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ABSTRACT

Samples of bismuth borate glasses were prepared by the melt-quenching

method, following the molar ratio formula [(58.4–2x) mol% B2O3 ? (18.8 ? x)

mol% ZnO ? (18.8 ? x) mol% CaO ? 4 mol% Bi2O3)], where x = 0, 2, 4, 6, and 8

and equal concentrations of zinc oxide and calcium oxide were incorporated

into the glass matrix. The structural analysis of the prepared materials was

characterized using X-ray diffraction measurements, where each sample

showed highly homogenous glassy nature. Deconvolution of X-ray diffraction

data was employed to separate unresolved bands, and results manifested the

existence of two micro-nucleating agents at 2h values about 30� and 50�. Optical

and optoelectronic properties of the present glasses were assessed using the UV

optical absorption. Introducing both zinc and calcium oxides increased the glass

transparency for electromagnetic radiation in the UV region. Additionally,

values of Fermi energy, Urbach energy, optical conductivity, and the linear

refractive index were decreased by the incorporation of both zinc and calcium

oxides, while the quality factor was increased. Our results suggest the studied

materials for optical filtering, optical switching, and optoelectronic device

applications.
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1 Introduction

Oxide glasses (OGs) are characterized basically by

their facile and cost-effective mass production, com-

positional assortment, and their ability to host dif-

ferent elements. Researchers are reporting wide

range of applications for oxide glasses, due to the

above-mentioned characteristics as well as the facile

shaping and processing due to the highly disordered

internal structure of OGs and the lack of any crys-

talline structure [1–5]. Borate-based OGs have been

studied in various glass systems for different scien-

tific and technological applications [6–8]. They have

strong correlated structure/property relationship

and promising linear and nonlinear optical charac-

teristics [9, 10]. They also are characterized by their

thermal stability, low melting point, and high trans-

mittance. This makes them unique structures for

optoelectronic device manufacturing, solid-state laser

media, and luminescent materials [11–14]. Along

with the previously mentioned characteristics and

fields of applications, researchers are devoted to

improving physical properties and increasing the

diversity of applications of structures based on borate

glasses by adding different dopant elements to the

glass matrix [15, 16]. Zinc oxide ZnO is a well-known

material for its cost effectiveness, non-toxicity, and

environmental acceptability [17, 18]. ZnO can actively

play both roles of network former and network

modifier in the glass structure and can effectively

enhance physical properties of the glass matrix

[19, 20]. When playing a modifier role, it breaks the

boron-oxygen bond resulting in the formation of non-

bridging oxygen defects that leads to changes in the

ionic conductivity of the system. However, when

acting as a network former, zinc atom links cova-

lently to four oxygen ions, leading to changes in the

electronic polarizability and optical basicity of the

glass structures [21]. On the other hand, calcium

oxide when incorporated in borate-based glass sys-

tem, it plays the role of a modifier by occupying the

network interstitial spaces leading to an increase in

the non-bridging oxygen atom, which increases the

UV transmission window and overall glass trans-

mittance [22, 23]. Aiming at studying the structure/

property relationship of zinc calcium borate-based

glasses, lots of studies employing different charac-

terization methods have been carried out. X-ray

diffraction (XRD) data deconvolution is a suit-

able and effective method to separate unresolved

bands into several components. This leads to inves-

tigating more atomic details and fetch more infor-

mation that are not accessible directly from

experimental data [24, 25]. Optoelectronic device

applications depend on the light/matter interaction

and the response of electronic processes to light. In

this regard, UV–Vis spectral analysis is crucial when

studying optoelectronic parameters.

The aim of this article is to study the effect of ZnO

and CaO incorporation to bismuth borate glasses on

their structural/property relationship. Afterward,

optical spectroscopic analysis is employed to study

the optical and optoelectronic properties and their

relation to the internal structure.

