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Abstract: Some bismuth-borate oxide glass' samples were prepared by the fast quenching method, where B2O3 
was replaced with equal concentrations of ZnO and CaO. X-ray diffraction (XRD) was used to examine the internal 
structure and Fourier transform infrared (FTIR) to identify building units and bonds throughout the studied 
structural matrices. XRD showed that all samples have short range order structural nature, while FTIR 
demonstrated some of Zn2+ acted as glass network formers and all Bi3+ acted as glass. UV-visible measurements 
and calculations showed a decreasing in the energy band gap from 3.83 eV to 1.73 eV with decreasing B2O3 content. 
Also with decreasing B2O3 content, both real refractive index and metallization factor decreased from 3.1 to 1.9 
and from 0.56 to 0.71, respectively. For the studied glass' samples, density and molar volume showed inverted 
behaviors, where the density decreased while the molar volume increases with decreasing B2O3. 
Keywords: Optics; Linear optics; Glasses; XRD; FTIR; UV-vis.  

 
 
1. Introduction  

 
Borate glass matrices are of the most used materials in many different fields, because they have the ability to 

accommodate many of different impurities, so they have a variety of properties depending on the nature of 
additives/impurities. A lot of authors considered borate glass's matrix a base to develop new compositions have 
desired properties should be useful to serve Specific application. Generally, there is considerable interest in 
amorphous/glasses as semiconductors and optical devices because they have a number of interesting physical 
properties. Oxide glasses containing transition metal cations like Cu, Fe and Zn in multi component glass systems 
are promising solids for optical applications [1−2]. ZnO is an important additive which act to reduce the melting 
temperatures in the oxide glass formation process. Zinc borate glasses are very attractive materials, where zinc 
oxide is considered as n-type semiconductor has a broad optical band gap (up to3.37 eV) [3] so it has used to 
improve the glass properties to be useful for many various applications such as photo-voltaic cells, opt-electronic 
and gas sensors. The interaction of Light with matter is the interaction of the electric field component of light with 
the matter atoms. Like interaction perturbs the atomic momentum as a result of the polarization process called 
electronic polarizability of ions. This type of polarizability demonstrates the ease of the deformation of the 
electronic clouds of applying of an external electromagnetic field. Many properties of the materials such as 
refraction, electro-optical effect and optical basicity along with optical nonlinearity relate to this 
interaction/approach [4]. The polarizability approach refers to the electronic polarizability of ions, especially in 
the field of glass science, like approach has been developed in the most recent publication for more understanding 
to the optical basicity of oxide glasses [5]. Where the optical nonlinearity result from the electronic polarization 
of a material when exposed to electromagnetic radiation of high intensity. Numerous oxide glasses were 
investigated by means of the polarizability approach with an aim to explain the origin of optical nonlinearity. 
Bismuth borate glasses are of high interest because of their low melting temperatures and their physical stability, 
also they have high refractive index [6]. Based on the previous publications in the field of oxide glass generally 
and borate glass especially. The authors tried something different by introduced equal concentration of both ZnO 
and CaO in the borate glass’ matrix. Where ZnO was chosen to modify the optical and structural properties, while 
CaO was introduced to modify the structural properties, increase the amorphous nature, and help in the melt of 
both ZnO and Bi2O3 and force some of Zn2+ cations to share in the glass network as a glass network formers of 
tetrahedral coordination states. It should take into account, mostly, both ZnO and CaO act as glass network formers 
and occupied the interstitial vacancies. This means that both of them perturbs the structural properties of borate 
glasses. Both ZnO and CaO act to reduced BO4/(BO4:BO3) ratio and enhanced the glass' network by increasing 
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the no. of non-bridging oxygen atoms. Zn and Ca are divalent elements, and their covalent radii are greater than 
that of B. so it's acceptable to attribute the changes to the presence of CaO, ZnO or both them without any conflict 
or confusion. The purpose of the present work is to synthesis of some Bismuth Calcium Zinc borate glass’ samples 
and show some of their linear optical parameters. 

2. Experimental work

2.1 Glass preparation 
High purity materials were used in glasses’ preparation process, the purity of each component did reached 99%. 

