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Abstract 

Melt-quenching method was used to synthesize a series of zinc tellurite glasses doped with 

erbium oxide and silver oxide. At room temperature, X-ray diffraction (XRD) and density 

measurement were implemented to characterize the prepared glass samples. The amorphous 

nature of the glass samples is proven from the XRD spectra obtained in this work. The density of 

the glass showed an increment trend from 4.4673 to 4.9705 g/cm
3
 when adding more silver 

oxide, which can prove that the glass strength is higher. For photoluminescence analysis, blue, 

green and red emissions were found in the glass series under 375 nm excitation wavelength. 

According to McCumber theory, higher emission cross-section and higher FWHM are efficient 

for both broadband amplifier and laser application. More extensive and flatter gain with a 

maximum gain difference has covered both C and L bands for optical communication, providing 

a few channels in the wavelength division multiplex network (WDM). The high efficiency of 

optical amplification is justified with a higher gain figure of merit and larger gain bandwidth. 

According to McCumber’s theory, all the results proved that 0.03 molar fraction of silver oxide 

is the most optimum concentration to be applied in the optical application. In Judd-Ofelt 

analysis, spectroscopic quality factor and shorter lifetime is a crucial parameter for obtaining 

intense laser transition, strong emission probabilities and encouraging the laser optical transition, 

which was successfully attained in all glass samples. The present glass system is also applicable 

for white light application since the standard equal energy point from all glass samples were 

located near the center of the CIE diagram (0.33, 0.33). In the meantime, higher values of CCT 

range from 6761 to 6937 K produce light with a better image as compared to lower CCT. Higher 

CCT is commercially used in LCD (liquid crystal display) and CRT (cathode ray tube) screens. 

The colour purity is a parameter for better white LED application, whereas low colour purity is 

for pure white light emission. Therefore, lower colour purity was found around 10.7 around 

18.8% in all glass samples.   
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Introduction 

Glass has been expansively employed in optical applications especially in fiber optics, optical 

sensors, laser glass and optical lens. Recently, there has been a desirable passion in the study of 

fiber optics for photonics applications especially in optical telecommunication and for high-

bandwidth data transfer. Research on silicate-based glass has been widely administered as optical 

fiber host materials due to its exceptional glass stability, chemical durability and unique optical 

properties.  Nonetheless, the boundless investigation of optical fiber applications leads the 

researchers to question the advancement of host materials for fiber optics.   

 

McLaughlin et al.  (2000) [1] presented the structure of telluride glass by using the consolidation 

of NMR, neutron diffraction and X-ray diffraction as depicted in Figure 1. It was reported that 

tellurite crystals, TeO2 consists of two-isomorphs, paratellurite (α-form) and tellurite (β-form). 

In addition, both tellurite structures have formed an interconnected network of four coordinate 

tellurium with four bridging oxygen. Their structural unit is known as TeO4 sphenoid, or a 

distorted TeO4 bipyramid. In the same year, Blanchandin et al. (2000) [2] explained that α-TeO2   

structure, TeO4   units comprise of a three-dimensional network by sharing corners, whereas β-

TeO2 structure comprises of a two-dimensional network by sharing corners and edges as 

illustrated in Figure 2. 

 

Zinc oxide (ZnO) is widely known to enhance mechanical strength and chemical endurance and 

lower the thermal expansion of the glass system. Salim and other co-workers in 2001 [3] 

discovered that zinc oxide changes the coordination of tellurite oxide from TeO4 (trigonal 

bipyramidal) to TeO3+1 polyhedron and TeO3 (trigonal pyramidal) in the tellurite-based glass. 

TeO4 (trigonal bipyramidal) consist of a lone pair that can reduce the free movement of its 

structure during the heating and cooling process. The development of new structural units of 

TeO4 is profitable to the tellurite glass formation. 

 

Erbium oxide is one of the rare earth materials that had been used widely in optical and photonic 

applications. Extensive work is executed to study the inclusion of erbium oxide into the new 

laser amplifiers. Halimah et al. (2010) demonstrated how the inclusion of Er
3+

 allows the 

recognition of laser amplifiers with exceptional performance compared to other laser amplifiers.  

 

On the other hand, silver oxide, along with copper and gold oxide, are among the oxides that can 

encourage and improve the optical properties of glass material.  Halimah et al.  (2010) [4] 

reported that silver oxide is capable of altering the borotellurite glass network by modifying the 

structural units of the borate network from (BO3) to (BO4) and tellurite network from (TeO4) to 

(TeO3). 

 

Although many researchers have done on the fabrication and characterization of zinc tellurite 

glasses, there is still no reported work as to encounter on doping the glass system with erbium 

oxide and silver oxide with a variety of concentration. Surplus, the studies on the optical part 

such as photoluminescence, McCumber theory, Judd-Ofelt and CIE analysis also have never 



been reported as well. For that reason, a selected glass system from 0.01 to 0.05 molar fraction of 

silver oxide was investigated and characterized in the aspect of optical properties.  

 

 
Figure 1: Structure of telluride glass by using the consolidation of NMR, neutron diffraction and 

X-ray diffraction [1] 



 
Figure 2: (a) α-TeO2   structure, TeO4   units comprise of a three-dimensional network by 

sharing and (b) β-TeO2 structure comprise of a two-dimensional network by sharing corners and 

edges [5] 

 

Apparatus, Materials and Methodology 

A series of glass samples were formulated through the melt quenching method. Powder form 

tellurium (IV) oxide, TeO4 (99.99%, Alfa Aesar), zinc oxide, ZnO (99.99%, Alfa Aesar), erbium 

(III) oxide, Er2O3 (99.99%, Alfa Aesar) and silver (I) oxide, Ag2O (99.99%, Alfa Aesar) were 

employed in the glass formulation process.  

 

An amount of 13 g of chemical powders was weighed by using a digital weighing machine 

(Mettler Toledo) with an error of ± 0.0001 g. The weighed chemical powders were transferred 

into an alumina crucibles and stirred by using a glass rod for 30 minutes to obtain a 

homogeneous chemical mixture. After that, the alumina crucible and the chemical mixture were 

put inside an electrical furnace (Lindberg/Blue M) for a pre-heating process at 400
o
C for one 

hour. The purpose of the pre-heating process is to remove any water content exist in the chemical 

mixture [6].  After the preheat is done, the chemical mixture containing crucible was transferred 

to another electrical furnace (Thermolyne) to undergo the melting process at 900
o
C for two 

hours. As the chemical powder mixture went through the melting procedure, cylinder stainless 

steel mould was preheated in the first electrical furnace in order to reduce the possibility of the 

glass sample to crack due to lower mechanical stress in the glass system as the glass was 

quenched [7]. The molten was then quickly cast into the mould and was continued with the 

annealing process in the first furnace at 400
o
C for one hour.  



 

Annealing process was done to decrease the thermal stress in the glass sample as well as to 

maintain the glass structure [8]. The furnace was switched off after an hour of annealing process 

and the glass sample was left to cool to room temperature in the furnace overnight. 