2 Experimental work

In a typical procedure, five glass samples were pre-

pared following the molar ratio formula: (58.4–2x)

mol% B2O3 ? (18.8 ? x) mol% ZnO ? (18.8 ? x)

mol% CaO ? 4 mol% Bi2O3) where x = 0, 2, 4, 6, and

8. The raw materials were of high purity, about 99%,

were supplied by Semiconductor Lab. Ain Shams

University. The prepared batches were placed for 2 h

in a muffle oven, adjusted at 850 �C, to obtain

homogenous melts, and then quenched on special

steel mold, to get solid samples of similar shape and

thickness. The prepared solids were checked by XRD

technique using X-ray powder diffractometer (Ri-

gaku Miniflex, Japan, CuKa, k = 1.5406 Ȧ, radiation

from 2h = 10� to 2h = 80�). Optical measurements

were performed using a Jenway 6405 UV–Vis spec-

trophotometer, in the wavelength range 300–450 nm.

For optical measurements, all samples were

acknowledged to be of same shape and thickness.

3 Results and discussion

3.1 XRD analysis

The interaction between X-rays and matter produces

a sort of interference patterns that give useful infor-

mation about the material’s internal structure. XRD

patterns were recorded for the studied samples in the

2h range from 10� up to 80�, where h is the angle

between the incident X-rays and the internal planes

of the sample. These patterns give concise informa-

tion about structural phase determination and any
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sort of strains on the internal structure, in addition to

the degree of glass homogeneity. However, the

absolute XRD intensity, which is the number of

counts per second, can differ because of experimental

and instrumental factors. Therefore, it is more

appropriate to use relative intensity which is instru-

ment independent. The calculation of relative inten-

sity is obtained by dividing absolute intensity of each

peak (hump) by the one for the most intense peak

(hump), which is always called the 100% peak, and

then convert the result into percentage [26].

Figure 1 depicts the XRD diffractograms for the

studied samples. Where the dots represent the

experimental XRD pattern for each sample while the

solid line refers to the deconvoluted data to facilitate

further analysis. By inspecting these graphs, it can be

observed that there are no sharp peaks, and only two

broad humps are present and located at two different

positions, 2h & 30� for high intensity hump and

2h & 50� for low intensity hump. Physically the

absence of the sharp peaks means short-range order

solids, and the presence of two broad humps refers to

two nested networks in the glass system. In other

words, each prepared sample showed a good glassy

structure formed by two nucleating processes, which

is acceptable because both Zn and Bi cations act as

micro-nucleating agents, about 30� and 50�,
respectively.

Table 1 contains the parameters of peak position

2h� and the relative area for each hump which is

deduced from deconvolution process. Obviously,

when the amounts of ZnO and CaO increased, the

positions of both humps shifted slightly towards the

higher h values and caused the studied glasses to

become more transparent and less dens. This

behavior can be interpreted by considering that the

atomic radii of both Zn (122 pm) and Ca (176 pm)

cations are much larger than that of B3? (85 pm).

Also, it can be observed that, as B2O3 is replaced by

both Zn and Ca cations, the relative area of the left-

hand side hump (due to Zn cation) increased, while

that of the right-hand side hump (due to Ca cation)

decreased, the thing which may be attributed to the

relative increases of ZnO and the consequent

decreases of B2O3.

3.2 UV spectral analysis

The optical parameters were recorded, at room tem-

perature, for the studied samples in the range from

300 to 450 nm. Both the optical absorption A%, Fig. 2,

and optical transmittance T%, Fig. 3, were measured

for all the studied samples, as a function of wave-

length. As illustrated in Figs. 2 and 3, for both A%

and T%, when replacing B2O3 with equal amounts of

Fig. 1 Experimental and deconvoluted XRD diffractograms for

x = 0(a), 4(b), and 8(c) samples, other samples show same

characteristic

9394 J Mater Sci: Mater Electron (2021) 32:9392–9399



ZnO and CaO, these optical parameters showed two

opposite behaviors. The increase of Zn2? decreased

the optical absorbance while increased the optical

transmittance. Such behavior was not expected,

where the addition of metal ions should act to

increase the probability of the electronic transitions

and hence increase the optical absorbance and

decrease the optical transmittance. This result can be

accepted by considering the structural effects of Ca2?,

where it is considered as a glass’ network modifier.