Glasses’ preparation process was based on the following chemical formula: 

(58.4 − 2x)mol% B2O3 . (18.8 + x)mol%ZnO . (18.8 + x)mol% CaO . 4mol%Bi2O3 

where x = 0, 2, 4, 6 and 8 mol%. 
All samples were coded as seen in table 1 which also contains the molar fractions, and molecular weight of each 

sample. After calculations, each component was Grinded well then weight according to its percentage, after for 
the components of each sample were mixed well then transferred to porcelain crucibles then melted, at 800 ± 20 
°C for 2 h, with frequent stirring to ensure complete homogeneity. Finally, Melts were then rapidly quenched onto 
pre-cooled copper plates in the air. 

Table 1. Samples code, oxides ratios and samples molecular weights 
x (mol%) Ratio of each component in mol% MW (g/mol) 

B2O3 ZnO CaO Bi2O3 
0.0 58.4 18.8 18.8 4.0 85.14 
02 54.4 20.8 20.8 4.0 85.1 
04 50.4 22.8 22.8 4.0 85.07 
06 46.4 24.8 24.8 4.0 85.03 
08 42.4 26.8 26.8 4.0 85 

2.2 Glass phase characterization 
The obtained solids were characterized X-ray diffraction (XRD) technique using X-ray powder diffractometer 

(Rigaku Miniflex, Japan, CuKα, λ= 1.5406 Ȧ, radiation in between 2θ = 4° and 2θ = 80°). XRD is a unique 
powerful technique in detecting the internal structural nature of solid materials, especially in distinguishing 
between amorphous and crystalline material. However, it was found that the intensity of me seared XRD is affected 
by instrumental and experimental tools, where it is considered as the number of counts per second, therefore it’s 
more useful to use relative intensity than the absolute one. The relative intensity is obtained by dividing the 
absolute intensity of every peak by the absolute intensity of the most intense one, and then convert to a percentage, 
where the most intense peak of a phase is therefore always called the “100% peak”, in such case XRD may name 
as "normalized XRD".  

2.3 Structural units identification 
FTIR is a good tool for characterizing the glass structure, because each building block and each chemical bond 

have a unique vibrational frequency considered as its fingerprint, therefore FTIR spectra were used to identify 
both of the building blocks and chemical bonds within the studied samples, at room temperature, using Fourier 
transform Infrared (FTIR) spectrometer in the range from 4000 to 400 cm−1. Where, the powdered samples were 
mixed well with KBr and were then pressed to make pellets suitable for IR measurements. Since, each FTIR band 
composed of more than one peak, each represents a fixed type of vibration, it should be de-convoluted each band 
by separating all possible individual peaks, for the current work the bands of FTIR were de-convoluted using 
origin 8 program which based on Gaussian distribution function  

2.4 Optical measurements 
Direct and indirect band gap materials became of more interesting materials because of their applications in 

most modern opt-electronics devices. In the present samples ZnO exists as a fundamental component with different 
concentration in each glass matrix, since such oxide is considered as non-Centro symmetric compound affected 
the electronic properties of the studied samples. So, for all studied samples, some linear optical measurements and 
some other considered by Genway 6405-UV–visible Spectrophotometer which was used to get the optical UV–
vis. Spectra, in the range 200 to 2500 nm, at room temperature. 
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3. Results and discussion  
 
Figures 1a and 1b show as deposited and Normalized XRD for all studied samples, respectively. These figures 