 

Theory 

Photoluminescence 

The luminescence process is a mechanism in which an electron emits photon energy during the 

relaxation of an electron from the highest energy band to the lowest energy band. Normally the 

photon energy is absorbed by either host lattice or doped impurities. The photon energy is being 

emitted by the excited impurities ions which are called as the activator ions. The encouragement 

of a weak absorption from impurities can be implemented by including other types of impurities 

which can be called as synthesizers. The synthesizers will absorb the photon energy and transfer 

the energy to the activator ions. The luminescence materials can emit photon energy at different 

wavelengths and colors. The type of emission wavelength then relies on the type of impurities 

compounds. Thus, the color of the emission spectra can be altered by adding the impurities 

without altering the host lattice. Besides that, the emission spectra by the rare-earth ions 

impurities are highly subjected to their chemical environment. The illustrated diagram of 

luminescent material containing an activator and sensitizing ions is shown in Figure 3. 

 

 
Figure 3: Luminescent material consisting of activator ions, A (showing the desired emission) 

and sensitizing ions, S (where the UV excitation can take place) [9] 

 

The emission is emitted from the optical centre which consists of ions or molecules. The 

luminescence may produce sharp either emission or broad bands in the visible range of 

wavelength. Various chemical bonding at the ground state and the excited state will create broad 

emission peaks. Moreover, broad emission bands can be found in most of the optical transitions 

in the d-orbital of transition metal ions (d → d transitions), between 5d and 4f (rare-earth) 

orbitals (d → f transitions) and ions that possess a lone pair.  Meanwhile, the identical chemical 

bond that happened at the ground state and excited state caused the formation of sharp emission 



bands. The f → f transition in rare-earth ions is also associated with the same reason. The 

emission produced by an electron describes the dependency between the optical properties and 

the chemical bonding. Therefore, the type of chemical bonding (ionic or covalent) and the 

symmetry of the local environment around the ions are essential factors in the emission 

mechanism. 

 

The emission process may occur in radiative/non-radiative relaxation, cross-relaxation, and 

energy transfer. The transfer of energy commonly occurs with synthesizers ions to enhance the 

weak emission band from the activator ions. In this case, the energy from the synthesizer’s ions 

will be transferred to the activator ions to increase the emission band. At the same time, the host 

lattice can act as a synthesizer that transfers the energy from the host lattice to the activator ions. 

The energy transfer process between the synthesizer ions and activator ions can be written as: 𝑆∗ + 𝐴 →  𝐴∗ + 𝑆 (1) 

 

The energy transfer process originated from the electrostatic and exchange interaction. The 

electrostatic interaction can correlate to the coulombic interactions between ions and the 

exchange interaction caused by the double electron substitution reaction. The energy transfer that 

is attributed to the coulombic interaction does not need physical interaction between ions. The 

coulombic interaction occurs when the excited synthesizer electron induces the dipole oscillation 

on the activator ion. Meanwhile, the exchange transfer requires a physical contact in which the 

electronic charge distribution is overlapped. The illustrated explanation of the energy transfer 

process is shown in Figure 4. 

 

 
Figure 4: Visualization of energy transfer by Coulomb interaction (a) and exchange interaction 

(b) between two ions [9] 

 

The cross-relaxation process occurs when an excited electron transfers parts of its energy to 

another ion. The quenching of the emission band is associated with the cross-relaxation process. 



Besides that, the rate of this process is lower at a low concentration of ions. The distance 

between the excited ions will influence the cross-relaxation process. The two ions will have a 

low cross-relaxation rate at a significant distance but a high cross-relaxation rate at a very close 

distance. Therefore, at very high concentrations of synthesizer ions, the quenching of the 

emission band may occur. 

 

McCumber theory  

Absorption and emission cross-section 

The purpose of implementing the McCumber theory is to identify the emission cross-section in 

both transition metal and rare earth ions doped glasses [10]. The theory determines the emission 

cross-section information from the absorption data of UV-Vis analysis [11]. Due to great 

difficulty in figuring out the cross-sections of emission and absorption, the measurement using 

the absorption data is much easier and more efficient as the data for both absorption and 

emission cross-sections are in accord with the experimental one [12]. 

 

The energy is attained in the form of narrow energy with the width of the individual Stark level. 

However, the condition must consider the thermal distribution of the population where the time 

taken for the ground state and excited state to reach thermal equilibrium is shorter than the 

radiative lifetime of the excited level [13]. 

 

The absorption cross-section 𝜎𝑎𝑏 is determined from the absorption coefficient, α and sample 
thickness, d as: 𝜎𝑎𝑏(λ) = 𝛼(λ)𝑁  

(2) 

 

The emission cross-section (𝜎𝑒𝑚) is then obtained using the absorption coefficient which had 

been reported by [14] as: 𝜎𝑒𝑚 = 𝜎𝑏exp (𝜀 − ℎ𝑣𝑘𝑇 ) 
(3) 

where 𝑁 is the ion concentration,  𝑘 is the Boltzmann constant, 𝜀 is the net-free energy required 

to excite an ion from the ground state to the first excitation state, 𝑣 is the frequency, and 𝑇 is the 

absolute temperature [12,15] 

 

Gain coefficient 

At a population inversion coefficient value, p, the gain coefficient 𝑔(λ) is attained for a signal 

wavelength, λ as proposed by [16,17]: 𝑔(λ) = 𝜎𝑒𝑚(λ)Np − 𝜎𝑎𝑏(λ)N(1 − p) (4) 

 

Full width half maximum (FWHM), gain bandwidth and gain figure of merit 

The full width at half maximum (FWHM) is an interpretation of the range of a function given by 

the variation between the two extreme values of the independent variable at which the dependent 

variable is equivalent to half of its highest value. It also can be explained as the width of a 

spectrum curve measured between those points on the y-axis, which are half the maximum 

amplitude. The FWHM can be found by employing Origin 6.0. The importance of this parameter 

is to determine another parameter which is the gain bandwidth [18]. The equation used to obtain 

the gain bandwidth can be expressed as follows: 



𝐺𝑎𝑖𝑛 𝑏𝑎𝑛𝑑𝑤𝑖𝑑𝑡ℎ = 𝜎𝑒𝑚 𝑥 𝐹𝑊𝐻𝑀 (5) 

whereas gain FOM can be noted as: 𝐺𝑎𝑖𝑛 𝐹𝑂𝑀 = 𝜎𝑒𝑚 𝑥 𝜏𝑟 (6) 

 

Meanwhile, radiative lifetime is a lifetime of an electronic state in the situation where only 

radiative process depopulates on particular level. 

 

 

Judd-Ofelt theory 

The approach of Judd-Ofelt theory [19,20] presents the understanding of transition behaviour 

between 4f-4f electronic configuration and transition probabilities evaluation, ratio intensity 

parameters, oscillator strength and branching, oscillator strength and intensity parameters 

(Ω1 ,Ω2, Ω3 ). Judd-Ofelt theory is a crucial knowledge to identify the spectral properties of 

erbium ions doped with host glass materials The Judd-Ofelt theory reveals the exact integrated 

cross-section measurement of absorption over the spectrum of wavelength as well as the 

transition state of excitation. The experimental oscillator strength for every excitation state 

transition is expressed as the following relation:  𝑓𝑒𝑥𝑝 = 2.303𝑚𝑐2𝑁𝜋𝑒2 ∫ 𝜀(𝜎)𝑑𝜎 
(7) 

where 𝑁  is the concentration of 𝐸𝑟3+  ions in 𝑐𝑚−1 , 𝜀(𝜎) is the molar absorptivity in 𝐿/(𝑚𝑜𝑙. 𝑐𝑚) attained from the absorbance data of the glass system. The molar absorptivity, 𝜀(𝜎) at 

a provided energy, is calculated from Beer-Lambert Law as expressed below: 𝜀(𝜎) = 1𝑐𝑙 𝑙𝑜𝑔 𝐼𝑜𝐼  
(8) 

