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Abstract 

In this paper we report on the near infra-red (NIR) upconversion (UC) and spectroscopic 

properties of erbium (Er3+)-doped TeO2-ZnO-Nb2O5-TiO2 (TZNT) oxide glasses. Judd-Ofelt 

theory has been applied to investigate the intensity parameters (Ωλ, λ = 2, 4 and 6) which are 

used to derive radiative properties of the fluorescent levels. The different glasses present high 

refractive indices, low dispersion and Abbe numbers, as determined by variable angle 

spectroscopic ellipsometry. Under 980 nm excitation, the NIR emission profile and full width 

at half maximum have been studied in a broad range of Er3+ concentrations (0.01-3.0 mol%). 

On the other side, NIR UC has been obtained by exciting at 1523 nm, showing an increase of 

the intensity with Er3+ ion density in the studied range. The decay curves of the 4I13/2 level 

exhibit single exponential nature for all the different concentrations. The lifetime of the 4I13/2 

level has been found to decrease (3.73-1.20 ms) after an initial increase (3.65-3.73 ms) with 

increasing of Er3+ ion concentration. The TZNT samples show broadband UC emission at         
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1.0 µm, which match with the band gap of silicon. This reveals that the investigated glasses 

could find application in photonics, for example non-linear optics and photovoltaic’s. 

Key words: Erbium ion; Spectroscopic ellipsometry; Broad band luminescence; Near infra-

red upconversion; Photovoltaics; 

 

1. Introduction 

Over the last few decades, Erbium (Er3+)-doped materials have been investigated for 

the development of multitude of applications, among them the optical amplifiers [1], fiber 

lasers [2], temperature sensors [3], waveguide amplifiers [4], laser induced cooling [5], 

frequency upconverters [6], as well as for improving the c-Si solar cells [7] by spectral 

conversion. The Er3+ emission at 1550 nm has been used as Er3+-doped fiber amplifiers in 

telecommunication systems [8,9]. Meanwhile, Er3+ emits intense green and red emissions in 

the processes of either anti-Stokes upconversion (UC) or Stokes shifted photoluminescence 

for color display devices [10]. Both near-infrared (NIR) emission (at 1.5 µm) and UC (at 980 

nm) processes have been enhanced by co-doping with ytterbium (Yb3+) ions as they have 

higher absorption cross-section at 980 nm. Jha et al. [11] investigated a maximum relative 

amplification gain in the range of 50–100 nm for the tellurite based optical fibers at C-(1535 

nm) and L-(1560 nm) bands of 1.3 dB/cm and 0.6 dB/cm, respectively. On the other side, 

Danilo Manzani et al. [12], reported a loss of 9.6 dB/m for Er3+/Yb3+-doped tellurite fiber. 

Still, there is a demand for new optical materials for the development of optical fibers which 

covers the above-mentioned properties with low loss, which is a challenging task. The 

present study could address the broadband luminescence at 1.0 µm and 1.5 µm of Er3+-doped 

tellurite glasses. 

Tellurite glasses have some special properties over other oxide glasses such as high 

transparency window (0.35–6 µm), high linear and non-linear refractive index (≥ 2), low 
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melting points (~ 800 0C), low phonon cut-off (700-800 cm-1), high dielectric constant (~20), 

good glass stability, and high lanthanide ion solubility compared to the other oxide glasses. 

Perhaps, most importantly, tellurite glasses can be readily formed into fibres and waveguides 

[13]. Because of the low phonon cut-off exhibited by tellurite glasses, these are favoured as 

host materials for UC processes. Even though the best reported UC materials are crystals, it is 

realized that glasses provide easier synthesis and can be made into larger dimensions. 