demonstrated all studied samples did not show any sharp peaks and only two broad humps around 29.5° and 51.8° 
can be detectable, such humps distinguish non-crystalline solids (amorphous solids). Therefore, it can stated that 
all studied samples are short range order solids (glass solids) [7-8]. The existence of two humps in XRD as seen 
in figure 1b may be an indication to formation of two different micro-nucleating agents Zn (about 29.5°) and Bi 
(about 51.8°) throughout the glass’ matrix. As an attempt to get more details, XRD chart for x = 0 was de-
convoluted to two separated peaks, based on Lorentz shapes, as seen in figure 2. As seen in table 2, the de-
convoluted parameters tell that the peak assigned to Zn is higher and wider than that assigned to Bi, this result is 
acceptable where the Zn content in all samples is much larger than Bi content. Figure 3 depicts the measured FTIR 
spectra for the studied samples, where each spectrum shows more than broad band, including those of OH groups' 
bands, which had cut to improve spectra to be suitable for de-convolution processes as seen in Figure 4 for x=0 
sample, all samples were modified by the same way. Table 3 contains the centers of de-convoluted peaks as well 
as a description for each peak according to previous literatures. Data in table 3 revealed Bi3+ and Zn+ in octahedral 
and tetrahedral coordination states, respectively. Hence Bi3+ cations occupied the interstitial vacancies as a glass 
network Modifiers (GNMs), while Zn+ cations participated in the glass networks as a glass network formers 
(GNFs). Also, table 3 showed the presence of BO3 and BO4 that are the main structural groups of borate glass. For 
more interesting study, Authors renormalized the FTIR to clearing and canceling all peaks of weak intensity, as 
seen in Figure 5, where it’s clear that the formalization process produced only two main peaks, distinguished both 
BO3 and BO4 groups. Where it was noticeable that the band of BO3 is of high intensity while the band of BO4 is 
of low intensity. By checking all FTIR for all samples, it was found that with decreasing of B2O3 content, the 
centration of BO4 decreased while the concentration of BO3 increased, which may be attributed to the decrease in 
the relative number of oxygen atoms, as a result to replace rich oxygen oxide (B2O3) by boor oxygen oxides (ZnO 
and CaO). Conversion of BO4 groups to BO3 groups means increase in the crystallinity degree in the glass’ matrix. 
Density ρ measurements were carried out, using the fluid displacement method, at room temperature, then used in 
molar volume Vm calculations. Table 4 depicts the variation of both ρ and Vm with decreasing B2O3 content, where 
they showed invertible behaviors. Such behavior and be explained in the fact that the atomic radii of both Zn+ (122 
pm) and Ca2+ (176pm) cations are much larger than that of B3+ (85 pm). 

 

      
Fig. 1a. As deposited XRD patterns for all samples              Fig. 1b. Normalized XRD patterns for all samples 

 
Table 2. De-convolution Parameters: area, center, width and height of each peak 

 
 

Figure 6 and figure 7 depict measured normalized optical absorption A% and normalized optical trancemittance 
T%, respectively, in between 290 nm and 750 nm, for all samples. The behavior of both A% and T% with 
increasing the wavelength of incident photons had been divided in to two regions. In the first region, from 290 nm 
to 360 nm, A% and T% are constants, approximately, with no observable changes. While in the second region, 
above 360 nm, A% and T% dispersed with different rates. At UV-edg, A% decreased while T% increased with 
decreasing B2O3 content, as seen in figure 6 and figure 7, respectively. Such fluctuations may attribute to difference 
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in the sample thickness and/or structural defects. For all samples the absorption coefficient α was calculated using 
the following relation: 

  
𝛼𝛼 (𝜆𝜆) = 0.2303 𝐴𝐴 (𝜆𝜆)

𝑡𝑡
    cm-1 

 
where A is the normalized absorbance and t is the samples thickness in cm. 
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Fig. 2. De-convoluted XRD chart for x = 0                        Fig. 3. FTIR spectra for all samples. 
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Fig. 4. De-convoluted FTIR spectra for x = 0                  Fig. 5. Normalization FTIR spectra for all samples. 

 
Table 3. FTIR Data: center and assignment of the observed peaks 

No. )1-Peak Center (cm Assignment  Ref. 
1 381 Symmetric stretching vibrations of Bi-O-Bi bonds in pyramidal 

octahedrons. 6BiO 
[9-10] 

2 484 The angle modification of the B-O-B linkages. [11-12] 
3 544 units  4ZnOO in  -O  -B  [13-14] 
4 660 Bending vibrations of B–O linkage groups. [15-16] 
5 726 vibrations.bending 3 BO-O-3BO  [17-18] 
6 837 units from diborate  4O bonds in BO-Stretching vibrations of B

groups 
[19-20] 

7 980 units. 4O in BO-Stretching vibrations of B [21] 
8 1225 and  -units from meta 3O bonds in BO-Stretching vibrations of B

ortho-borate groups. 
[22-23] 

 
Davis and Motto developed the following mathematical formula to describe the absorption coefficient as a 

function of both the photon energy hν and the direct/indirect optical band gap Eopt.  
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(𝛼𝛼ℎ𝜈𝜈)𝜉𝜉 = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ∗ (ℎ𝜈𝜈 − 𝐸𝐸𝑂𝑂𝑂𝑂𝑂𝑂)   

Where ξ = 2 for allowing direct transitions and ξ = ½ for allowing indirect transitions [24-25]. 