 

where 𝑐 is the concentration of 𝐸𝑟3+ion (mol%), 𝑙 is the thickness of the glass sample (cm) and 𝑙𝑜𝑔 𝐼𝑜𝐼  is the optical density (OD). The estimation of the theoretical oscillator strength of an 

electric dipole transition from (SL)J to (S’L’) J’ is determined by using Judd-Ofelt theory, as 

shown by the following expression: 𝑓𝑐𝑎𝑙 = 8𝜋23ℎ(2𝐽+1) (𝑛2+2)29𝑛 𝜎. ∑ 𝛺λ| < (𝑆𝐿𝐽)||𝑈(λ)||(𝑆′𝐿′𝐽′) > |2λ=2,4,6    (9) 

where ℎ is Planck’s constant, 𝑐 is the speed of light, 𝑚  is the mass of the electron, 𝑛  is the 

refractive index, and |𝑈(λ)| is the doubly reduced matrix elements of the unit tensor operator. 

The Judd-Ofelt parameter is computed by using the least-square fitting procedure which gives 

the best fit between the experimental and the calculated oscillator strength. Judd-Ofelt theory can 

determine the line strength, 𝑆𝑚  from an integrated absorption cross-section by the following 

expression [19,20]: 𝑆𝑚 = 3𝑐ℎ(2𝐽2+1)8𝜋3𝑒2λ 𝑛( 3𝑛2+2)2 ∫ 𝑂𝐷 (λ)dλ𝑚𝑎𝑛𝑖𝑓𝑜𝑙𝑑        (10) 

where 𝐽’ is the total angular momentum of lower state, 𝜆 is the mean wavelength and 𝑂𝐷 (λ)dλ is 

the optical density over the range of wavelength. The theoretical expression of electric dipole 

line strength is given by: 𝑆𝐸𝐷 = ∑ 𝛺𝑡| < 𝑓𝑛[𝑆𝐿]𝐽||𝑈𝑡||𝑡−2,4,6 [𝑆′𝐿′]𝐽′ > |2 
(11) 

where 𝛺𝑡is the Judd-Ofelt parameters. The reduced matrix element, |𝑈(λ)| can be evaluated in 

the intermediate-coupling approximation and is invariant of the environment. The Judd-Ofelt 



theory minimizes the square of the difference between 𝑆𝑚  and 𝑆𝐸𝐷  with 𝛺𝑡  as adjustable 

parameters [19,20]. 

The Judd-Ofelt parameters (Ωλ, λ = 2, 4, 6) can be utilized to compute the radiative transition 
probability, Arad, electric dipole transition probability, Aed, magnetic dipole transition probability, 

Amd, fluorescence branching ratio, β and radiative lifetime, τrad of Er
3+

 ions [21]. The radiative 

transition probability, 𝐴𝑟𝑎𝑑(also known as Einstein coefficient for spontaneous emission) for any 

excited transition state can be expressed by the following relation: 𝐴𝑟𝑎𝑑 = 64𝜋3𝑒23ℎ(2𝐽 + 1)λ3 [𝑛(𝑛2 + 23 )2𝑆𝐸𝐷 + 𝑛3𝑆𝑀𝐷] (12) 

 

The magnetic dipole line strength, 𝑆𝑀𝐷 is neglected since the excitation bands are principally 

electric dipole in nature. The fitting quality between 𝑆𝐸𝐷 and 𝑆𝑚𝑒𝑎𝑠is shown by the following 

expression:  𝛥𝑆𝑟𝑚𝑠 = [(𝑞 − 𝑝)−1 ∑(𝑆𝐸𝐷 − 𝑆𝑚𝑒𝑎𝑠)2]1/2 
(13) 

where 𝑞  is the number of the spectral band analysed and 𝑝 is the number of JO parameters 

calculated. The branching ratio, 𝛽 and radiative lifetime, 𝜏𝑟𝑎𝑑of Er
3+

 can be calculated by using 

the following equation: 𝛽(𝐽 → 𝐽′) = 𝐴𝑟𝑎𝑑(𝐽 → 𝐽′)[∑ 𝐴𝑟𝑎𝑑(𝐽 → 𝐽′)] (14) 

 𝜏𝑟𝑎𝑑 = 1[∑ 𝐴𝑟𝑎𝑑(𝐽 → 𝐽′)] (15) 

 

Other than that, the bonding parameters of erbium ions and surrounding ligand was described by 

Hamzah et al., (2019) [22]: 𝐵 = 𝑣𝑐𝑣𝑎 
(16) 

where 𝐵  is called as the nephelauxetic ratio, 𝑣𝑐  is the wavenumber (cm
-1

) of a particular 

transition from erbium in the glass and 𝑣𝑎 is the wavenumber (cm
-1

) of the same transition for 

the aqua ion. Both 𝑣𝑐 and 𝑣𝑎 can be attained from UV-Vis optical absorption spectra of glass and 

a standard value reported by Yusoff and Sahar, (2015) [23] respectively.  

 

As a consequence, the bonding parameter, 𝜎 is evaluated from the attained nephelauxetic ratio 

via the expression made by Yusoff and Sahar, (2015) [23]: 𝜎 = 1 − 𝐵′𝐵′ 𝑥 100% 
(17) 

 

where 𝐵′ is an average nephelauxetic ratio, the metal-ligand is covalent when 𝜎 is positive and 

ionic when 𝜎 is negative. In 2014, Kothari [24] had reported another bonding parameter of 𝑏1 2⁄  

in term of 𝐵′ as given by: 𝑏1 2⁄ = [1 − 𝐵′2 ]1 2⁄  
(18) 

 



A real value of 𝑏1 2⁄  indicates covalent bonding. This parameter is very useful for comparing the 

bonding study. 

The crystal field strength, 𝐷𝑞 and racah parameters (𝑅 and 𝐶) are examples of the ligand field 

parameters. These parameters can be identified from the optical absorption band position (𝑣1, 𝑣2, 𝑣3 in cm
-1

) using the relation made by Hassan, (2013) and Yusoff and Sahar, (2015) [23,25]: 10𝐷𝑞 = 𝑣1 (19) 

 𝑅 = (2𝑣1 − 𝑣2)(𝑣2 − 𝑣1)27𝑣1 − 15𝑣2  
(20) 

 𝐶 = 𝑣3 − 4𝑅 − 10𝐷𝑞3  
(21) 

 

White light theory 

White light is a uniform mixture of all visible light. In daily life, the sunlight is present in the 

form of white light since the sunlight contains the entire visible spectrum [26]. The pure white 

light is said to consist of all the colours of the rainbow. Nonetheless, the white light can also be 

attained from dichromatic, trichromatic or tetrachromatic approaches as shown in Figure 5 [27]. 

In this work, the white light is formed by employing two emission bands (dichromatic source), 

which are yellow and blue. At a certain power ratio, these two complementary light sources are 

required in the formation of white light. It can generate more comfortable and more robust white 

light from the insertion of more colours [28].  

 

   

Dichromatic white source Trichromatic white source Tetrachromatic white source 

Figure 5: Different approaches to the generation of white light [27] 

 

In the formation of white light, the white light emission from the host lattice can be governed by 

three different methods which include  

a) doping a single rare-earth ion,  

b) doping of two or more rare-earth ions (excited concurrently) and,  

c) co-doping of different ions and controlling the emission through energy transfer 

processes [29].  