Moreover, they have been investigated for ultra-wide-band fiber Raman amplifiers which 

cover the S-, C- and L-bands [14]. It is supposed that, these glasses, when doped with UC 

lanthanide (Ln3+) ions, could harvest the lower energy photons that are not absorbed in 

photovoltaic applications, and giving rise to higher energy above-band gap photons [15]. So, 

for example, the UC emission at 1.0 µm has been utilized to improve the quantum efficiency 

of c-Si solar cells in the 1.5 µm range [15,16]. Zhang and Heo [17] investigated on the UC of 

Er3+ ion in Er3+/Yb3+ co-doped oxyfluoride glasses under 1550 nm excitation, with the results 

that where the 980 nm emission intensity increases with increasing Yb3+ concentration (0.5 

and 1.0 mol%) as well as heat treatment temperatures (420 °C, 440 °C, 460 °C, 480 °C and 

500 °C for 10 h). Yousef et al. [18] explored on the optical and crystallization kinetics of the 

titanium–zinc–niobium–tellurium oxide glasses. Thereafter, no other studies were reported on 

the particular glass system and an attempt is made for the first time to investigate the optical 

and luminescence properties of Er3+-doped TZNTEr glasses. 

This paper focuses on the concentration dependant spectroscopic and NIR UC 

properties of Er3+-doped tellurite glasses with an aim to be utilized for solar cell applications. 

Ellipsometric studies are performed on the samples and the refractive index and Abbe 

number are evaluated. Judd-Offelt parameters are investigated and used for the evaluation of 

radiative properties. The luminescence properties are derived from the emission spectra for 

the 4I13/2→
4I15/2 transition. Decay curves are recorded for the 4I13/2 level of Er3+ ion and their 
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lifetimes are estimated. The UC was measured by exciting at 1520 nm and a possible 

mechanism is proposed to explain the radiative and non-radiative processes. 

 

2. Materials and methodology 

High purity (99.9 %, Aldrich) reagents (TeO2, Nb2O5, ZnO, TiO2 and Er2O3) were 

mixed with the molar composition, (75-x)TeO2 – 15ZnO – 5Nb2O5–5TiO2 – xEr2O3, where x 

= 0.01, 0.1, 0.5, 1.0, 2.0 and 3.0 mol% and referred as TZNTEr001, TZNTEr01, TZNTEr05, 

TZNTEr10, TZNTEr20 and TZNTEr30, respectively. The fine powders were melted in a 

platinum crucible for 40 min at 900 ºC and the molten glass poured on to a pre-heated brass 

mold at 280 °C (glass transition temperature, Tg). The samples were annealed for 10 h at the 

same temperature to release thermal stress/strains and allowed to cool to room temperature. 

The samples were subsequently cut and polished (dimensions: 10×10×2 mm3) with optical 

quality for the measurements. 

The refractive indices have been acquired using a spectroscopic ellipsometer (VASE, 

J.A. Woollam, U.S.A). The ellipsometric variables (Ψ and Δ) have been measured at three 

different angles of incidence (55°, 65° and 75°) over 360-2000 nm spectral region. The 

optical modelling has been conducted using the VASE32 (J.A. Woollam, U.S.A.) software 

package. The Raman spectrum was measured for TZNTEr001 sample by using a Renishaw 

inVia Raman Microscope (U.S.A) upon excitation at 786 nm laser excitation. The optical 

absorption spectrum was recorded using a spectrophotometer (Perkin Elmer Lambda–950, 

U.S.A.) from the ultra-violet (UV) to the NIR region. The NIR UC emission was measured 

by exciting the samples with a tunable laser (HP-Agilent, 8168-F) at1523 nm and detected 

with extended red photomultiplier tube (PMT). The NIR emission (1400-1600 nm) was 

measured with InGaAs detector under 980 nm excitation from a diode laser. The decay 

curves were measured by exciting the samples with a 980 nm diode laser by monitoring the 
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1.5 µm emission and the signals were acquired by a digital oscilloscope (LeCroy 200 MHz 

Oscilloscope, U.S.A.). 

