃𝑃)𝛿𝛿𝑎𝑎𝑎𝑎𝑎𝑎(𝜆𝜆)] (7) 
where N is the rare-earth ion concentration of Ho3+ and P is the inverse order occupation of the 
corresponding Ho3+ ions.  

Fig. 9(b) and (d) show the gain curves for AYCl3 samples at the 5I7 and 5I6 level, respectively. 
As the ion number reversal decreases, the gain peak keeps moving toward the long wavelength. This 
is a very common feature in three-energy laser systems [51]. It is obvious to find that the gain 
coefficient is positive at P>0.7 in the 2μm band and positive at P>0.5 in the 2.85μm band. This 
result indicates that the prepared chloride-modified fluorotellurite glass with good emission 
properties in the mid-infrared band is a promising material for high-gain mid-infrared luminescence. 



 

 

Figure 9 (a) AYCl3 glass Ho3+: 5I7→5I8 energy level transmission absorption and emission cross-
section. (b) Gain coefficient corresponding to 5I7→5I8 transition of Ho3+ in AYCl3 glass. (c) 
Absorption and emission cross-section of Ho3+: 5I6→5I7 energy level transition of AYCl3 glass. (d) 
Gain coefficient corresponding to 5I6→5I7 transition of Ho3+ in AYCl3 glass. 
 
Conclusion 
 In summary, Ho3+/Yb3+ co-doped chloride-modified fluorotellurite glasses are prepared. The 
substitution of BaF2 by BaCl2 showed a beneficial influence on the infrared transmittance thermal 
stability and characterized by Raman spectroscopy. The J-O intensity parameters and radiation 
properties of Ho3+ ions are calculated based on the J-O theory. A multi-energy level equivalent 
model is proposed to describe the 2μm and 2.85μm fluorescence. The experimental results show 
that the introduction of chloride in fluorotellurite glass helps to remove OH- effectively and 
improves the transmittance of fluorotellurite glass. Meanwhile, the chloride-modified fluorotellurite 
glass has the advantage of low phonon energy density. Due to the reduced phonon density of the 
glass matrix, the lifetime of Ho3+ at the high energy level is prolonged, which leads to an increase 
in the radiation transition probability. A broadband 2µm emission with FWHM of 166.32 nm is 
obtained under the pump of 980 nm LD. The calculated emission cross-sections of the prepared 
AYCl3 glass at 2μm and 2.85μm reached 16.47 × 10-21 cm2 and 7.8 × 10-21 cm2. The quantum 
efficiencies of Ho3+: 5I7→5I8 and 5I6→5I7 reach 51.47% and 84.14%, respectively. The prepared 
chloride in fluorotellurite glass reveals excellent performance in mid-infrared luminescence. 
Therefore, this glass has potential applications in mid-infrared fiber amplifiers and laser devices. 
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