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Abstract:

Mid-infrared lasers have important applications in infrared countermeasures, sensing, 

environmental monitoring, biomedicine and many military and civilian fields. In this work, an 

intense emission at 2.9 μm from Yb3+/Ho3+ co-doped TeO2-Ga2O3-ZnO (TGZ) glass was reported. 

The 2 μm, 1.2 μm and visible emissions were also performed to understand the competitive 

luminescent mechanism. With the increase of Yb3+ ions concentration, all the emissions of Ho3+ 
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increased while the emission of Yb3+ decreased due to the phonon-assisted energy transfer from 

Yb3+ ions to Ho3+ ions. The lifetimes of optimized 3 mol% Yb2O3 and 1 mol% Ho2O3 co-doped 

TGZ glass, which has the maximum emission intensity, are 548 μs and 1.7 ms at 2.9 and 2 μm, 

respectively. The Judd-Ofelt intensity parameters, absorption and emission cross-sections were 

calculated to evaluate the mid-infrared fluorescence properties of this new glass matrix material. 

The gain coefficients show that the 2.0 and 2.9 μm laser gain can be realized by small pump 

energy, indicating that this glass is a promising medium for the mid-infrared optical fiber laser.

Keywords: Tellurium glass; Yb3+/Ho3+; 2.9 μm; energy transfer

1. Introduction

Lasers with a wavelength of 2~3 μm have important application prospects in those civil and

military fields such as laser medical surgery, atmospheric monitoring, remote sensing, due to the 

strong absorption in water and its eye-safe characteristic1. In this research, Ho3+ ion is a promising 

candidate for 2 and 2.9 μm lasers owing to the 5I7→5I8 and 5I6→5I7 transitions, respectively. 

However, it can not be obtained efficiently due to the lack of absorption bands matched with 

commercial 808 and/or 980 nm laser diodes (LDs). Therefore, sensitized excitation with rare-earth 

and/or semimetal co-doping such as Tm3+/Ho3+, Nd3+/Ho3+, Er3+/Ho3+, Bi3+/Ho3+, and other 

rare-earth co-doped glasses have attracted much attention as important matrix materials for 2~3 

μm fiber lasers2-5. Moreover, Yb3+ has a relatively larger absorption cross-section at 980 nm, and 

there is a very effective energy transfer process between Yb3+ and Ho3+, which perfectly solves the 

problem of Ho3+ lack of absorption band matching with commercial high-power LDs6. However, 

the current research on the Yb3+/Ho3+ co-doped system mainly focuses on up-conversion and 2 μm 

emission. Although the introduction of Yb3+ can realize the population of electrons on the upper 

energy level of Ho3+: 2.9 μm fluorescence (Ho3+: 5I6 energy level), few studies have considered the 

influence of Yb3+ incorporation on Ho3+: 2.9 μm fluorescence because this emission is difficult to 

obtain due to the high non-radiative rate of 5I6 level.

To achieve high efficient mid-infrared luminescence, the choice of glass matrix with low 

phonon energy and enough robust is very important, because non-radiative transitions can A
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significantly reduce the luminescence efficiency1. Based on the above requirements, the 

high-efficiency emission of Ho3+: 2.9 μm fluorescence is mainly concentrated in fluoride glass and 

sulfide glass matrix, but their mechanical properties and chemical stability are poor7. Tellurite 

glass possesses relatively low phonon energy (~760 cm-1) and a large transmission window1, 8. 

Meanwhile, it has better mechanical properties and chemical stability than fluoride and sulfide 

glasses. Nevertheless, in the field of mid-infrared fiber lasers, the ternary tellurite oxide glasses 

mainly conclude zinc sodium tellurite glass (TeO2-ZnO-Na2O), lanthanum tungsten tellurite glass 

(TeO2-WO3-La2O3), and barium lanthanum tellurite glass (TeO2-BaO-La2O3), their low glass 

transition temperature and laser damage threshold limit the laser output power and further 

performance improvement9. In the previous work10, it was found that TeO2-Ga2O3-ZnO (TGZ) 

glass has low phonon energy (~760 cm-1), excellent anti-devitrification properties (ΔT>100℃), 

high rare-earth-doping concentration, which is a new near- and mid-infrared laser glass matrix that 

can be expected to achieve 2.9 μm luminescence of Ho3+ ions.