Because of its large covalent radius (176 pm) which is

twice that of boron (85 pm), Ca?2 occupies the

interstitial vacancies in the glass’ network and acts to

increase its molar volume, and hence improves the

optical transparency. This explanation can be con-

firmed by referring to the broadness in the width of

the XRD humps when the x value increased from 0 to

8. On the other hand, Figs. 2 and 3 show that the

behavior of optical absorbance and transmittance was

not affected by the incident radiation from 300 to

360 nm. But, when the wavelength increased above

360 nm, the optical absorbance decreased by a con-

stant rate for each sample, x, while the optical

transmittance showed an opposite behavior. These

observations may suggest the studied glasses for

optical filtering and optical switching applications.

Based on the measured absorbance and transmit-

tance, the optical reflectance R%, linear refractive

index n, and the extinction coefficient k were calcu-

lated using the following relations [27–29]:

R kð Þ ¼ 1 � T kð Þ � A kð Þ; ð1Þ

n kð Þ ¼ � 1 þ
ffiffiffiffiffiffiffiffiffiffi

R kð Þ
p

ffiffiffiffiffiffiffiffiffiffi

R kð Þ
p

� 1
; ð2Þ

k kð Þ ¼ A kð Þk
4pt

: ð3Þ

Fig. 2 Absorbance A% vs. wavelength, for all samples

Fig. 3 Transmittance T% vs. wavelength, for all samples

Table 1 XRD-deconvolution obtained parameters

The molar ratio x, mol% Peak (I) Peak (II)

Peak position 2h� Relative area under the curve Peak position 2h� Relative area under the curve

0 30 84.6 48 15.4

2 30.25 84 48.75 16

4 30.50 83.4 49.5 16.6

6 31 82.2 49.75 17.8

8 31.5 80.6 50 19.5
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Extinction coefficient k was calculated using Eq. (3)

where t is the sample thickness, and is presented in

Fig. 4 as a function of the energy of incident radia-

tion, at different values of x. It is clear that for all

values of x, the value of k increases exponentially by

increasing the photon energy up to the maximum

value, kmax, and then starts to decrease gradually,

while the value of kmax was found to be decreasing as

B2O3 was exchanged by equal amounts of ZnO and

CaO. Such observation may be apparently noted

from the increasing in the glass transparency as a

result of an increase in the molar volume, where the

covalent radii of both Zn (122 pm) and Ca (176 pm)

are much greater than that of boron (85 pm). The

extinction coefficient k is a useful parameter in

determining the value of Fermi energy Ef, based on

Fermi–Dirac statistical distribution [30]. Equation (4)

is used for the calculation of Fermi energy, where kB

and T are the Boltzmann constant and absolute

temperature, respectively, while Emax is the value of

energy at which the extinction coefficient reached to

its maximum value kmax.

Ef ¼ Emax � kBTln
1 � kmax

kmax

: ð4Þ

Table 2 contains the obtained values for Fermi

energy for all studied samples. As seen from the

table, the value of Fermi energy decreased as the

molar ratio, x, increased. This means that, the posi-

tion of Fermi level shifted toward the valance band as

a result of the reduction in the optical absorption,

which is consequently associated by an increase in

the optical transmission. Such decrease in Ef values

may be attributed to an increase in the donor con-

centrations and/or a decrease in the acceptor one.

Figure 5 illustrates the dependency of the linear

refractive index (n) on both the sample’s structure

and the wavelength of the incident photons, this

figure indicates that the replacement of B2O3 by equal

concentrations of ZnO and CaO opens the glass’

network structure and hence reduces the light dis-

persion that occurred in the glasses, leading to an

increase in the light velocity through the studied

samples. Comparing Fig. 4 by Fig. 5, it can be

observed that, the dispersion of the refractive index,

n, starts when the extinction coefficient k reaches its

maximum value, therefore, it can be stated that the

studied samples may act as an optical filter for all

optical energies beyond Emax which correspond with

kmax. Both n and k values were used to obtain the

quality factor Q.F of the studied samples, based on

Eq. (5) [31, 32]. As the Q.F does not depend on the

shape of the samples, therefore, it is a good tool to

compare between the samples under investigation,

where in general, it is inversely proportional to the

Fig. 4 Extinction Coefficient (k) vs. photon energy, for all

samples

Fig. 5 Linear refractive index vs. wavelength, for all samples

Table 2 Fermi and Urbach energies

x kmax Emax, (eV) Ef, (eV) EU (eV)