Table 4. Density and molar volume for all samples 
x (mol%) ρ (g/cm3) Vm (cm3/mole) 
00 3.63 23.45 
02 3.52 24.18 
04 3.07 27.71 
06 2.69 31.61 
08 2.45 34.69 

Fig. 6. Optical absorption for all samples                 Fig. 7. Optical Transmittance for all samples 

The optical band gaps for both direct and indirect transitions can be obtained by plotting (αhν) 2 and (αhν) 1/2 
verses hν respectively, then extrapolate the linear portion to intersect the horizontal axis (hν) at point represents 
the optical band gap [26-27], as seen in the figure 8 and figure 9. For the studied samples, the resulted values for 
both direct and indirect transitions band gaps were recorded in table 5 which showed the midpoint sample x = 4 to 
have lowest optical band gaps among the other samples. This result refers that this sample should have lowest 
absorption and highest transmittance, the thing which appeared clearly in figures 8 and 9.  Generally variation of 
the refractive index n value with respect to wavelength is a sign to the dispersion properties of the material. Where 
the speed of the light within any material is established by the complex refractive index 𝑛𝑛∗ = 𝑛𝑛 + 𝑖𝑖𝑖𝑖 where K is 
the extinction/attenuation coefficient while n is the refractive index. Physically, K refers to the dissipation of the 
amplitude of the incident electric field component [28-29]. In other words, the optical characteristics of the material 
are controlled by the interaction between the electric-field components of the incident light waves and the material 
atoms/molecules. So ‘k’ has an important role in describing the light propagation through the material, and 
determine the amount of the dissipated optical energy (loss energy due the absorption processes). The absorption 
coefficient α may use to get the extinction coefficient K [19], which depicted in figure 10 for all samples. This 
figure showed that the contents of both ZnO and CaO did not perturb the Fermi level. The refractive index is an 
important optical parameter which is sensitive to any fine change in the value of the optical band gap, polarization 
and internal structure of the solids. In the present work, the following Fresnel’s formula was used to calculate the 
refractive index function n (λ) [30-31].  

𝐾𝐾(𝜆𝜆) = 𝛼𝛼𝛼𝛼
4𝜋𝜋

         

𝑅𝑅(𝜆𝜆) =  [𝑛𝑛(𝜆𝜆)−1]2+ 𝐾𝐾2(𝜆𝜆)
[𝑛𝑛(𝜆𝜆)+1]2+ 𝐾𝐾2(𝜆𝜆)

Figure 11 shows the calculated refractive index function n (λ) for all studied samples, where each chart seems 
to be composed of three regions:  

(i) In the 1st region 290-360 nm the value of the refractive index for each sample exhibit un observable change,
the thing which may mean  𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 ≃ 𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍.  

(ii) While in the 2ed region 360-410 nm (UV region), for each sample, the value of the refractive index decreases
linearly (𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 =  𝐶𝐶1). 

(iii) Finally, in the 3ed region 410-750 nm (visible region), for each sample, also the value of the refractive index 
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decreases linearly, (𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 =  𝐶𝐶2), where 𝐶𝐶2 < 𝐶𝐶1.  
In other words, the behavior of refractive index n (λ) with the light wavelength in the range 360 – 410 nm is a 