In this work, Yb3+/Ho3+ co-doped TGZ glasses were prepared by melt quenching technique. 

The absorption and luminescence properties of the prepared glasses were investigated in detail, 

especially the emission at 2.9 μm. The Judd-Ofelt (J-O) intensity parameters, absorption and 

emission cross-sections were calculated to evaluate the radiative and gain properties of the 

Ho3+/Yb3+ co-doped TGZ glasses.

2. Experimental

2.1 Glass preparation

TGZ glasses with compositions of (84-x)TeO2-5Ga2O3-10ZnO-xYb2O3-1Ho2O3 (x=0.5, 1, 1.5, 

2, 2.5, 3, in mol %) were prepared by a melt-quenching method. 10 g of raw materials were 

thoroughly mixed in an agate mortar. Then the batches were transferred into a muffle furnace and 

melted at 850 ℃ for 30 min. The melts were quenched onto a preheated copper plate for glass 

formation and the as-prepared glasses were annealed at 320 ℃ for 120 min in a muffle furnace. 

When the glass temperature drops to room temperature, the as-prepared glasses were cut and 

polished with a thickness of 1 mm for physical and spectroscopic measurements.

2.2 MeasurementsA
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The glass density was measured according to the Archimedes principle using a balance with 

kit for density determination. The de-ionized water was used as immersion liquid. The refractive 

index of the glass was measured by Metricon 2010-Type Prism coupler (test accuracy is ±0.001). 

Raman spectrum was conducted by Raman spectrometer (Renishaw in Via, Gloucestershire, UK) 

in the range of 200-1200 cm-1 with a 785 nm laser excitation. Absorption spectra were recorded by 

Perkin-Elmer Lambda 900 UV/VIS/NIR double beam spectrophotometer (Waltham, MA, US) 

with an error of ±1 nm. The emission spectra from visible to mid-infrared were collected by 

FLS980 fluorescence spectrometer, equipped with R928P PMT (for visible emissions), InGaAs 

detector (for 1~1.25 μm emission), and InSb detector (for 2~3 μm emission), respectively. The 

excitation source was 980 nm laser diode (LD). Fluorescence decay curves were recorded by a 

digital oscilloscope (TDS3012C, Tektronix) and signal generator (TDS3051C, Tektronix). All 

experiments were carried out at room temperature. 

3. Results and discussion

3.1 Physical properties

As shown in Figure 1A, the transmittance of 3 mol% Yb2O3 and 1 mol% Ho2O3 co-doped 

TGZ glass reaches 72%, indicating this glass has good transparency. Inset shows no visible 

impurity particle inside the glass. The absorption bands will be analyzed in the following part. The 

refractive indices were fitted by Sellmeier dispersion equation, as shown in Figure 1B. With the 

increase of Yb3+ concentration, the density increased from 5.357 to 5.636 g/cm3, as the inset of 

Figure 1B shown.

3.2 Absorption spectra and J-O theory analysis

The absorption spectra of Yb3+/Ho3+ co-doped TGZ glasses in the range of 350-2500 nm 

were shown in Figure 2. Each assignment corresponding to the absorption transitions from the 

ground state to excited states of Ho3+ and Yb3+ ions were marked in the figure. The absorption 

bands of different samples showed the same intensity except for the band at 980 nm. The 

absorption band from Yb3+: 2F7/2→2F5/2 near 980 nm (covering from 9.3～11.8×103 cm-1) becomes 

stronger with the increase of Yb3+ concentration (the inset of Figure 2). The energy gap of Ho3+: 

5I8→5I6, which is close to the transition of Yb3+: 2F7/2→2F5/2, can receive the electrons by A
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phonon-assisted energy transfer from Yb3+ ions. 

The absorption spectra can be used to predict the spectroscopic parameters of rare-earth ions 

doped materials such as radiative transition probability, radiative lifetime, fluorescence branching 

ratio of various transitions through the Judd-Ofelt theory11-14. Using the J-O theory and the 

reduced matrix elements given in the literature15, the J-O intensity parameters Ωi (i=2, 4, 6) can be 

calculated. The density and refractive index used for calculation were 5.636 g/cm3 and 1.965, 

respectively. Here the absorption bands at 1154, 644, 540, 454, and 418 nm of Ho3+-doped TGZ 

glass were used to calculate the J-O intensity parameters, and the Ωi (i=2, 4, 6) values of TGZ 

glass samples are 4.79, 3.43, and 1.31 (×10-20 cm2), respectively. The root-mean-square error is 

1.22×10-6, indicating the results are reliable. Generally, J-O parameters can reflect the local 

environment information of rare-earth ions in the glass host, in which the value of Ω2 mainly 

depends on the coordination field environment of rare-earth ions in the matrix, and as the 

symmetry around the rare-earth ions increases, the value of Ω2 will be increased accordingly. 