Nevertheless, in this research, the white light has been stimulated from the rare earth (Ag
2+

) ions 

doped glass materials by modifying the glass composition, composition of rare-earth ion and the 

excitation wavelength. 

 



 
Figure 6: CIE 1931 chromaticity diagram [30] 

 

The generation of white light from the materials by combining the wavelength of yellow and 

blue lights can be confirmed by using colour chromaticity coordinates. It can be observed from 

the Commission Internationale de I’éclairage (CIE 1931) chromaticity diagram as displayed in 

Figure 6. In the diagram mentioned, the lines which represent the blue and yellow region will 

pass through the white light region. Thus, by knowing the coordinates, the position of white light 

can be determined [31]. The x and y coordinate for standard white light point (equal energy 

white) is x = 0.333 and y = 0.333 [32].  

 

Correlated color temperature (CCT) 

The correlated colour temperature (CCT) is a parameter used to characterize the colour of the 

light. The CCT usually is expressed in degree Kelvin (°K). The CCT value will be used to 

describe the white light tone produced by the materials. Frequently, when the value of CCT 

increases, the colour of the light source will shift from the reddish light to the bluish light [33] as 

shown in Figure 7. From the colour temperature, the light produced can be categorized as warm, 

neutral or cool light. The categories of light based on the range of the CCT values are presented 

in Table 1.  

 

 
Figure 7: The tone of white light changes according to the temperature [34] 

 
 

 



Table 1: Categories of white light based on CCT value [35] 

Range of CCT (°K) Effect of light 

< 3500 Warm (Reddish white) 

3500 to 5000 Neutral (White) 

> 5000 Cool (Bluish white) 

 

The CCT value can be determined by replacing the x and y color coordinates into the McCamy’s 

approximate formula in the following equation [36]: 𝐶𝐶𝑇 = −449𝑛3 + 3525𝑛2 − 6823𝑛 + 5520.33 (22) 

where 𝑛 = (𝑥 − 0.332)/(𝑦 − 0.186) is the inverse slope line and the values 0.332 and 0.186 is 

the epicentre ( a point on the chromaticity diagram).  

 

Result and Discussion 

Photoluminescence spectra analysis 

 

 
Figure 8: Photoluminescence spectra of silver-doped erbium zinc tellurite glasses 

 

Figure 8 displays the photoluminescence spectra against zinc tellurite glasses doped with erbium 

oxide and silver oxide under 375 nm excitation wavelength. Green (550 nm) and red (650 nm) 

emissions are observed in the photoluminescence spectra. The intensity of blue emission can also 

be observed slightly at the early 400 nm. According to Fang et al., (2007) [37], the observed 

bands as depicted in the figure can be attributed to the stark splitting effect which can be 

assigned by low symmetry of the local environment around erbium ions sites. By referring to the 

photoluminescence figure, the insertion of both erbium and silver ions is affecting the total 

emission intensity. However, the shape of the emission spectra remains the same. Mahraz et al., 

(2013) [38] had mentioned that the increment in silver oxide brought a capability to diminish the 

emission intensities in the visible range. The increment in silver oxide concentration saturated 
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the intensity of light, which led to the quenching effect. The quenching effect has been formed 

by the energy transfer (ET) mechanism from erbium ions to silver ions. 

 

Energy level diagram analysis 

 

 
Figure 9: Energy level diagram of silver-doped erbium zinc tellurite glasses for visible 

emission 

 

Figure 9 displays the energy level diagram of the silver-doped erbium zinc tellurite glass system 

[38-39]. In 2016, Mahraz and other co-authors [40] had revealed that the excited states at 
4
F3/2, 

4
F9/2 and 

4
I9/2 had filled by the cooperative energy transfer (CET) between two erbium ions that 

exist in the existing glass system. Based on Dousti et al. (2016) [41], the energy transfer from the 

excited state of erbium ions to the surface of silver ions will result in an unfavourable quenching 

effect that will be discussed quenching analysis section. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Quenching effect analysis 

 

 
Figure 10: Emission intesities of silver-doped erbium zinc tellurite glasses 

 

What can be observed from the figure is that there is an intermittent decrement of luminescence 

intensity as the concentration of dopants increases. This phenomenon occurred because of the 

energy transfer process between the erbium ions (self-quenching or cross-relaxation) [42]. The 

transfer of energy is a process of converting light to heat via phonon and multi-phonon processes 

and visible light. Red emissions had reduced significantly in intensity as compared to green and 

blue emissions. This situation is related to the cross-relaxation process of two neighbouring rare-

earth ions. The cross relaxational mechanism is more likely to occur at a higher concentration of 

rare-earth ions when the ion-ion distances are short enough and saturated. This phenomenon 

(cross-relaxational process) will lead to more quenching effect on the red emission [38]. Other 

than that, the quenching in luminescence intensity can also be attributed to the non-radiative 

energy transfer. A high concentration level of dopant is said to speed up the luminescence 

intensity to decay as well [22,43]. 

 

McCumber theory 

Absorption and emission cross-section analysis 

One of the crucial parameters in McCumber's theory is the absorption cross-section. The 

absorption cross-section can be derived from the absorption spectra (UV-Vis). The emission 

cross-section is also crucial to determine the potential performance of a laser by relating both 

absorption and emission cross-sections simultaneously [22,45]. 
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Figure 11: Optical absorbance spectra of silver-doped erbium zinc tellurite glasses 

 

 
Figure 12: Absorption cross section against wavelength of silver-doped erbium zinc 

tellurite glasses. 
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Figure 13: Emission cross section against wavelength of silver-doped erbium zinc 

tellurite glasses 

 

Figure 13 presents the emission cross-section of the samples of silver-doped erbium zinc tellurite 

glass samples. A broad emission cross-section is one of the essential requirements for a 

broadband amplifier, producing a higher rate of energy extraction which is needed by the optical 

materials [46]. According to Hamza et al., (2019) [22], a higher value of stimulated emission 

cross-section promotes lower threshold and higher optical gain applications, useful for better 

laser performance. The threshold is the point where the first laser action occurs. Therefore, a 

lower threshold is good enough to initiate the first laser action. Compared to the previous 

literature, Choi et al., (1999), Jin et al., (2007), Rivera Lopez et al., (2012) and Zhang et al., 

(2012) [47-50], the current research unveils better emission cross-section which is more 

significant than previous works and can also be claimed as an efficient for EDFA amplification 

purpose [51]. Nonetheless, Ravi et al., (2015) [45] proposed that a lower value of emission cross-

section is necessary for the near infrared optical amplifier at 1.53 µm development. Therefore, in 

conclusion, the results showed that both the high and low value of emission cross-section has 

brought significantly different applications. 
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Gain coefficient analysis 

 
Figure 14: Optical gain against wavelength of silver-doped erbium zinc tellurite glasses 

 

In 2019, Hamza and other co-authors had mentioned that the gain parameter is one of the crucial 

components to execute better laser performance. They had also mentioned that gain is utilized in 

order to enhance the laser media implementation and has the potential to be a broadband 

amplifier application. The optical gain against wavelength with the values of population 

inversion (P) varying from 0 to 1.0 has been executed. The results showed that the intensity of 

the gain and its width increased as the value of P increased. Since the gain falls between 0.6 to 1, 

the width shifted to become a shorter wavelength. The gain obtained is flat (maximum gain 

difference) for the population inversion of more than 0.6. The gain covers the C band (1530-

1565 nm) and L band (1565-1625 nm) regions, which fall in the optical communication window. 