normal-dispersion behavior, while in range 410-750 nm samples become non-dispersive. The approximately value 
of refractive index along the range from 290 to 360 nm is an abnormal behavior may explained from the point of 
view, the refractive index is a complex quantity consists of real part n (λ) and imaginary part K (λ) where the 
imaginary part is directly proportion to the wavelength while the real part is inversely proportion with the 
wavelength. This means that, the rate of change of the real part 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑  is invert to the rate of change of the 
imaginary part  𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 . In normal conditions  𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 ≫ − 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑  [19,30,31]. For any reason, if,  𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 =
 − 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 the apparent value of the refractive index may does not change as in the present case of the studied 
glasses in range 290-360 nm. Such phenomena may lead to use materials of similar compositions in many optical, 
electronic and opt-electronic applications. In the other side, the ZnO content affected the value of the refractive 
index, the refractive indices for all samples at UV edge were recorded in table 5, where the midpoint sample x = 
4 showed the lowest refractive index. The nature of the internal structure of any solid samples may characterized 
by known its electronic band energy Eg, which correlated to what called metallization (M) which defined as the 
ratio between the molar refractivity Rm and molar volume Vm [32-33]. The energy gap Eg can be obtained by 
using Wemple-DiDomenco model (WDD) [34-35] which describes the dispersion in the refractive index as a 
function in photon energy and the energy band gap, as seen in the following relation. As seen in in figure 12, by 
plotted [[𝑛𝑛(𝜆𝜆)]2 − 1]−1 versus (ℎ𝜈𝜈)2 the slope of the dominating straight line represents  1/2𝐸𝐸𝑑𝑑𝐸𝐸𝑔𝑔 while 2𝐸𝐸𝑔𝑔/𝐸𝐸𝑑𝑑 
the represents the intersected point with the y-axis. Using these two variables the value of the energy gap was 
obtained for each sample, then reported in table 5. Consequently, these values were used to obtain the Metallization 
[33] for all studied samples, which are also recorded in table 5. 

 

𝑀𝑀 =  𝑅𝑅𝑚𝑚
𝑉𝑉𝑚𝑚

   = 1 − �𝐸𝐸𝑔𝑔
20

  

𝑀𝑀�< 1                               𝑛𝑛𝑛𝑛𝑛𝑛 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
 ≥ 1             𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛  

[[𝑛𝑛(𝜆𝜆)]2 − 1]−1 =  2𝐸𝐸𝑔𝑔
𝐸𝐸𝑑𝑑

+ (ℎ𝜈𝜈)2

2𝐸𝐸𝑑𝑑𝐸𝐸𝑔𝑔
   

 
Metallization values s in table 5 emphasizes what predicted in FTIR section “Conversion of BO4 groups to BO3 

groups means increase in the crystallinity degree in the glass’ matrix”. In other word, all the studied samples 
exhibit amorphous nature, but x = 0 has highest disordered degree. 
 

Table 5. Optical band gaps Eopt, refractive index n and Metallization M 
x EOpt n 

λ(200nm) 
Eg M 

Direct Indirect 
00 3.09 2.76 3.1 3.83 0.56 
02 3.03 2.71 2.5 3.12 0.60 
04 2.68 2.37 1.9 3.27 0.60 
06 3.00 2.77 2.3 1.96 0.69 
08 3.13 2.53 2.7 1.73 0.71 

     

  
Fig. 8. The absorption coefficient (αhν) 0.5 ~ the 
phonon energy hν for x = 0  

Fig. 9. The absorption coefficient (αhν) 2 ~ the 
phonon energy hν for x = 0 
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Fig. 10. Extinction coefficient k ~ the phonon 
wavelength λ for all Samples 

Fig. 11. The Refractive index n ~ phonon 
wavelength λ for all Samples 

 

 
Fig. 12. [[𝑛𝑛(𝜆𝜆)]2 − 1]−1 ~ (ℎ𝜈𝜈)2 

 
 4. Conclusion  

 
Some bismuth-borate oxide glass' samples were prepared by the fast quenching method, where B2O3 was 

replaced with equal concentrations of ZnO and CaO, according to the following formula: 
 
(58.4 − 2x)mol% B2O3 .  (18.8 + x)mol%CaO . (18.8 + x)mol%ZnO. 4mol%Bi2O3  

 
where x = 0, 2, 4, 6 and 8 mol%. 

X-ray diffraction (XRD) showed that all samples have short range order structural nature, while Fourier 
transform infrared (FTIR) demonstrated some of Zn2+ acted as glass network formers and all Bi3+ acted as glass. 
UV-visible measurements and calculations showed a decreasing in the energy band gap from 3.83 eV to 1.73 eV 
with decreasing B2O3 content. Also with decreasing B2O3 content, both real refractive index and metallization 
factor decreased from 3.1 to 1.9 and from 0.56 to 0.71, respectively. For the studied glass' samples, density and 
molar volume showed inverted behaviors, where the density decreased while the molar volume increases with 
decreasing B2O3. Metallization ratio referred that the amorphous nature degree of the studied glasses decreases as 
both ZnO and CaO contents increase. Systematic analysis of the results suggested that the glass doped with ZnO 
and CaO concentration may be suitable for display device applications. 
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