Compared with the J-O strength parameters with Ho3+ ions in other matrices, Ω2 of Yb3+/Ho3+ 

co-doped TGZ glass in the present work show a larger value than that of fluoride glass (2.43×10-20 

cm2), phosphate glass (3.33×10-20 cm2) and silicate glass (2.87×10-20 cm2), but less than that of 

heavy metal lead-bismuth-gallium glass (5.15×10-20 cm2). This may be related to the various 

polyhedrons that exist in the network of tellurite glass and the strong covalency degree between 

Ho3+ ions and ligand anions. The Ω4/Ω6 value indicates favorable mid-infrared emission. The TGZ 

glass with a relatively higher Ω4/Ω6 value indicates good mid-infrared emission quality.

Based on the J-O intensity parameters, the electric dipole transition probability (Aed), the 

magnetic dipole transition probability (Amd), the spontaneous emission transition probability (Arad), 

the fluorescence branch ratio (β) and radiation lifetime (τrad) are listed in Table 2. It can be seen 

that the τrad of the Ho3+: 5I6 energy level (2948 μs) is less than that of the Ho3+: 5I7 lower energy 

level (5704 μs), indicating the 5I6→5I7 transition is a typical self-terminating process. Additionally, 

as listed in Table 2, the Arad of the Ho3+: 5I6→5I7 transition is 55.02 s-1, which is larger than that of 

fluoride (31.43 s-1), phosphate (19.21 s-1), fluorophosphate (34.11 s-1) and 

lanthanum-tungsten-tellurite (41.2 s-1) glass, but smaller than that of chalcogenide glass (113 s-1)20. A
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The relatively bigger Arad would provide a higher probability to achieve mid-infrared laser action 

at 2.9 μm in this TGZ glass.

3.4 Mid-infrared and up-conversion luminescence analysis

Under the excitation at 980 nm, the emissions from visible to mid-infrared can be collected 

by different detectors. Figure 3 shows the 2.9 μm, 1-1.25 μm, 2.0 μm and visible emission spectra 

of Yb3+/Ho3+ co-doped TGZ glass samples with different concentrations of Yb3+. When the 

phonon-assisted energy transfer from Yb3+ to Ho3+ occurred, the 5I6 level was populated and then 

the electrons fall to the lower 5I7 level and ground state radiatively. In this way, 2.9 μm and 1.2 μm 

emissions can be seen as shown in Figures 3A and 3B, corresponding to the transitions of Ho3+: 

5I6→5I7 and Ho3+: 5I6→5I8, respectively. With the increase of the Yb2O3 concentration from 0.5 to 

3 mol%, the 2.9 and 1.2 μm emissions increased 2.9 and 2.3 times, respectively. For emission at 

2.9 μm, only one main peak centered at 2851 nm with the full width at half maximum (FWHM) of 

70 nm. For emission at 1.2 μm, two peaks centered at 1155 and 1186 nm can be identified by 

Gaussian fitting due to the Stark energy level splitting. The emission at 1.06 μm (Yb3+: 

2F5/2→2F7/2) decreased around 2 times, indicating the energy transfer process from Yb3+ to Ho3+ 

becomes more efficient. The small overlap between the 1100 nm and 1155 nm emissions 

evidenced that the ET occurs from Yb3+ to Ho3+ ions.

Besides, partial electrons can non-radiatively transit to the 5I7 level and then fall to the ground 

state and emit 2.0 μm photons. As shown in Figure 3C, the 2 μm emission covering from 1850 to 

2200 nm increased 3.2 times with the increase of the Yb3+ concentration. The FWHM of this 

emission is 150 nm and the deconvolution shows two emission bands peaked at 1957 nm and 2045 

nm. 