0 1.7 9 10–5 3.46 3.17 0.233

2 1.3 9 10–5 3.55 3.25 0.192

4 1.2 9 10–5 3.46 3.16 0.185

6 9.5 9 10–6 3.46 3.15 0.175

8 6.1 9 10–6 3.42 3.10 0.167
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absorption coefficient which represents the intensity

of attenuation of light in the glass (i.e., it represents

the loss energy). As seen in Fig. 6, the value of Q.F is

affected by the exchange of B2O3 by equal concen-

trations of both CaO and ZnO, where the sample with

x = 0.8 showed the highest Q.F at all photon energies,

so it may be suggested for different optical

applications.

Q:F ¼ n2 � k2

2nk
ð5Þ

Optical conductivity, which is due to the motion of

the charge carriers under the effect of the electric field

component of the incident light, is a quantitative

property of optical materials. Therefore, values for n

and k were used to calculate the optical conductivity

ropt according to Eq. 6, where c is the speed of light in

vacuum [29, 33].

ropt ¼
n c k

k
: ð6Þ

Figure 7 manifests the energy dependence of the

optical conductivities of the studied samples, where

in each sample, the optical conductivity increases

exponentially with increasing the photon energy up

to a certain value at which becomes nearly invariable.

Additionally, the optical conductivity decreases with

increasing the molar ratio x which may be assigned to

the relative decrease in the relative number of the

oxygen atoms. Upon this observation, it may be sta-

ted that the replacement of B2O3 which is a glass

network former oxide by an equal amount of both

CaO and ZnO which act as a glass network modifier

oxide and a glass network intermediate oxide,

respectively, cause a reduction in the optical

absorption and further widening in the energy band

gap. The higher values of the optical conductivity

suggest the studied samples for optoelectronic

applications, photo-electric devices, and information

processing, in accordance with the literature [34].

3.3 Optical absorption and glass
homogeneity

The optical absorption coefficient a is an important

tool which is related to the internal structure of the

matter. The absorption coefficients of the studied

glass samples were calculated using Eqs. (7) and (8)

[35–37], where A is the optical absorbance and t is the

sample thickness.

a ¼ 0:232
A

t
; ð7Þ

a ¼ aoe
hm
EU ; ð8Þ

Urbach absorption mechanism is one of the most

used methods to describe the absorption processes

that depend on the electronic transitions from an

extended state in one band to the localized states in

the tail of such band [38]. Such transitions may be

originated from the asymmetry of the internal charge

distribution that associated with the structural dis-

orders/defects in the studied glasses [38]. Figure 8

depicts Ln (a) versus the incident photon energy ðhmÞ.
The slope of the oblique part of the curve was used to

estimate the Urbach energy EU for all samples asFig. 6 Q.F for all the studied samples

Fig. 7 Energy-dependent optical conductivity for all samples

J Mater Sci: Mater Electron (2021) 32:9392–9399 9397



indicated in Table 2. The decrease in EU values can be

attributed to the increase in the structure randomness

which led to more short-range order structure as a

result of increasing of both ZnO and CaO contents in

the glass samples. The increasing in randomness with

increasing x is also confirmed by the XRD chart,

where the hump becomes more flatten as x ratio

increasing, this is obviously clear in case of sample

with x = 8 which has the highest homogeneity and

the highest short-range order among the studied

glass samples.

4 Conclusions

The present work was established to estimate the

effect of replacing a glass network former by an equal

content of glass network modifier oxide and inter-

mediate oxide, where some bismuth borate glasses

doped with equal concentrations of both ZnO and

CaO were prepared. XRD structural analysis showed

that all samples are of an amorphous nature and have

two broad humps. The XRD humps become broader

as the contents of both ZnO and CaO increase. The

optical parameters showed the strong effect of Ca2?

in glass’ network modification. The measured optical

parameters may suggest the studied glasses to use as

optical filters or as devices for optical switching. Also,

the optical study showed that the introduction of

both ZnO and CaO by an equal amount instead of

B2O3 increases the optical transparency in the UV

spectral region. The calculated values of both Fermi

and Urbach energies suggest the studied glasses for

other optoelectronic device applications.
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