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ABSTRACT 
New In2O3-doped phosphate zinc tellurite glasses synthesized using melt-quenching method were investigated. It 

was observed that the synthesized glasses exhibit transparent properties. Densities of synthesized glasses changed 

significantly related to the doping ratio of In2O3. This implies that radiation shielding abilities can be enhanced. In 

other respects, the almost linear elevation in molar volume values indicated that the glass network expanded as a 

result of the ZnO/In2O3 translocation. As the additive ratio increases, the optical band gap value increases from 

2.96 eV to 3.47 eV, while the Urbach energies decrease from 0.350 eV to 0.180 eV. In2O3 contribution has a 

regulatory effect on the structure of phosphate zinc tellurite glasses. In phosphate zinc tellurite glasses evaluated 

in terms of radiation shielding properties, it was observed that the In2O3 additive contributed significantly to the 

shielding properties and the glass with the best radiation shielding was 6 mol% In2O3 doped glass. It is obvious 

that by raising the density values of the produced glasses, the ZnO/In2O3 translocation in phosphate zinc tellurite 

glasses enhanced their radiation shielding properties.  
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Fosfat Çinko Tellürit Camlarda ZnO/In2O3 Yer Değişimi Sonucu 

Fiziksel, Optik ve Radyasyon Zırhlama Yetenekleri Üzerine Bir 

Çalışma 
 

Öz 
Eritme-tavlama yöntemi ile sentezlenen yeni In2O3 katkılı çinko fosfat tellürit camların özellikleri incelenmiştir. 

Sentezlenen camların saydam oldukları gözlemlenmiştir. Sentezlenen cam yoğunlukları, In2O3’ün katkı oranına 

bağlı olarak önemli ölçüde değişmiştir. Bu da radyasyon koruma yeteneklerinin geliştirilebileceği anlamına gelir. 

Öte yandan, molar hacim değerlerindeki neredeyse lineer artış, ZnO/In2O3 yer değişimi sonucunda cam ağının 

genişlediğini göstermektedir. In2O3 katkı oranı arttıkça optik bant aralığı değeri 2,96 eV’den 3,47 eV’ye 

yükselirken, Urbach enerjileri 0,350 eV’den 0,180 eV’ye düşmektedir. In2O3 katkısının fosfat çinko tellürit 

camlarının yapısını düzenleyici etkisi vardır. Radyasyon zırhlama özellikleri açısından değerlendirilen fosfat çinko 

tellürit camlarda In2O3 katkısının bu özelliklere önemli katkı sağladığı ve en iyi radyasyon zırhlama özelliğine 

sahip camın %6 mol In2O3 katkılı cam olduğu görülmüştür. Fosfat çinko tellürit camlarındaki ZnO/In2O3 yer 

değiştirmesi ile üretilen camların yoğunluk değerlerinin arttırılarak radyasyon zırhlama özelliklerinin 

geliştirilebildiği söylenebilir.  
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I. INTRODUCTION 
 

Every living creature on earth has been continually affected by cosmic rays from the universe and 

radiation released by natural radioactive sources in the earth since the beginning of human history, and 

they coexist with natural radiation. That’s why the idea of high-dose radiation has long been one of 

humanity’s most serious threats. It is well known to everyone that various precautions should be taken 

to be protected from the radiation source. For this reason, various shielding materials are needed to 

minimize/eliminate the effects of radiation used in experimental studies or in the medical field. One of 

these materials is glass, which can be synthesized with very important properties in scientific studies. 

Glasses synthesized with different oxidized compounds naturally show different properties. Phosphate 

glasses are among the glass structures that are frequently used in glass science and other related fields 

of study. Glasses synthesized with P2O5 have low glass transition temperature, and crystallization 

temperature decreases proportionally with the increase in the glass structure of P2O5, as well [1], [2]. 

Due to these important properties they bring to the glass structure, phosphate glasses are preferred in 

technologically important application areas such as biomedical and low-temperature cofired ceramic 

technology [3-5]. 