To understand the luminescence mechanism, the up-conversion emission from 450 nm to 750 

nm was also recorded. As shown in Figure 3D, two visible up-conversion emission bands are 

located at 543 nm (5S2, 5F4→5I8) and 656 nm (5F5→5I8) can be observed, respectively. The 

intensity of these two up-conversion emissions increased more than 7 times with the increase of 

Yb3+ ions concentration. In contrast, the luminous intensity of visible band increased more than 

that of the infrared band. The detailed mechanism will be explained with the energy diagram.A
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From the above results, all the emissions of Ho3+ increased with the increase of Yb3+ 

concentration, while emission of Yb3+ decreased gradually. This is mainly attributed to the 

following two aspects: (1) The high contents of Yb2O3 in the TGZ glasses promote the energy 

transfer between Yb3+ and Ho3+, so the number of particles on the 5I6 and 5I7 energy levels of Ho3+ 

is greatly increased to enhance the corresponding luminescence. (2) The structural units in the 

present glasses include [TeO4] trigonal bipyramids, [TeO3+l] polyhedra and [TeO3] triangular 

pyramids. The low phonon energy of [TeO4] trigonal bipyramids in the TGZ glass (~760 cm-1) 

effectively reduces the multiphonon relaxation rate of the sample10, thus contributing to the 

enhancement of the radiation transition process in the mid-infrared range.

3.5 Energy level lifetime analysis

The fluorescence decay curves of Ho3+/Yb3+ co-doped TGZ glass samples with different doping 

contents under excitation at 980 nm were recorded as shown in Figure 4. The lifetime at 2 μm can 

be fitted by a single exponential equation very well, hence we can easily determine the lifetime 

when the intensity decreased to e-1. As can be seen from Figure 4A, the fluorescence lifetime of 2 

µm of the glass samples decreased a little from 2 ms to 1.7 ms. This is because the energy transfer 

from Yb3+ to Ho3+ mainly occurs at the 5I6 energy level, so the particle distribution of the 5I7 

energy level is slightly affected. Therefore, with the increase of Yb3+ concentration, the 5I7 level 

lifetime of Ho3+ does not change significantly. 

Both the 2.9 and 1.2 μm emissions are from the 5I6 level, so the decay lifetime of 5I6 level by 

monitoring at 2.9 μm were measured. The decay curves are composed of a fast decay and a slow 

decay which can be fitted by a double exponential equation. As the inset table listed in Figure 4B, 

the average lifetimes of 2.9 µm emission increased from 272 to 548 μs, the quantum efficiency 

(η=τe/τrad) increased from 9.2% to 18.5%, correspondingly. With the increase of Yb3+ 

concentration, the energy transfer process from Yb3+ to Ho3+ becomes more efficient, resulting in 

a longer lifetime of 5I6 energy level of Ho3+. On the other hand, it can be seen that the 

experimental lifetime of the 5I6 level is much shorter than that of the 5I7 level, which may be 

related to the strong non-radiative relaxation of the 5I6 level in the tellurite glass. Meanwhile, as 

shown in Figure 4C, the fluorescence lifetime of 1.06 µm of the glass samples decreased from 460 A
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μs to 280 μs, indicating high concentration of Yb3+ is beneficial to improve the energy transfer 

efficiency.

3.6 Evaluation of the laser gain properties

The absorption and emission cross-sections are important criteria for evaluating the quality of 

laser gain materials. The emission cross-sections (σe) at 2 and 2.9 µm from TGZ glass with 3 

mol% Yb2O3 and 1mol% Ho2O3 are subsequently calculated using the calculation equation of 

absorption cross-section (σa) and F-L theory14 according to the absorption and emission spectra. 

Since the absorption of Ho3+: 5I7→5I6 belongs to the excited state absorption, it is difficult to 

measure the precise spectrum pattern of its absorption spectrum, so the McCumber theory was 

used to determine it. Among them, the value of the parameter E0 can be determined by the position 

of the fluorescence peak of the Ho3+: 5I6→5I7 transition in the emission spectrum. Besides, due to 

the lack of accurate electronic structure information of Ho3+, it is assumed that the 5I6 and 5I7 

energy levels are split into 13 and 15 sub-levels using the simplified model proposed by Quimby21, 

respectively, and the sub-levels are uniformly distributed in each manifold. From this, it can be 

estimated that the Zl/Zu value of the Ho3+: 5I6→5I7 transition process is about 1.12. 

