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The manufacture, optical 
properties, and mechanical aspects 
of europium‑doped borate glasses
Gharam A. Alharshan 1, A. M. A. Mahmoud 2, Nasra M. Ebrahem 2, Ragab A. Elsad 3*, 
Shaaban M. Shaaban 4, Mohamed Elsafi 5 & Shimaa Ali Said 2

An investigation into the optical and mechanical properties of a novel borate glasses with the chemical 
composition of 70 B2O3-10 Li2O-10ZnO-5Bi2O3-5CaO-xEu2O3 was conducted. The glassy specimens 
of Eu3+-doped borate were prepared by the melting-quenching technique. An enhanced density 
from 3.0860 to 3.2176 g cm−3 and reduced molar volume from 29.27819 to 29.17447 (cm3 mol−1) are 
the outcome of increasing the concentration of Eu3+ in glasses. Plotting the extinction coefficient, 
dielectric constant (ε1, ε2), and refractive index (n) against wavelength reveals that they all rise as level 
of Eu3+ elements in the glass lattice increases. An increase in Eu3+ concentration results in a decrease in 
both the volume (VELF) and surface (SELF) energy loss functions. Also, all elastic-mechanical moduli 
(such as Young’s, Bulk, Shear, and Elongation) increase with increasing the quantity of Eu3+ ions in the 
glass lattice. The Young’s modulus (Y, GPa) of the glassy specimens was 34.512, 36.089, 36.504, 36.730 
and 37.114 GPa for x equal 0, 0.25, 0.5, 0.75 and 1 mol ratio in the glass system, and coded by Eu-0.0, 
Eu-0.25, Eu-0.5, Eu-0.75 and Eu-1.0, respectively. Growing Eu2O3 levels resulted in an increase in 
Micro-Hardness from 2.050 to 2.146 GPa. Poisson’s ratio values for Eu-0.0, Eu-0.250, Eu-0.5, Eu-0.75 
and Eu-1.0 were 0.273, 0.275, 0.277, 0.277 and 0.278, respectively.
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Since long ago, glass, a non-crystalline substance, has been employed in a variety of applications. Furthermore, 
glasses are significant optical materials that are used extensively in both traditional and contemporary technologi-
cal advancements due to their linear and nonlinear optical properties. It’s important to note that glass’s capabilities 
mostly depend on its ingredients. Glass composition and its fundamental structural component are key factors 
in determining its characteristics. Additionally, glass composition can be changed to satisfy glass technology 
requirements. In an attempt to link compositional changes with the evolution of characteristics, many glass 
systems were developed and investigated1–4. Borate glass is regarded as notable among the many oxide glasses 
because of its unique properties, which include low point of melting, significant RE solubility, good thermal 
stability, transparency, large refractive index, and affordability5–8. Furthermore, because it does not crystallize 
on its own, it has the highest inclination to create glasses. One of the unique qualities of borate-based composi-
tions is their ability to use the BO3 and BO4 structural elements to create a variety of structures9,10. Then, new 
structures can be created by modifying these ones11,12. Zinc oxide (ZnO) is added to borate glass to improve 
the chemical durability of the glass matrix, reduce crystallization, and boost thermal stability13. The presence 
of lithium oxide lowers the glass transition temperature while increasing optical transmission and glass ther-
mal stability14. Lithium-based glasses are utilized in modulators, electro-optic switches, and optical parametric 
devices due to their high conductivity14. Bismuth and other heavy metal oxides increase the glass creation range 
and fluorescence of oxide glasses15. Glasses made of bismuth borate have amazing uses in optical devices and 
non-linear optics. The substantial applications of Bi2O3 and ZnO in glasses, such as thermal and mechanical 
sensors, optical and electrical device layers, infrared transmitting windows, and glass ceramics, have attracted 
the interest of the scientific community16.
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Rare-Earth (RE) ions have the benefit of having f-f transitions that are less affected by ligand field fluctua-
tion. Glasses loaded with RE ions exhibit exceptional emission effectiveness resulting from both 4f-5d and 4f-4f 
electronic transitions, making them highly efficient luminous materials. Due to its broad emission spectral span, 
which extends from the blue towards the near-infrared (NIR) location, narrowed emission band, potent emission 
intensity, beneficial red emission effectiveness, and lengthy excited-state lifespan, europium (Eu3+) is considered 
to be one of the most suitable rare earth ions for injection17–22.