 

The ability to synthesize glasses at low melting temperatures is an important advantage for glass science 

and technologies. At this point, one of the element oxides preferred in many studies with its low melting 

temperature is TeO2 glasses [6]. Instead of glass synthesis at high melting temperatures, such as borate 

glasses, tellurite glasses can mostly be produced below 1000 °C [7-9]. Because this crucial feature is a 

key aspect in the production of tellurite glasses, tellurite-based glasses are a strong candidate in literature 

studies and technological investigation. Tellurite glasses are popular in various applications, including 

optical communication networks, infrared and nonlinear applications or industrial applications as a 

supercontinuum generator [10-12]. In other respects, it has been reported in some studies that ZnO doped 

glasses show semiconducting properties. In these glass structures with different compositions, ZnO can 

stabilize the glass structure. There are studies in which this type of glass is used in biomaterial 

applications [13].  

 

When looking at research in the subject of glass science, there are relatively few that look into the 

impacts of In2O3 on glass [14]. In2O3 is commonly utilized in thin film studies produced by various 

processes, whereas nanoparticles are commonly employed in glass synthesis research [15-17]. The very 

high density value of In2O3 (7.18 g cm-3) can significantly improve the physical properties of new and 

unique glass structures to be synthesized. At this point, it becomes important to examine how these 

properties change by producing unique glass structures in which radiation shielding properties can be 

improved. The use of oxidized compounds with relatively high densities such as TeO2 and ZnO in the 

glass composition would provide the desired properties to the new types of glasses to be synthesized. In 

addition to the physical properties of P2O5·TeO2·ZnO glass structures such as color and both 

experimental and theoretical radiation shielding properties have been currently studied in the literature 

[18-20]. There has been very few research on the impact of In2O3 on glasses that have been doped [14], 

[17], [21]. In this study, In2O3 was doped to the phosphate zinc telluride glass structure previously 

synthesized in the literature to improve the physical optics and especially the radiation shielding 

properties. It is primarily aimed to increase the density values of the glasses synthesized as a result of 

the translocation of ZnO with In2O3. The changes in the molar volume, density values, and optical 

properties of the newly synthesized glasses as well as the radiation shielding properties were investigated 

using WinXcom software [22]. 
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II. MATERIAL & METHODS 
 

In2O3 doped glasses with a nominal composition of 20P2O5·30TeO2·(50-x)ZnO·xIn2O3 (x = 2, 4, 6 

mol%) were prepared with oxide forms of chemicals using a digital scale. After weighing the high purity 

chemicals (Alfa Aesar, 99.5+%), they were taken into the sample container and mixed mechanically 

before melting. Then, aforementioned mixtures were taken into a porcelain crucible and placed in a high 

temperature furnace (Nabertherm) separately. The high temperature furnace was heated from room 

temperature to 900 °C for 60 min. After melting process, melted glasses were poured into a stainless 

steel mould and annealed at 385 °C for 60 min with another furnace (Nevola Reis 110/6) in order to 

minimize cracking. Synthesized glasses were coded as PTZI2 (2 mol %), PTZI4 (4 mol %), and PTZI6 

(6 mol %) related to the mol % ratio. In order to obtain the optical properties of the synthesized glasses, 

both surfaces of the glasses were polished via Metkon Forcipol 1V and Metkon Forcimat. Photographs 

of the prepared glasses are given in Figure 1.  

 

 
 

Figure 1. Successfully synthesized In2O3 doped phosphate zinc tellurite glasses 

 

After the glass synthesis processes were completed, the following analyzes were carried out. First of all, 

physical properties of these novel glasses, such as density and molar volume were calculated. Optical 

band gap and Urbach energy values were obtained by transmittance spectra taken over the samples 

within the wavelength range of 200–1100 nm. In addition, transmittances via scanning surface were 

determined by using different regions of the glass surface. Finally, radiation shielding parameters such 

as mean free path, half and tenth value layer, and effective atomic number were calculated in the next 

section. Gerward et al. created the WinXcom program, which is used to calculate the MAC parameter, 

and it may be employed in the shielding and dosimetric applications [22]. This software can rapidly and 

correctly calculate the MAC for any material at various energies (between 1 keV and 100 GeV), as well. 

In this study, broad photon energy ranges in the range of 0.01 MeV – 10 MeV were used for the 

aforementioned glass materials. 