3. Results and discussion 

3.1. Raman analysis 

The measured Raman spectrum of TZNTEr001 sample by exciting with 785 nm 

wavelength laser is shown in Figure 1. The Raman bands are observed at 1046, 896, 771, 

676, 427 and 120 cm-1. A low frequency band at around 120 cm-1 is due to the vibration of 

Bason peaks which are correlated with the collective motion of acoustic phonons of atoms in 

glass [19]. On the one hand a weak band at 427 cm-1 arises from the symmetrical  stretching 

vibration of Te-O-Te bonds that are formed by corner sharing of (TeO4), (TeO3+1)  polyhedra 

and TeO3 units [20]. A weak band centered at 676 cm-1 is attributed to the axial symmetrical 

stretching modes of (Teax–O) of TeO4 tetrahedral [21]. The band positioned at around        

771 cm-1 is assigned to the (Teeq–O)s and (Teeq–O)s  vibrational modes of TeO3+1 polyhedra or 

TeO3 trigonal bipyramidal units. On the other hand, a most intense and sharp band centred at 

896 cm-1
 corresponds to the stretching vibrations of Nb-O bonds in NbO6 octahedra [22]. The 

second intense band at 1046 cm-1 is attributed to the isolated TiO4 groups [23], and it 

indicates the maximum phonon energy of the titled glasses. 

3.2. Optical properties 

The ellipsometric analysis consists of measuring the state of polarization of the light 

after reflection on the material surface. Ellipsometric results were improved by modelling 

with Cauchy’s equation to identify the roughness of the sample surface. Figure 2 shows the 

comparison of the ellipometric variables (Ψ and Δ) from 360-2000 nm region at different 

angles of incidence for the 0.01 Er3+-doped TZNT sample. The value of roughness is 

comparable with the reported lead-tellurite glasses [24]. The quality of the adjustment (mean 



6 

 

square error, MSE) is smaller than unity for all samples except for 0.1% Er3+ (MSE=1.008) 

and in all cases better than the TeO2-WO3-ZrO2-Er2O3 (TWZEr) glasses [25].  

Figure 3 shows the variation of refractive index with wavelength (360-2000 nm) for 

TZNT samples. The measurements show that the refractive index increases with increase in 

Er3+ concentration. Moreover, the samples present a high index of n ~ 2 in a large region of 

the spectrum. This produces a very small Abbe number as low as 20 (see Table 1). As 

observed from Table 1, the refractive index of the investigated glasses are lower than one of 

TeO2–WO3–PbO-La2O3 (2.123 at 632 nm) [24] glass and higher than TWZEr (2.065 at 632 

nm) glasses [20]. On the other hand, the Abbe number has been found to be 20, which is 

higher than the one of reported TWZEr glass (16) [25]. The glass with high refractive index 

and low Abbe number has potential applications in non-linear optics, for example, optical 

Kerr effect [26]. 

 The absorption coefficient of the 1.0 mol% Er3+ -doped TZNT glass is shown in   

Figure 4. Absorption bands and their peak positions are assigned based on the free-ion 

Hamiltonian model [27]. The peak absorption bands (in nanometers), their experimental fexp 

and calculated fcal oscillator strengths, have been obtained using the well-known expressions 

[28-31] and are shown in Table 2. The small value (±0.13 x 10−6) of the root mean square 

(r.m.s.) deviation between the experimental and calculated oscillator strengths indicates a 

good agreement among them. The absorption band, 4I15/2→ 2H11/2 located at 521 nm is more 

intense than the other bands, so called as higher sensitive transition which sensitive to 

environment even small changes around the Ln3+ ions. It is remarkable the wide absorption 

band for 4I13/2 in line with similar glasses like TWZEr [25], which is advantageous for some 

non-linear processes like UC [32]. 