Furthermore, it supplies more channels in the wavelength division multiplex (WDM) networks 

as well [45]. WDM is a technology that multiplexes several optical carrier signals onto a signal 

option fibre by using laser lights with different wavelengths. 

 

Spectroscopic parameters under McCumber theory 

Table 2: Full width half maximum, gain bandwidth and figure of merit of silver-doped erbium 

zinc tellurite glasses 

Molar fraction, x Full width half 

maximum 

Gain bandwidth A gain figure of 

merit 

0.01 67.32 184.45 3.40 

0.02 69.84 97.78 3.32 

0.03 75.14 624.40 30.41 

0.04 48.18 118.83 1.39 

0.05 90.70 392.71 10.99 
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As tabulated in Table 1, the full width half maximum (FWHM) increases except for the 0.04 

molar fraction of silver oxide. The increment of FWHM leads to a higher amount of gain 

bandwidth which can be inferred as an appropriate gain medium for the broadband amplifier [52, 

53]. Generally, FWHM or effective band width is a measurement of the emission band which 

covers the S-band (1460-1530 nm), C-band (1530-1570 nm) and L-band (1570 -1630 nm). All 

the bands have been considered optimum for a wide range of transmission amplification 

purposes [54]. The two known vital criteria in gaining high performance of broadband EDFA are 

flat and wide gain at 1.5 µm communication window. The current FWHM has successfully 

recorded higher values when compared to the earlier result reported by Baki et al. (2013) [21].  

 

For an amplifier device, the gain figure-of-merit (FOM) is the product of lifetime and emission 

cross-section. The larger the FOM for gain, the better the competency for fibre amplifier 

application [55]. Gain bandwidth is another parameter to measure up the efficiency of the optical 

amplifier. The more significant value of GBW can infer that the complexity of the designed glass 

composition proposed in this work can contribute to the application of optical amplification [21]. 

 

Judd-Ofelt analysis 

Table 3: Experimental (fexp x 10
-6

) and theoretical (fth x 10
-6

) oscillator strength of optical 

transition of silver-doped erbium zinc tellurite glasses 

  0.01 Ag 0.02 Ag 0.03 Ag 0.04 Ag 0.05 Ag 

Transition 

(From 
4
I15/2) 

λ (cm-

1
) 

fexp fth fexp fth fexp fth fexp fth fexp fth 

4
I13/2 6604 3.799 5.208 2.170 2.652 1.409 1.703 4.206 10.99 1.069 2.369 

4
I11/2 10234 2.762 1.955 1.841 1.325 1.196 0.882 3.432 4.665 0.820 1.015 

4
I9/2 12484 4.733 1.861 2.127 0.991 1.382 0.653 3.957 0.684 0.889 0.096 

4
F9/2 15274 9.915 10.21 5.017 5.223 3.259 3.399 8.732 10.08 1.671 1.994 

4
S3/2 18290 30.64 1.952 15.42 0.910 10.01 0.574 28.01 4.617 5.213 1.004 

2
H11/2 19135 8.305 7.452 4.029 23.49 2.617 17.11 6.866 6.774 1.330 1.315 
4
F7/2 20412 32.05 8.667 16.54 4.204 10.74 2.689 29.19 15.31 5.516 3.256 

4
F5/2 22145 19.49 2.385 9.492 1.109 6.166 0.699 16.00 5.628 2.869 1.223 

4
F3/2 24624 34.86 1.511 18.10 0.703 11.76 0.443 32.15 3.566 6.063 0.775 

2
G9/2 26279 223.5 3.275 107.5 1.552 69.84 0.985 196.8 6.874 35.21 1.488 

 

Table 4: Judd-Ofelt parameters (Ω2, Ω4 and Ω6) and spectroscopic quality factor (Ω4/Ω6) of 

silver-doped erbium zinc tellurite glasses 

Molar fraction, 

y 

Ω2 (x10
-20

) Ω4 (x10
-20

) Ω6 (x10
-20

) Ω4/Ω6 

0.01 0.0204 4.7575 2.7572 1.7255 

0.02 8.0127 2.4753 1.2476 1.9840 

0.03 5.8994 1.6194 0.7801 2.0759 

0.04 1.1204 1.3703 6.2169 0.2204 

0.05 0.2506 0.1616 1.3184 0.1226 

 

 



Table 5: Evaluated values of transition probabilities, A(s
-1), branching ratio, β(%) and radiative 

lifetime, τr(ms) of silver-doped erbium zinc tellurite glasses 

Transitions λ 
(cm

-1
) 

Parameter

s 

0.01 Ag 0.02 Ag 0.03 Ag 0.04 Ag 0.05 

Ag 
4
I15/2 → 

4
I13/2 

 

6604 A (s
-1

) 805.63 422.60 237.32 1781.43 394.05 

β (%) 100.00 100.00 100.00 100.00 100.00 

τr (ms) 1.24 2.37 3.66 0.56 2.54 
4
I15/2 → 

4
I13/2 

 

1023

4 

A (s
-1

) 726.08 506.05 339.72 1815.88 405.05 

β (%) 84.00 84.60 83.20 87.10 83.80 

τr (ms) 1.15 1.67 2.45 0.48 2.07 
4
I15/2 → 

4
I9/2 

 

 

1248

4 

A (s
-1

) 1028.13 563.20 374.22 396.01 57.16 

β (%) 79.00 81.00 81.30 37.70 27.90 

τr (ms) 0.77 1.44 2.17 0.95 4.88 
4
I15/2 → 

4
F9/2 

 

1527

4 

A (s
-1

) 8447.15 4444.83 2917.44 8742.69 1772.8

1 

β (%) 92.70 91.00 90.70 89.70 89.00 

τr (ms) 0.11 0.21 0.31 0.103 0.50 
4
I15/2 → 

4
S3/2 

 

1829

0 

A (s
-1

) 2314.81 1118.02 710.90 5780.44 1288.5

7 

β (%) 66.00 66.1 66.10 67.20 67.20 

τr (ms) 0.29 0.59 0.93 0.12 0.52 
4
I15/

2 

→ 
2
H11/

2 
 

1913

5 

A (s
-1

) 9622.64 31212.5

5 

22921.7

3 

9169.40 1825.4

1 

β (%) 89.50 95.60 95.70 87.60 86.40 

τr (ms) 0.093 0.031 0.042 0.096 0.47 
4
I15/2 → 

4
F7/2 

 

2041

2 

A (s
-1

) 12803.2

4 

6389.30 4122.38 23712.0

8 

5170.5

8 

β (%) 75.30 73.20 72.60 89.80 91.40 

τr (ms) 0.059 0.115 0.176 0.038 0.18 
4
I15/2 → 

2
G9/2 

 

2627

9 

A (s
-1

) 7989.05 3894.42 2492.68 17576.7

5 

3944.9

8 

β (%) 53.30 36.50 34.60 60.40 61.40 

τr (ms) 0.067 0.094 0.14 0.034 0.16 

 

Table 6: Evaluated values of Racah parameters (R and C), crystal field parameters (Dq and Dq/R) 

and nephelauxetic ratio, B’ and bonding parameters (𝞭 and b
1/2

) 