 

 

III. RESULTS AND DISCUSSION 
 

A. PHYSICAL PROPERTIES OF PTZI GLASSES 

 

Density values of synthesized glass (ρg) series were calculated using Archimedes’ principle. For this 

process, methanol with a density (ρl) of 0.793 g cm-3 was used as an immersion liquid. Samples were 

weighed first in air environment and then in the immersion liquid, respectively. Using the 

aforementioned principle with the help of the measured weights, the densities can be calculated with the 

help of the following equation [23]:  

 

𝜌𝑔 =
𝑊𝑎

𝑊𝑎 −𝑊𝑙
× 𝜌𝑙 (1) 

 



1689 

 

Here, Wa and Wl represent the weight of the synthesized glasses in air and in the immersion liquid, 

respectively.  Accordingly, calculated density values of the glasses are given in Table 1. The density 

value obtained after precision weighing separately in air and liquid, and the molar volume of the glasses 

can be calculated using the equation below: 

 

𝑉𝑚 =
∑ 𝑥𝑖𝑀𝑖𝑖

𝜌𝑔
 (2) 

 
Table 1. Density and molar volume values of In2O3 doped phosphate zinc tellurite glasses 

 

Sample 

Code 

Density (ρg) 

(g cm-3) 

Molar Volume (VM) 

(cm3 mol-1) 

PTZI2 4.51133 33.08848 

PTZI4 4.55608 33.62498 

PTZI6 4.60293 33.78193 

 

 

In Figure 2, the density values of aforementioned glasses were in an almost linear trend depending on 

In2O3 contribution ratio. The increasing molecular weight of In2O3 doped into the P2O5·TeO2·ZnO glass 

network increased the density values of the produced glasses as the amount of ZnO in the glass 

composition gradually decreased. Thus, the reason for the increase in density can be clarified by 

molecular weights of the translocated chemical compounds. Hereby, ZnO (MW(ZnO)=81.38 g mol-1) 

has a lower molecular weight than In2O3 (MW(In2O3)=277.64 g mol-1). As an outcome, the density values 

of the produced glasses have increased related to the doping ratio of In2O3. Similar studies showed that 

the determined density values in accordance with the literature [14].  

 

As is known, molar volume is defined as the volume of one mole of a material. PTZI2, PTZI4, and 

PTZI6 glasses have molar volumes of 33.08848 cm3 mol-1, 33.62498 cm3 mol-1, and  

33.78193 cm3 mol-1, respectively. In this study, molar volume values increase as a result of the 

contribution of In2O3. The molar volume value first showed a sharp increase when the In2O3 additive 

ratio was increased from 2 mol% (PTZI2) to 4 mol% (PTZI4). As a result of increasing the contribution 

rate to 6 mol% (PTZI6), it continued to increase in a similar manner. However, this increase was less 

than the previous change. The increase in molar volume can be explained by the expansion of the glass 

network depending on the In2O3 doping ratio. ZnO/In2O3 translocation in glasses allowed larger 

structures to enter the glass network and increased the number of moles per unit volume. Furthermore, 

as shown in Figure 1, physical imperfections in P2O5·TeO2·ZnO glasses may be removed by including 

In2O3 in the glass network.  
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Figure 2. Density and molar volume value changing of In2O3 doping ratio. Dashed lines to guide the eye. 

B. OPTICAL PROPERTIES OF PTZI GLASSES 

 
Optical characterization data such as transmittance, optical band gap, and Urbach energies of 

P2O5·TeO2·ZnO/In2O3 samples were obtained using transmittance and absorption spectra in the range 

of 190-1100 nm. In order to determine the defects of the samples synthesized with ZnO/In2O3 

translocation, optical surface transmittances were taken with Analytik Jena Specord 210 plus device as 

scanning. Figure 3, Figure 4, and Figure 5 show the scan transmittance spectra taken over the surfaces 

of the synthesized samples. Instead of collecting a single region, the surface scanning approach was used 

to collect a total of 36 measurements from 1 cm of the sample to draw the transmittance spectra. 