 Judd-Ofelt [28,29] intensity parameters have been evaluated from the experimental 

oscillator strengths of various absorption bands and refractive index of the glass. The values 
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here obtained are represented in Table 3 along with the reported ones for other systems 

[4,6,10,33-36]. The trend of the obtained JO parameters Ω2>Ω4>Ω6, indicates the existence 

of a high degree of covalency or/and asymmetry around the RE ions. The spectroscopic 

quality factor (χ) found to be 1.52 for TZNTEr10 glass, which is higher than TeO2-ZnO-ZnF2 

(TZF16) [6], Na2O-Nb2O5-TeO2 (NNT) [10], TeO2-ZnO-PbO-PbF2-Na2O (TZPPN) [34], 

TeO2-BaF2-Na2O (TBNE-1e) [35], B2O3-ZnO-TeO2 (1ErTB) [36] and lower than TeO2-P2O5-

Al2O3-La2O3 [4], TeO2-ZnO-ZnF2 (TZF35) [6], and TeO2-ZnO-ZnF2-Na2O (ETZ) [33]. This 

is an important predictor for stimulated emission in a laser active medium [37], initially 

represented for Nd3+ ion [38] and later used for evaluating all of the lasing ions. 

 Radiative properties such as radiative transition probability (AR), branching ratio (βR) 

and radiative lifetimes (τR) of the luminescent levels were predicted by utilizing the Judd-

Ofelt parameters and refractive index. Those values are represented for TZNTEr10 glass in 

Table 4. The predicted values of τR in TZNTEr glass decrease following the order of 4I9/2 > 

4I11/2 > 4I13/2 > 4F9/2 > 4S3/2. Table 5 compares the τR, fluorescence lifetime (τf) (detailed 

explanation in coming sections) and quantum efficiency (η) of the investigated glass and of 

other already reported [4,6,10,39,40]. Because AR is related to refractive index of the glass 

[41], a higher refractive index presents higher transition probabilities and follows the trend 

4S3/2 > 4F9/2 > 4I13/2 > 4I11/2 > 4I9/2. The parameter βR of the luminescence transitions 

characterizes the lasing power of the transitions. The values of βR for the 4I9/2→
4I15/2 and 

4I13/2→
4I15/2 transitions have been found to be 59% and 100%, for TZNTEr10 glass. The 

value of τR for the 4I13/2 level have been found to be 5.30 ms and it is compared with 7.2 ms 

[4], 3.23 [6], 3.02 [10], 3.33 [39] and 3.7 [40] as reported for other Er3+-doped systems in 

Table 5. The τR is higher than the TeO2-P2O5-Al2O3-La2O3 [4], TZF16 [6], TZF35 [6],   

Na2O–Nb2O5–TeO2 [10], TeO2-ZnO [39] and lower than PbHPO4 [40] glasses. In contrast, 

the quantum efficiency, estimated via the τf /τR, decreases with increasing Er3+ concentration 
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for the 4I13/2→
4I15/2 transition and is found to be 70% which is higher than the reported for 

TeO2-P2O5-Al2O3-La2O3 (56%) [4], TeO2-ZnO (66%) [39] and lower than in TZF16 (184%) 

[6], TZF35 (189%) [6], Na2O–Nb2O5–TeO2 (96%) [10], and PbHPO4 (74%) [40] glasses. 

3.3. Luminescence properties 

 The concentration dependence emission spectra for the 4I13/2 → 4I15/2 transition of 

Er3+-doped TZNT glasses upon 980 nm laser excitation is shown in Figure 5. The emission 

intensity increases from 0.01 mol% up to 1.0 mol% and then decreases with increase in 

concentration due to concentration quenching, shown in inset of Figure 5. The quenching of 

the luminescence intensity may be assigned to a non-radiative energy transfer [39] and can be 

analyzed by the decay curves in the coming sections. On the other side, FWHM increases 

with increasing concentration due to inhomogeneous broadening, as it is presented in Table 6. 