As shown in Figure 5, the σa and σe of the transitions were calculated. The σa of  5I8→5I7

transition of Ho3+ is located at 1952 nm with a maximum value of 0.57×10-20 cm2 and a FWHM of 

104 nm, while the σe of 5I7→5I8 transition is located at 2052 nm with a maximum value of 

0.73×10-20 cm2 and a FWHM of 123 nm. Similarly, the σe of 5I6→5I7 transition of Ho3+ is located 

at 2854 nm with a maximum value of 1.28×10-20 cm2, which is higher than that of ZBLAN glass 

(0.50×10-20 cm2)22, germanate glass (0.92×10-20 cm2)23, fluoride glass (0.98×10-20 cm2)24, but 

smaller than that of fluoroaluminate glass (1.91×10-20 cm2)25. According to the McCumber theory, 

the σe of 5I6→5I7 transition is located at 2849 nm with a maximum value of 1.15×10-20 cm2.

Based on the absorption and emission cross-sections, the gain coefficient spectra of Ho3+: 

5I7→5I8 and 5I6→5I7 transitions in Ho3+/Yb3+ co-doped TGZ glass sample can be obtained by using 

the formula from Ref. 14. As shown in Figure 6, The p value representing the electron population 

ratio between the two energy levels gradually changes from 0 to 1. It can be seen from Figure 6A 

that a positive gain can be obtained when p≥0.2, indicating that TGZ glass has potential A
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application prospects as a matrix material for 2 μm fiber laser. As shown in Figure 6B, the same 

formula can be used to obtain the gain coefficient spectra at 2.9 μm. It can be seen that a positive 

gain can be obtained when p≥0.4, which indicates that theoretically, a 2.9 μm laser pulse can be 

obtained in the TGZ glass with smaller pump energy.

3.7 Energy transfer mechanism

Figure 7 illustrates the energy levels of the Yb3+/Ho3+ co-doped system. Based on the 

emission spectra of this study and previous related studies, the possible energy transfer process is 

marked. Under the excitation of 980 nm LD, Yb3+ absorbs 980 nm photons and the electrons were 

excited from the ground state 2F7/2 energy level to the excited state 2F5/2 energy level. With the 

participation of phonons, Yb3+ can transfer energy to Ho3+ through the energy transfer process of 

Yb3+: 2F5/2+Ho3+: 5I8→Yb3+: 2F5/2+Ho3+: 5I6, so that the 5I6 energy level was populated. 

Meanwhile, with the increase of Yb3+ doping concentration, the strong absorption of 2F7/2→2F5/2 

promotes the population of electrons at the 5I6 energy level. The electrons at the Ho3+: 5I6 energy 

level have three paths to relax. First, some of these electrons are radiated back to the ground state 

and emits near-infrared fluorescence of 1.2 μm. Second, partial electrons can relax to the 5I7 level 

radiatively and yield 2.9 μm emission. Third, the remaining electrons fall back to the ground state 

non-radiatively. The electrons on 5I7 level can relax to the 5I8 level radiatively and yield 2 μm 

emission.

The strong visible emissions at 543 nm and 656 nm (as shown in Figure 3D,) are mainly 

because the electrons at the 5I6 and 5I7 energy levels are excited to the 5S2, 5F4 and 5F5 states 

through the excited state absorption (ESA) and the energy transfer (ET) processes between Yb3+ 

and Ho3+ ions26. The electrons at the 5S2, 5F4 excited state emit 543 nm green fluorescence through 

the 5S2, 5F4→5I8 radiation transition. Small part of electrons at the 5F4 state fall to the 5F5 energy 

level through the multiphonon relaxation process. The 5F5 energy level can also be populated by 

the energy transfer process, and then the electrons radiatively fall back to the ground state and 

emit 656 nm red light.

4. Conclusions

The Ho3+/Yb3+ co-doped TeO2–Ga2O3–ZnO glasses were prepared for the investigation of the A
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2.9 μm luminescent properties. The J-O intensity parameters, spontaneous emission probability, 

fluorescence branch ratio and radiation lifetime of the 3 mol% Yb2O3 and 1 mol% Ho2O3 co-doped 