However, the absorption edge had the same characteristics throughout all sample spectra. When the 

spectra of the samples were compared based on In2O3 alteration, the rise in In2O3 changed the absorption 

edge to blue-region (blue shift). In the visible region, each sample had a transmittance of more than 

80%. The optical band gap changes due to the shift in the absorption edge. The optical band gap was 

computed using Tauc technique [24]. Figure 6 (a) illustrates the Tauc curves that were utilized to 

calculate the optical band gap and Figure 6 (b) presents all of the lnα~hυ graphs for Urbach energies. 

When the obtained values were evaluated, the optical band gap increased due to the ZnO/In2O3 

adjustment. The widest optical band gap value was found with 6 mol percent In2O3 doped glass sample, 

and optical band gap values ranged from 2.96 eV to 3.47 eV. In a literature study, the optical properties 

of TeO2·ZnO·In2O3 shows a similar trend [14]. The optical band gap widens as In2O3 concentration rises. 

This demonstrates how the current study as well as the literature are consistent. The increase in NBOs 

and the more ionic nature of the structure account for the decrease in optical band gap value with the 

addition of a new element [25], [26]. Urbach energy indicates the uniformity and stability of comparable 

glass formations. If the Urbach energy of the synthesized glasses is reduced by an additive, the 

aforementioned glass structures can be interpreted as being so stable and uniform. The most irregular 

structure in the synthesized samples was revealed to be PTZI2 with 2 mol% In2O3 additive, while the 

most stable structure belonged to PTZI6 with 6 mol% In2O3 additive. As a result, the ZnO/In2O3 

translocation improves the structure as a more stable. The Urbach energies in TeO2·ZnO·In2O3 have 

been observed to climb to a certain level and subsequently fall [14]. Although the optical band gap 

values for this structure reported in the literature correspond with the based on the specified in this work, 

the variation in Urbach energies can be attributed to variances in the glass network, which does not 

match. The increase in the In2O3 ratio eliminates the negative effects such as fluctuations and undesirable 

colorations in the synthesized glass. As seen before in Figure 1, it provides the glass structure more 

orderly. This phenomenon is seen in the 3D surface transmittance graphs using the transmittance curves 
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taken from 36 different regions of the glass surface. In addition, the decrease in the Urbach energy with 

the increase in In2O3 can be shown as proof of this phenomenon (see Table 2). 

 
Table 2. Optical band gap and Urbach energy values of In2O3 doped phosphate zinc tellurite glasses with fitting 

parameter (R2) 

 

Sample 

Code 

Optical Band 

Gap (eV) 
Equation R2 Slope 

Urbach Energy 

(eV) 

PTZI2 2.96 y=-3.9073+2.8542*x 0.9989 2.8542 0.350 

PTZI4 3.15 y=-5.2738+3.1665*x 0.9979 3.1665 0.316 

PTZI6 3.47 y=-14.6712+5.5499*x 0.9974 5.5499 0.180 

 

 

 
 

Figure 3. Three-dimensional surface transmittance scanning for PTZI2 sample 
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Figure 4. Three-dimensional surface transmittance scanning for PTZI4 sample 

 
 

Figure 5. Three-dimensional surface transmittance scanning for PTZI6 sample 
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(a) (b) 

 

Figure 6. (a) Optical band gap and (b) Urbach energy values of In2O3 doped phosphate zinc tellurite glasses 

 

 

C. RADIATION SHIELDING PROPERTIES OF PTZI GLASSES 

 

In order to determine radiation shielding properties of materials, WinXcom database is a great 

alternative for manual computations using tabular data. This web-based database may be used to 

compute radiation shielding properties for the material being examined. Since then, the National 

Institute of Standards and Technology (NIST) has created a tool called Xcom to calculate the mass 

attenuation coefficients for any element, compound or mixture. The Lambert-Beer equation governs the 

transmission fraction of a beam of monochromatic radiation in a medium. Glass samples are used as the 

medium through which the incoming photons pass. According to this rule, the amount of absorbed 

radiation is first proportional to the photon’s travel length through the medium and then the density of 

the medium [27]: 

 

𝐼 = 𝐼0𝑒
−𝜇𝑡 (3) 

 

Here, I0 represents the incident photons intensity. μ and t are the linear attenuation coefficient (LAC) 

and thickness of the glass samples, respectively. Accordingly, Figure 7 (a) depicts the variations in linear 

attenuation coefficients obtained for the synthesized glasses as a function of energy varied from 0.01 

MeV to 10 MeV. 