Molar 

fraction, 

x 

B’ 𝞭 
 

b
1/2 

Dq R C Dq/R 

0.01 1.00041 -0.04100 -0.02050 1829.0 71.29 612.29 25.66 

0.02 1.00031 -0.03100 -0.01559 1828.0 71.28 582.29 25.65 

0.03 1.00021 -0.02100 -0.01050 1827.0 71.27 552.29 25.63 

0.04 1.00011 -0.01100 -0.00550 1829.0 71.29 612.29 25.66 

0.05 1.00001 -0.00010 -0.00500 1828.0 71.28 582.29 25.65 

 



Mahraz et al., (2015) [39] had reported that Judd-Ofelt theory is used to identify the 

spectroscopic parameters from absorption spectra. Soltani et al., (2015) [46] had mentioned that 

the absorption spectra could be utilized to determine the radiative transition probabilities, 

branching ratio and a radiative lifetime of different transitions particularly by using Judd-Ofelt 

theory. The comparison between the experimental and theoretical line strength listed in Table 2 

can verify the fitting.  By employing the least-square fitting technique, the Judd-Ofelt parameters 

Ωλ (λ=2, 4, 6) of erbium oxide co-doped with silver oxide on zinc tellurite glasses are shown in 

Table 3. Judd Ofelt parameters on the glass materials of the transition probabilities can be further 

discussed in crystal field parameters, interconfigurational radials integral and the interaction 

between the central ion and the intermediate environment.  

 

The oscillator strength gives indirect information within the glass matrixon the symmetry and the 

bonding of the rare-earth ions. In other words, oscillator strength can be identified as the 

probability of absorption or emission of electromagnetic radiation transition within the glass 

matrix. Small values of oscillator strength indicate high symmetry around the rare-earth ions. 

Some transitions are very sensitive to small changes in the environment around erbium ions and 

are called hypersensitive transition (HSTs). The most intense absorption bands of the glass series 

transition are 
4
I15/2 to 

2
G9/2 due to HSTs. The outcome will lead to the generation of a high 

number of non-bridging oxygen and, then, the asymmetry of the bond will increase and spread to 

the neighbouring network cations. 

 

The change that is taking place in the erbium ions site symmetry is due to the accretion of silver 

oxide into a glass matrix. This will result in the reduction in site symmetry of the bond between 

ligand network cations (glass host) and the active ions (lanthanide ions). The phenomenon leads 

to higher asymmetry within the rare-earth ion and glass matrix by forming numbers of non-

bridging oxygen from bridging oxygen. Besides that, adding silver oxide in the glass matrix will 

increase in the site asymmetry of erbium ions (lower symmetry). The improved intensity and 

oscillator strength in the (HSTs) transition reveal more created covalent bonds [56]. 

 

The Ω2 parameters values indicate the asymmetry of the erbium ions in the local environment, 

which affects by the covalence between erbium ions and ligand anions. In the meantime, the 

value of the Ω6 parameter is related to the local basicity of erbium ions. It is reversible to the 

covalence of the erbium oxide bond. Fares et al., (2014) and Mahraz et al., (2015) [39,57] had 

reported that Ω2 is sensitive to the asymmetry in the region of the rare-earth ions (short-range 

effect). On the other hand, the differences in Ω4 and Ω6  are interrelated to the long-range effect 

of the glass host. In 2017, Mawlud and other co-authors [58] reported that Ω2 is affected by the 

strength of the bond between the rare-earth ions and the ligand ions. There is a high possibility of 

the asymmetry and polarization of the local structure surrounding the rare earth ion causing this 

phenomenon. However, Ω4 and Ω6   reflects the bulk properties of host glass, for instance, density 

and rigidity.  

 

As tabulated in Table 3, the trend of Ω2 for the glass series is predicted to be non-linear. The 

highest Ω2 values for erbium-co-doped silver of zinc tellurite glass system are obtained at 0.02 

molar fraction. The phenomenon indicates strong covalence of ions-ligand and high asymmetry 

of the local surrounding of erbium ions. And thus, this phenomenon creates a higher degree of 

covalence in the glass network. This can be associated with the weak interaction between erbium 



ions and silver ions that affect the crystal field environment of erbium ions. The increment of Ω2 

can be related to the increase in polarization and asymmetry of the rare earth ions site [55]. In 

addition, a stronger value of Ω2 indicates less centro-symmetrical ions site and a less ionic bond 

between rare-earth ions and the ligands. A higher value of Ω2  is caused the partially broken or 

forbidden transition for lower symmetry in the crystal field.  

 

The increment in values of silver oxide concentration indicates lower symmetry in the structural 

coordination surrounding the erbium ions. The symmetry of rare-earth ion sites decreased 

because the enhancement of non-bridging oxygen ions in the glass system increased the Ω2. The 

increase of this parameter will cause the lower symmetry in the structural coordination 

surrounding the erbium ions. The increment of this parameter can increase in covalence, so-

called a nephelauxetic shift at the rare-earth sites [37,39]. 

 

Nevertheless, the decreasing values of Ω2 with the addition of dopants concentration indicates a 

long-range structural disorder effect and decrease in asymmetric behaviour of the crystal field 

[46].  In 2017, Mahraz and other co-workers reported that the changes in Judd-Ofelt parameters 

are related to the incorporation of the silver ion. The outcome of these changes can change the 

ligand field of erbium ions [59].  

 

In contrast to Ω2 and Ω4 proposed by Fares et al., (2014) [57], the Ω6 parameter is independent of 

the local structure, yet it is reliable to the rigidity and density of the prepared glasses. The 

concentration of 0.03 molar fractions of erbium possesses the lowest value of Ω6.  The 

phenomenon is the cause of the decrement in the rigidity between the erbium ion and ligand 

bonds. The decreasing trend of Ω6 can be associated with the changes of the structural units that 

depend on the composition and structure of the glass host itself. In 2017, Moustafa et al. [56] had 

mentioned that the inclusion of silver oxide signifies the improvement of the covalence nature of 

the Er-O bond, which will affect the structural units of the glasses (environment of the glasses). 

 

Ω6 reaches its highest value at 0.04 molar fraction of silver oxide. The increasing values of Ω6 

indicate more covalence between erbium ions and ligand atoms. The vibrational amplitude of the 

erbium oxide bond increases with Ω6. According to Faris et al., (2014) [57], the increment of Ω6 

can be associated with more presence of Er cations that dissolve in the glass matrix. Eventually, 

it leads to the adjacent between Er cations diminishing. This explanation can be further 

supported by the increment of the repulsive force at the surrounding of Er cations. Besides that, 

the nonlinear variation trend of Ω6 is because the composition of the glass system is controlling 

the structural change. The increasing value of Ω6 between 0.03 and 0.04 molar fraction of silver 

oxide co-doped with erbium oxide enhances the large stark splitting energy level of erbium ions. 

This will enhance the broadening of the emission band. The rigidity of the host glass indicated 

by the Ω6 will be higher as a result of the presence of silver oxide within the glass network [39]. 