TGZ glass samples were calculated. The luminescence characteristics from visible to mid-infrared 

ranges of the Ho3+/Yb3+ co-doped TGZ glass under 980 nm LD excitation were studied. With the 

increase of Yb3+ doping concentration, the emission of Ho3+ at 1.2 μm, 2 μm and 2.9 μm increased 

while the emission of Yb3+ at 1.06 μm decreased. Besides, the fluorescence lifetime of 2.9 μm 

increased from 272 to 548 μs with the increase of Yb3+ doping concentration, while the 

fluorescence lifetime of 2 μm decreased a little from 2 ms to 1.7 ms. The emission and absorption 

cross-sections and corresponding gain coefficients of Ho3+: 5I7→5I8 and 5I6→5I7 transitions in the 

present glass indicate that the TGZ glass is a good laser gain medium for 2.0 and 2.9 μm fiber 

lasers. The results show that this glass has potential applications for mid-infrared fiber amplifiers 

and laser devices.
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Table List

Table 1 J-O parameters Ωi (i=2, 4, 6) of Ho3+ ions in TGZ glasses

Table 2 Calculated transition probabilities of the electric dipole (Aed), magnetic dipole (Amd), total 

spontaneous radiative probabilities (Arad), branching ratios (β), and radiative lifetimes (τrad) of 

Yb3+/Ho3+ co-doped TGZ glass.

Table 1

Ωi (×10-20 cm2)
Matrix

Ω2 Ω4 Ω6

Ω4/Ω6 Ref.

fluoride glass 2.43 1.67 1.84 0.91 16

phosphate glass 3.33 3.01 0.61 4.93 17A
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silicate glass 2.87 1.71 0.69 2.48 18

lead-bismuth-gallium glass 5.15 2.79 2.29 1.22 19

gallium zinc tellurite glass 4.79 3.43 1.31 2.62 This work

Table 2

Initial state Final state Aed (s-1) Amd (s-1) Arad (s-1) β (%) τrad (μs)

5I7
5I8 127.35 47.96 175.31 100 5704

5I6
5I8 284.22 — 284.22 84 —

5I7 30.80 24.22 55.02 16 2948

5I5
5I8 109.96 — 109.96 40 —

5I7 140.28 — 140.28 50 —

5I6 14.61 13.49 28.10 10 3593

5F5
5I8 4022.27 — 4022.27 77

5I7 992.72 — 992.72 19

5I6 190.92 — 190.92 4

5I5 14.40 — 14.40 0 192

5F4
5I8 6615.40 — 6615.40 76

5I7 1010.41 — 1010.41 12

5I6 644.55 — 644.55 7

5I5 246.26 — 246.26 3

5F5 107.56 42.13 149.69 2 119

5F3
5I8 3050.99 — 3050.99 40

5I7 3258.90 — 3258.90 42

5I6 796.03 — 796.03 10

5I5 501.23 — 501.23 7

5F5 56.74 — 56.74 1A
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5F4 4.31 4.42 8.73 0 130
A
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Figure Captions

Figure 1 A, Transmission spectrum of 3 mol% Yb2O3 and 1 mol% Ho2O3 co-doped TGZ glass. 

Inset is the photo of glass sample (size: 17 mm×12 mm×1 mm). B, Dispersion curves (scatter 

points represent the measured refractive indices and the curves were fitted by Sellmeier dispersion 

formula) and density (inset) of TGZ glasses

Figure 2 Absorption coefficient of Yb3+/Ho3+ co-doped TGZ glasses. Inset is the integrated area of 

the absorption bands at 980 nm with the increase of Yb2O3 concentration

Figure 3 Emission spectra of TGZ glass samples with 1 mol% Ho2O3 and different Yb3+ contents 

excited by 980 nm LD monitoring at A: 2.9 µm, B: 1-1.25 µm, C: 2 µm, and D: visible emissions, 

respectively. The grey solid lines in figure B and C are the deconvolution of emission spectrum of 

3 mol% Yb2O3 and 1 mol% Ho2O3 co-doped TGZ glass

Figure 4 Decay curves of Ho3+/Yb3+ co-doped TGZ glass samples monitoring at A: 2 μm, B: 2.9 

μm and C: 1.06 μm emissions upon the excitation of 980 nm LD

Figure 5 Absorption and emission cross-sections of Ho3+/Yb3+ co-doped TGZ glass at 2 and 2.9 

μm, respectively

Figure 6 Calculated gain coefficients corresponding to the A: 5I8⟷5I7 and B: 5I7⟷5I6 transitions 

of 3 mol% Yb2O3 and 1 mol% Ho2O3 co-doped TGZ glass

Figure 7 Energy level diagram and energy transfer mechanism of Yb3+/Ho3+ co-doped system
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