This broadening of the emission band with concentration is also explained by other radiation 

trapping effects [25] in which the emission of the excited Er3+ ion is re-absorbed by the non-

excited Er3+ ion, considering the 4I13/2 → 4I15/2 transition and the following emission. This 

phenomenon always occurs in a typical 3-level system whenever the absorption and emission 

spectra overlap with each other. The re-absorption is also responsible for a small difference 

between experimental and calculated optical transitions [42,43], since the calculations don’t 

consider this parameter while the direct measurement has it into account. Hence, the 

theoretical calculations are slightly higher than the observed in optical systems, more 

remarkably in highly concentrated systems.  

The most important parameter in an optical amplification process is the stimulated emission 

cross-section (   em ). The   em   can be evaluated from the reciprocity method described 

by McCumber (McC) [44], which is free from re-absorption (radiation trapping), using the 

measured absorption cross-section ( ab ), 

    
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where Zl and Zu are the partial functions of the lower (ground) and upper (excited) levels, 

respectively, and EZL is the zero-line energy which is equal to the energy separation between 

the lowest Stark components of the upper and lower levels of the Er3+ ion. The h and k are the 

Planck’s and Boltzmann’s constants, respectively. The ratio of the partial functions Zl/Zu 

becomes the degeneracy weighing of the two states corresponding to the 4I13/2→
4I15/2 

absorption transitions and, since this ratio does not change significantly with the change of 

chemical compositions, thus it is equal to 7/8 at room temperature. The absorption cross-

section ( ab ) for the 4I15/2→
4I13/2 transition of Er3+ ion can be obtained by using the following 

equation [30],  

lC

OD
ab

.

*303.2
                                                             (2) 

where OD is the optical density, C is the Er3+ ion concentration and l is the thickness of the 

glass sample. Figure 6 shows the absorption and emission cross-section spectra of TZNTEr10 

glass. The   em  found to be as high as 11.96 × 10-21 cm2 than the other reported glasses 

[4,6,10,40,41]. On the other hand, the FWHM is found to be higher than TeO2-P2O5-Al2O3-

La2O3 [4], PbHPO4 [40] and lower than TeO2-ZnO [39], TZF16 [6] and TZF35 [6] glasses. 

The figure-of-merit (the product of the stimulated emission cross-section and bandwidth) is 

higher than for other reported glasses [4,6,10,40] except for TeO2-ZnO [39] glass. Assuming 

that the figure-of-merit for bandwidth is an indication of the achievable gain band, the values 

obtained for TZNTEr01 sample suggest that they are promising materials for broadband light 

sources. 

3.4. Near infra-red upconversion 

Figure 7 shows the NIR UC emission spectra for the 4I9/2 → 4I15/2 of Er3+-doped 

glasses for various concentrations under 1523 nm excitation. The characteristic emission 
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bands of Er3+ ions centred at around 975 nm corresponds to the 4I11/2→
4I15/2 transitions. It is 

interesting to note that the UC emission increases enormously with increase in Er3+ ion 

concentration (0.01-3.0 mol%) and no luminescence quenching (to be expected for higher 

concentration) was noticed in the investigated range of concentrations. The FWHM increases 

with increase in concentration and is represented in Table 6. These highly Er3+-doped glasses 

could be useful for c-Si solar cell applications as they emit intense emission at 1.0 µm region. 

Moreover, they present a high refractive index that diminishes reflection losses when 

integrated with a silicon cell, and they show a broad absorption band at 4I13/2, which is crucial 

for UC photovoltaic’s (PV) [45]. 

 The UC emission at 980 nm may be due to two-photon excitation process in which 

the electrons populate 4I9/2 level when excitation at 1550 nm [46]. The minimum number of 

photons required for the 980 nm emission is two [47]. The UC process may also occur 

through ground state absorption (GSA) for 4I15/2→
4I13/2 transition followed either by excited 

state absorption (ESA) for 4I13/2→
4I11/2 or 4I13/2→

4I9/2 transitions or energy transfer 

upconversion (ETU) for 4I13/2→
4I9/2 [48, 49]. The ETU is a process that depends directly on 

the distance between the Er3+ ions.  In highly doped hosts such as 20% Er3+:NaYF4 the 

dominant mechanism is GSA/ESA [48] due to the proximity of sensitizer and activator. 