 

Ω4 is influenced by the factors of the difference in both Ω2 and Ω6, especially, if the changes of 

Ω2 and Ω6 are opposite. In this case, the Ω4 will affect some transition of erbium ions along with 

Ω6, such as from 
2
H11/2 to 

4
I15/2 transition. Based on Jacob and Weber theory, the Ω4 and Ω6 

parameters can uniquely characterize the erbium emission intensity. This situation can be called 

as spectroscopic quality factor (Ω4/ Ω6). The small amount of this parameter leads to a more 

intense laser transition. The spectroscopic quality factor (X) is an essential measure in laser-



active medium to illustrate the stimulated emission as the behaviour of discrete lasing transition 

in laser optical material. In research work reported by Fares et al., (2014), Soltani et al., (2015) 

and Mahraz et al., (2015) [39,46,57], they had proposed that a small amount of this ratio lead to 

more intense laser transition of 
2
I13/2 to 

4
I15/2. The essential role of silver oxide is exhibited when 

its presence reduces the quality factor in the fluorescence dynamics of the erbium ions doped 

glass system.  

 

Faris et al., (2014) [57] had mentioned that the radiative transition probability is the transition 

from the upper manifold states to their corresponding lower-lying manifold states. The evaluated 

probabilities of radiative transition of silver-co-doped erbium zinc tellurite glasses are tabulated 

in Table 4. It can be noticed that the radiative probability, Arad of erbium is advantageous to the 

blue, green and red emission for the glass series. The attained value of 𝛿rms deviation is 

0.3833430 x 10
-20

 cm
2
 for the glass series. The experimental value displays a good accord with 

calculated value data and consequently promotes a high precision to determine the intensity 

parameters. 

 

The luminescence branching ratio can attain stimulated emission from any specific transition 

showed how it is a crucial parameter for the laser design. The branching ratio parameter also 

represents the decay or depopulation of particular atoms. The attained data for fluorescence 

branching ratio and a radiative lifetime of the glass series are tabulated in Table 4. The intensity 

of an emission line is determined by using the fluorescence branching ratio at a given excited 

state. The area of emission peaks can determine the experimental branching ratio. The branching 

ratio for silver-co-doped erbium zinc tellurite glasses is what can be observed in this study at 

most transition. The attained result explains that the present glasses correspond to blue, green 

and red emission with the respective glass series that depopulates from that level. This is also 

reported by Mahraz et al., (2015) [39] that the values of the branching ratio that lies in the 

particular transition can achieve efficient blue, green and red emission under suitable excitation 

condition in the glasses.  

 

Other than that, the lifetime is crucial for optical amplifier and laser application, especially at the 

1.53 μm band. Mahraz et al., (2015) [39] had reported that a radiative lifetime is a parameter on 

how rapid a particular level gets depopulated. The transition of 
4
I13/2 level has a longer lifetime 

benefits the population inversion between the 
4
I13/2 and 

4
I15/2 levels [60]. It is noticed that the 

lifetime of silver-co-doped erbium zinc tellurite glasses is higher at 
4
I13/2 → 4

I15/2 transition level. 

The unique properties of silver oxide in the erbium zinc tellurite glasses have brought to the 

decrement in a radiative lifetime for faster decay. The properties mentioned cause the substantial 

emission probabilities enhance optical transition.  

 

As tabulated in Table 5, both bonds parameters are negative, showing an erbium ion ligand 

possess an ionic bonding [22-23]. However, the bonds decrease with the increasing of silver 

oxide concentration. This is correlated to the weaker ionic bond between the host glass and the 

erbium ions ligand as it shifts towards higher values [23,61]. The decrement also rectifies the 

ionic bonds turn to the character of covalence bonding. Kothari in 2014 [61] had also reported 

that by using Slater-Condon parameters, the trend of the bonding parameter of b
1/2

 is slightly 

similar to 𝞭, which indicates the changes bond from ionic weaker to become covalence bond. 

 



Racah parameters (R and C) are very convenient in calculating the covalence of the ligand-

dopant bond. It is also used to measure the inter-electronic repulsion in the d-shell. Larger R and 

C values will localize more electrons on the transition metal ions [23]. The decrement of racah 

parameters provide stronger covalence bonds characteristics. In 2019, Hamza and other co-

authors [22] had mentioned that the decrement of these parameters could be attributed to the 

larger orbital size. 

   

The strength of the crystal site is given by the Dq/R as shown in Table 6 [23]. The results showed 

that the increment of silver oxide concentration leads the crystal field strength to improve. The 

possible explanation is that the existence of silver oxide in the interstitial sites is causing the 

contraction of erbium ions. Besides that, the value of Dq/R is more than 2.3, which exhibits the 

crystal structure has strong sites [22,25]. Moreover, the crystal field sites increased by increasing 

the electronegativity. This phenomenon is because of electronegativity that played the role to 

deform the crystal ions around the transition metal ions.  

 

CIE Analysis 

  
Figure 15: CIE 1931 chromaticity diagram of 

0.01 molar fraction of silver oxide 

Figure 16: CIE 1931 chromaticity diagram of 

0.02 molar fraction of silver oxide 



  
Figure 17: CIE 1931 chromaticity diagram of 

0.03 molar fraction of silver oxide 

Figure 18: CIE 1931 chromaticity diagram of 

0.04 molar fraction of silver oxide 

 

 

 

 

 



 
  

Figure 19: CIE 1931 chromaticity diagram of 

0.05 molar fraction of silver oxide 
 

 

The emission spectra were characterized by the CIE 1931 chromaticity diagram to charaterize 

the dominant emission colour of the prepared glasses. The (x, y) coordinates of the present 

Er
3+

/Ag doped zinc tellurite glasses were reported in Table 7. Figures 15 to 19 showed the CIE 

1931 chromaticity diagram of the studied glasses CIE, and what can be observed is that the (x,y) 

coordinates pass through the white light region of the CIE 1931 chromaticity diagram [62-64]. 

[62-64]. Commonly, the standard equal energy point (0.33, 0.33) of the white light emission 

always located at the centre of the CIE diagram.  The stability of the present glasses for white 

light applications is an indication of the colour coordinates located nearer to the standard equal 

energy points. The quality of any light source shows the temperature of the nearest black body 

radiation to the operating point in the CIE diagram. The quality mentioned can be examined in 

terms of correlated colour temperature (CCT). Higher values of CCT will produce light with 

more excellent visual acuity and higher brightness perception than lower CCT values [65]. 

 

The calculated CCT values of the present glasses were shown in Table 7 and found to vary from 

6761 to 6937 K. The values are comparative to the commercial LCD (liquid crystal display) and 

CRT (cathode ray tube) screens. This phenomenon indicates that current glasses can give cool 

white light emission under UV excitation, which is related to the statement made by Soares et al. 

in 2011 [65]. For white LED applications, the discovery of colour purity of the dominant 

emission colour is crucial and, it should be as low as possible to achieve pure white light 

emission. The colour purity of the title glasses was obtained using colour calculator v.7 77 

software and, the colour purity values were 10.7%, 10.7%, 18.8%, 12.8%, and 14.0% for the 

respective glass samples [66]. 



To correlate with the photoluminescence spectra, it confirms that 375 nm excitation wavelength 

emits in the blue, green and red regions, as shown in Figure 8. Therefore, these materials can be 

used as luminescent material within these three colour regions [67].  