 

When these changes are analyzed, the glass with the greatest LAC value in all energy ranges is the 6 

mol% In2O3 doped PTZ6 sample. On the other hand, when the LAC values of the synthesized glasses 

are compared among themselves and all energy regions are considered, it can be said that the ZnO/In2O3 

translocation has an increasing effect on the LAC values of the synthesized glass samples, as well. On 

the other hand, the increase in energy causes a decrease in LAC values for all samples and a similar 

trend is observed for all synthesized glass structures. 

 

The mass attenuation coefficient of a sample whose linear attenuation coefficient is known can be 

calculated with the following equation [27]: 

 

𝑀𝐴𝐶 =
𝐿𝐴𝐶

𝜌𝑔
= 𝜇𝜌𝑔 =∑𝑊𝑖𝜇𝜌𝑖

𝑖

 (4) 

 

The mass attenuation coefficient (also called as the mass absorption coefficient) is a constant that defines 

the proportion of photons eliminated per unit mass from a monochromatic X- or γ-ray beam by a 
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homogeneous absorber. The MAC computations were carried out between 0.01 MeV and 10 MeV as 

can be given in Figure 8 (b). In order to calculate mass attenuation coefficient of any sample, the density 

values of the samples (ρg) are used and these values were included in Table 1. The sequence of MAC 

values is PTZI6>PTZI4>PTZI2 from biggest to smallest, as in the linear attenuation graph. For example, 

the MAC values for PTZI2, PTZI4 and PTZI6 at 0.1 MeV energy were calculated as 0.7086 cm2 g-1, 

0.7272 cm2 g-1 and 0.9604 cm2 g-1, respectively. The dramatically fall in MAC values in the lowest 

energy zone is attributed to the photoelectric absorption coefficient’s dominance. The findings 

demonstrate that the MAC varies with energy in the same manner in all of the glasses. It was noticed 

that the MAC values were highest when there was the least amount of energy and rapidly decreased as 

energy increased. 

 

  
(a) (b) 

 

Figure 7. Variations of (a) LAC and (b) MAC of PTZI glasses with changing of energy ranges varying from 0.01 

MeV to 10 MeV 

 

The Compton scattering absorption mechanism is responsible for the steady drop in this coefficient. 

Photons are lost to the Compton scattering process by colliding inelastically with free electrons in the 

interaction medium. The absorption of Compton interactions is inversely proportional to photon energy. 

The pair production absorption process occurs at 6 MeV and dominates the mass attenuation cross 

section’s behavior. The total pair formation cross section has a threshold energy of 1.022 MeV, rises 

with photon energy, and becomes significant above 10 MeV.  

 

The average thickness of the glass necessary to absorb 90% and 50% of all X- and γ-rays is important 

for shielding applications. These are well known as the tenth and half value layer (TVL) and (HVL) and 

calculated using linear attenuation coefficient values. It is vital to note that the lower the glass sample’s 

HVL and TVL, the higher the X- and γ-ray shielding efficiency. These two parameters are represented 

in distance units (cm), and they can be calculated using the following equations [28]: 

 

𝐻𝑉𝐿 =
𝑙𝑛2

𝐿𝐴𝐶
 (5) 

 

𝑇𝑉𝐿 =
𝑙𝑛10

𝐿𝐴𝐶
 (6) 

 

Figure 8 shows the variation of half and tenth value layers of PTZI glasses with increasing energy from 

0.01 MeV to 10 MeV. TVL and HVL increased with the increase in penetration energy. As it is well 

known, secondary photons are produced via incoherent scattering and pair production interaction 

processes at higher photon energies. As a consequence, extra material thickness is required to absorb 

these secondary photons. For HVL and TVL, it can be said that the ZnO/In2O3 translocation gains better 

features to the base glass structure. When examining the changes in HVL and TVL, it is clear that the 

radiation shielding properties of glass structures can be improved with the addition of In2O3. 
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(a) (b) 

 

Figure 8. Variations of (a) HVL and (b) TVL of PTZI glasses with changing of energy ranges varying from 0.01 

MeV to 10 MeV 

 

The average distance traveled by photons between collisions is referred to as the mean free path (MFP). 