Because the samples under study have a maximum of 3 mol% Er3+ ions are then supposed to 

be far away of each other, the ETU mechanism is likely to be lowered in respect to the 

GSA/ESA. The same mechanism may also be expected in TZNTEr samples after 1523 nm 

laser excitation is shown in Figure 8. 

 

3.5. Decay curve analysis 

The decay curves of Er3+-doped tellurite glasses for 1.5 µm emission upon 980 nm 

laser excitation are shown in Figure 9. The curves show evidence of single exponential nature 
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even at higher concentrations. From the decay curves, lifetime of the 4I13/2 level is found to 

decrease with increasing concentration after an initial increase, having the longer lifetime for 

0.1 mol%. The increase of lifetime at lower concentrations is due to radiation trapping [50] as 

well as occupation of different sites [31], while the decrease at higher concentrations is due to 

concentration quenching originated by the enhancement of non-radiative relaxation 

processes. The decrease in lifetime may be also due to energy migration among Er3+ ions 

followed by transfer to recombination centers and interaction between Er3+ ions and the 

glassy host defects [51]. The lifetime of TZNTEr01 sample (3.73 ms) is higher than the other 

reported [10,39,40] and lower than tellurite [4,6] glasses. It is remarkable that the 

luminescence intensity is higher for TZNTEr10 sample where as the lifetime is higher for 

TZNTEr01 sample. This discrepancy either may be due to increasing of energy transfer at 

higher Er3+ concentration or those are neglected at lower concentration. 

Conclusion 

The Er3+-doped tellurite (TZNT) glasses have been synthesized and investigated their 

optical and upconversion properties. The refractive index and Abbe number have been 

measured from spectroscopic ellipsometry. The JO parameters have been investigated and 

used to predict the radiative properties of the luminescent levels of Er3+ ions for 1.0 mol% 

Er3+-doped TZNTEr10 sample and are compared with experimental values for 1.5 µm 

emission. Decay curves for the 4I13/2 level exhibit single exponential nature for all the 

concentrations and the lifetime drawn from the single exponential fit. Lifetime shortens from 

3.72 to 1.20 ms with increase in concentration after an initial increase from 3.65 to 3.72 ms, 

showing the longest lifetime for 0.1 mol% Er3+-doped TZNTEr01 sample. Near infra-red 

upconversion has been obtained by exciting at 1523 nm, has potential for application in PV’s 

to improve the efficiency of c-Si solar cells by utilizing the 1.0 µm emission.  
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Fig. 1. Raman 

spectrum of 

TZNTEr001 sample 

upon excitation at 

786 nm laser. 

 

 

 

 

 

 

 

 

 

 

 
 

 

Fig. 2. Ellipsometric variables (Δ and Ψ) and model fit for the 0.01 mol% Er3+-doped TZNT 

glass at different angle of incidence. 
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Fig. 3. Wavelength dependence of refractive index for different concentrations in TZNTEr 

glass. 

 

 
 

Fig. 4. Absorption spectrum of 1.0 mol % Er-doped TZNT glass in UV-visible-NIR region. 
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Fig. 5. Concentration dependence near infra-red emission spectra of TZNTEr glasses upon 

excitation at 980 nm laser. 

 
 

Fig. 6. Absorption and emission cross-sections of the 4I13/2→
4I15/2 transitions for TZNTEr10 

glass. 
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Fig. 7. Concentration dependence NIR UC spectra of Er3+-doped TZNT glasses upon 

excitation at 1523 nm laser.  

Fig. 8. Partial energy level diagram of Er3+ ions in TZNT glasses. Zig zag arrow represents 

the non-radiative transition. 
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Fig. 9. Decay curves for the 4I13/2 level of Er3+ ion at different concentrations.  