 

Table 7: CIE chromaticity coordinates, CCT and purity values of silver-doped erbium zinc 

tellurite glass system 

Molar fraction, x CIE Chromaticity coordinates CCT (K) Purity (%) 

x y 

0.01 0.2982 0.3726 6857 10.7 

0.02 0.2979 0.3645 6937 10.7 

0.03 0.2956 0.4244 6743 18.8 

0.04 0.2960 0.3946 6785 12.8 

0.05 0.2952 0.4026 6761 14.0 

 

Structural properties 

X-ray diffraction (XRD) analysis 

The verification of all the applications made by the glass can be done by using X-ray diffraction 

(XRD), which is one of the characterizations methods used to determine the structure of the 

materials. Therefore, XRD was utilized to determine whether the synthesized glass sample is 

amorphous or crystalline. Glass is usually amorphous when it shows a non-crystalline state. The 

phenomenon is proved by using the XRD spectra of the glass series are illustrated in Figure 20. 

The spectra were recorded under room condition with a temperature in the range of 20°≤ ϴ ≤ 
80°. 

 

 
Figure 20: XRD patterns of silver-doped erbium zinc tellurite glasses 
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structural order in the glass samples. The absence of sharp peak or the existence of broad hump 

around 2θ = 30° or in other words confirms the non-existence of the crystalline phases in the 

material. Furthermore, the phenomenon proves that the glass series is entirely amorphous [38]. 

Cai et al. (2016) [68] supports the argument that the absence of long-range atomic arrangement 

in the glass system confirms the amorphous nature of the glass samples. 

 

Physical properties 

Density and molar volume analysis 

The density parameter has been an indicator in this subtopic to identify the strength of the 

glasses. Density can be defined as a degree of compactness of the substance as well as the 

strength of the amorphous materials [69-71]. Kumar et al., (2011) [70] had mentioned that the 

density would affect the transformation in geometrical configuration, coordination number, 

cross-link density, interstices spaces and the compactness of the materials. The density of the 

prepared glass samples is evaluated by using distilled water as an immersion liquid. The 

evaluation is done by using Archimedes’ principle at room temperature. On the other hand, the 

molar volume can be defined by identifying the changes in the structure of the glass sample. 

Wang et al., (1994) [72] had reported that the changes in molar volume rely on the behaviour of 

the density and molecular weight of the elements in the glass system. 

 

Table 8: Density and molar volume of silver-doped erbium zinc tellurite glasses 

Molar fraction, x Density (g/cm
3
) Molar volume (cm

3
/mol) 

0.01 4.4673 32.8713 

0.02 4.5775 32.2672 

0.03 4.7138 31.5161 

0.04 4.8219 30.9874 

0.05 4.9705 30.2335 

  

 
Figure 21: Graph of density and molar volume of silver-doped erbium zinc tellurite glasses 

30,0

30,6

31,2

31,8

32,4

33,0

4,4

4,5

4,6

4,8

4,9

5,0

0,01 0,02 0,03 0,04 0,05

M
o
la

r 
v
o
lu

m
e 

(c
m

3
/m

o
l)

 

D
en

si
ty

 (
g
/c

m
3
) 

Molar fraction of silver oxide, y 



 

Figure 21 shows the relationship between density and molar volume concerning the molar 

fraction of silver oxide. Based on the result acquired, the density of the glass samples increases 

as the concentration of silver oxide increases, which can be related to the addition of dopants in 

the glass system. In silver-doped glasses, the increment in the density of the glass samples is 

caused by the substitution of a lighter atom with the heavier atom [38,73]. When lower atomic 

mass of Te (127.6 g/mol) and Zn (65.38 g/mol) is replaced by the combination of Er (167.3 

g/mol) and Ag (107.87 g/mol), the overall atomic mass of the glass sample increases. In other 

words, the addition of elements with greater atomic mass makes the glass sample to become 

denser. Therefore, the elevation of the density of the glass sample enhances the compactness of 

the glass sample. Other than that, the addition of the combination of erbium oxide and silver 

oxide will also lead to an increment in the average molecular weight [38]. The incorporation of a 

huge molecular weight of erbium oxide (382.52 and silver oxide (231.74 g) will enhance the 

density of the glass system as compared to tellurium oxide (159.60 g) and zinc oxide (81.38 g) 

[74]. Besides that, the increased density is due to more oxygen, which diverts the trigonal 

pyramid into the trigonal bipyramid [75].  The presence of the trigonal pyramid and trigonal 

bipyramid is proven through FTIR and deconvolution result that can be strongly related to the 

formation of NBO and BO in the glass system. Hence, the density that increased with dopants’ 
content in the glass system will produce more rigid and quality glass [76]. 

 

The graph of molar volume concerning the molar fraction of silver oxide is depicted in Figure 

21. The molecular weight of the overall glass system has a crucial role in increasing density and 

decreasing the molar volume. When the concentration of silver oxide increases, the sample 

becomes more compact since there is no expansion of free volume in the glass system. The 

decrement in molar volume can be proven by the theoretical relationship between density and 

molar volume where the decrement of the molar volume is affected by the increment in density 

[57]. Saddeek et al., (2015) [78] reported the trend of molar volume for this quaternary glass 

system follows its theoretical relationship with density. The results showed that the density and 

molar volume displays the constrating behavior between each other. 

 

Conclusion 

A series of zinc tellurite glasses doped with erbium oxide and silver oxide was fabricated by 

using the melt-quenching technique. Since there is no sharp peak observed from the XRD 

analysis, all glass samples are amorphous. Density analysis displays the increment in density 

from 4.4673 to 4.9705 g/cm
3
 and decrement from 32.87 to 30.23 cm

3
/mol of molar volume, 

which improves the rigidity of the glass system. From the results of the UV-Vis analysis, the 

absorption bands were observed using silver oxide as the dominant dopant and erbium oxide as 

the co-dopant in the glass series. The displayed bands are attributed to the role of erbium oxide 

as the 4f-4f transition elements, which promotes the transition of the electron in different energy 

levels. Three possible emissions which consist of blue, green and red were detected in the 

photoluminescence spectra under 375 nm excitation wavelength. For McCumber theory, having 

a higher emission cross-section and higher FWHM is efficient for both the broadband amplifier 

and laser application. Wider and flatter gain with a maximum gain difference which has covered 

both C and L bands are beneficial for optical communication. Besides that, it can supply more 

channels in the wavelength division multiplex network (WDM). A higher gain figure of merit 

and larger gain bandwidth are used to justify the efficiency of optical amplification. Under 



investigation of McCumber theory, 0.03 molar fraction is the most significant glass sample for 

all application, as mentioned earlier. The Judd-Ofelt analysis was focused on the spectroscopic 

quality factor and lifetime parameter. A small amount of spectroscopic quality factor is believed 

to produce a more intense laser transition which is crucial in the laser-active medium for laser 

optical material. Whilst, lifetime is beneficial for optical amplifier and laser application at 1.53 

μm band. Shorter lifetime is responsible for a quicker decay for better and strong emission’s 

probabilities as well as encouraging the optical transition. The present glass series also had 

proven the ability to be a white light application as it passes through the white light region. The 

present glass has the standard equal energy point of the white light emission situated near the 

centre of the CIE diagram (0.33, 0.33). On top of that, the quality of light was also observed 

through the correlated colour temperature (CCT). Higher values CCT of the current glass ranging 

from 6761 to 6937 K form light with better visual acuity and brighter brightness than lower 

CCT. Colour purity is vital for the white LED applications and, lower purity is convenient for 

pure white light emission. Lower colour purity was found around 10.7 to 18.8% for all the 

present glass series.  

 

Although all the glass samples are suitable for the selected application, at 0.05 molar fraction of 

silver oxide, it has been the most convenient and significant to be used for all desired 

applications since it obeys all the conditions for every parameter. 
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