The MFP can be calculated using the linear attenuation coefficient from the following equation [23]:  

 

𝑀𝐹𝑃 =
1

𝐿𝐴𝐶
 (7) 

 

Because the MFP for high density materials is relatively short, the materials can be utilized as an 

effective material against X- and gamma-rays. According to the findings, the PTZI2 sample with the 

lowest In2O3 content had the highest mean free path values for all incident photon energy (as can be 

seen in Figure 9). In other respects, the fact that the mean free path has decreased in the PTZI6 sample 

is evidence of its superior characteristics. It is obvious that when the density of the material increased 

from 4.51133 g cm-3 to 4.60293 g cm-3, the mean free path in the glass structure decreased. Based on the 

literature, different glass compositions containing In2O3 are consistent with this study [14]. 

 

 
Figure 9. Variations of MFP of PTZI glasses with changing of energy ranges varying from 0.01 MeV to 10 MeV 
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The effective atomic number (Zeff) of photons in a medium can be used to evaluate the interaction 

between photons and the medium. It is a number that, like an element’s atomic number, defines the 

chemical description of a composite substance. Yet, unlike the atomic number, this is not constant and 

evolves with photon energy [29]. The Zeff value of structures containing atoms of more than one element, 

such as glass or composite, may be computed using the following equation [23]: 

 

𝑍𝑒𝑓𝑓 =

∑ 𝑓𝑖𝐴𝑖 (
𝜇
𝜌
)
𝑖

𝑖

∑ 𝑓𝑗 (
𝐴
𝑍)𝑗

(
𝜇
𝜌)𝑗

𝑗

 (8) 

 

Accordingly, Figure 10 shows the variations of Zeff of PTZI glasses with changing of energy ranges 

varying from 0.01 MeV to 10 MeV. First, the Zeff values of the PTZI samples in the low energy region 

first formed a sharp peak. This peak follows the same trend for all glasses. In the photoelectric area, Zeff 

is significantly reliant on the sample composition [28]. When the energy value of the incident photons 

increased up to 1.5 MeV, the Zeff value decreased gradually, and then continued to increase up to a certain 

point. To summarize, it can be said that PTZI6 comes to the fore in all photon energies and as a result 

of this study, it can be said that the effective atomic number range for the glass composition is between 

Cu(Z=29) and Pd(Z=46). 

 

 
Figure 10. Variations of Zeff of PTZI glasses with changing of energy ranges varying from 0.01 MeV to 10 MeV 

 

 

IV. CONCLUSIONS  
 

In this study, the effects of ZnO/In2O3 translocation on phosphate zinc tellurite glasses are discussed in 

terms of changes in physical, optical, and radiation shielding properties. As a physical examination, the 

density values of the three glass samples increased from 4.51133 g cm-3 to 4.60293 g cm-3 with the 

contribution of In2O3. ZnO/In2O3 translocation caused an increase in the molar volume values of PTZI 

glasses and thus the expansion of the glass network. On the other hand, it was observed that the 

ZnO/In2O3 translocation significantly increased the optical band gap values of the synthesized glasses 

and decreased the Urbach energy values. Furthermore, the increase in the In2O3 ratio eliminates the 

negative effects such as undesirable colorations in the synthesized samples. It can be mentioned when 

the produced samples are assessed in terms of radiation shielding properties, the ZnO/In2O3 translocation 
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for HVL and TVL offers to the basic glass structure improved qualities. The PTZI6 sample’s mean free 

path value reduced and its radiation shielding capacity rose, both of which are strikingly correlated with 

the In2O3 contribution rate. As the densities of the manufactured glasses grow, so does the effective 

atomic number. Consequently, increasing densities of ZnO/In2O3 exchanged PTZ glasses demonstrate 

promising radiation shielding performance. It is obvious that doping denser element oxides to 

comparable base glass frameworks will yield even better outcomes for radiation shielding applications. 
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