Glasses doped with Eu3+ ions, in particular, have a lot of potential as effective red phosphors and are used in a 
variety of photonic applications. This is because they have a long radiative lifetime and can emit monochromatic 
light23. The phonon energy of the host material influences the quantum efficiency of rare earth ion emissions. 
Borate glasses generally have high phonon energy levels because of the network-forming oxides’ stretching 
vibrations. Moreover, in their pure form, it consists of boroxyl BO3 subunits forming random networks24. It is 
commonly known that the spectroscopic properties of generated (RE) glasses can be improved by the addition 
of heavier metal oxides, like Bi2O3, PbO, CdO, and Sb2O3, by lowering the phonon energy, increasing the glass-
forming span, and improving the polarizable character of the resulting glass matrix25–28.

In this work, we have effectively synthesized a variety of new glasses doped with europium oxide that contain 
lithium, zinc, borate, and heavy metal oxide (bismuth). 70 B2O3-10 Li2O-10ZnO-5Bi2O3-5CaO-xEu2O3, where 
x has values of 0.0, 0.25, 0.5, 0.75, and 1.0 (mole ratio), is the formula for the glass compositions. The recently 
created glasses were then thoroughly characterized to investigate the effects of Eu3+ ions on the host glass net-
work structural. This examination included a review of the glasses’ mechanical, structural, optical, and physical 
characteristics.

Experimental
The new glasses used in this study have the following composition: 70 B2O3-10 Li2O-10ZnO-5Bi2O3-5CaO-xEu2O3, 
where x (mole ratio) has values of 0.0, 0.25, 0.5, 0.75, and 1.0. Bi2O3, B2O3, CaO, ZnO, Li2O, and Eu2O3 were all 
used in extremely pure (99.9%) forms (Aldrich). Twelve grams are produced overall for each composite. The 
calculated powders are combined in a mortar in a molar ratio for thirty minutes to produce an excellent, homog-
enous blend. The mixture was melted at a temperature of roughly 1100 °C for 40 min in a porcelain crucible. A 
homogeneous solution was achieved by physically rotating the porcelain crucible containing the glass sample 
during the melting process. A brass mold was then used to quench it. Next, in order to remove bubbles and 
thermal stress from the samples that were created, glasses in a brass mold were placed in a furnace set to 350 °C 
for 12 h, and the furnace was then allowed to cool to ambient temperature during the annealing process. For the 
glass samples, the following names are applicable:

Based on the Archimedes Principle, the density of the generated glass samples was computed using the fol-
lowing formula:

where WAir and WLiquid represent the sample weight in air and liquid, respectively (the liquid employed was xylene, 
which has a density of ρLiquid = 0.863 g cm−3).

To calculate the molar volume (Vm) of the glass block, the following expression was used:

The photograph, density, and estimated molar volume are tabulated in Table 1.
A JASCO UV–Vis-NIR double -beam spectrophotometer model V-570 was used to measure the glasses’ 

optical characteristics.
The Makishima–Mackenzie theory was used in this investigation to compute the elastic mechanical properties 

of currently produced glass composites29,30. The mechanical results depends on the dissociation energy per unit 
volume (Gt, KJ cm−3) and the packing density (Vt, cm3 mol−1) of each composite, which given by Gt =

∑

xiGi 
and Vt = (1/Vm)

∑

xiVi , where Gi , Vi and xi represents the dissociation energy per unit volume, packing factor 
and molar fraction of ith oxide. Through the dissociation energy (Gt) and packing density (Vt) of the studied glass 
composites estimated by Makishima–Mackenzie’s29,30, the elastic moduli (such as Young (Y), Bulk (B), Shear (S) 
and Longitudinal (L) modulus) in addition to the Poisson’s ratio ( δ ) as well as the Micro-hardness (Hm) values 
can be determined from the following relations.

Eu - 0.00 : 70B2O3−10Li2O - 10ZnO - 5Bi2O3 - 5CaO

Eu - 0.25 : 70B2O3−10Li2O - 10ZnO - 5Bi2O3 - 5CaO - 0.25Eu2O3

Eu - 0.50 : 70B2O3 - 10Li2O - 10ZnO - 5Bi2O3 - 5CaO - 0.50Eu2O3

Eu - 0.75:70B2O3 - 10Li2O - 10ZnO - 5Bi2O3 - 5CaO - 0.75Eu2O3

Eu - 1.00:70B2O3 - 10Li2O - 10ZnO - 5Bi2O3 - 5CaO - 1.00Eu2O3

(1)ρglass =
WAir

(WAir −WLiquid)
× ρLiquid

(2)Vm =
glass molecular weight

ρglass

(3)Y = 2Gt · Vt
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Result and discussion
Density
Table 1 shows that the average density of glasses under assessment increases steadily from 3.0860 towards 
3.2176 g cm−3 as the Eu level rises from 0.0 to 1.0 mol ratio. Compared to B2O3, which is less heavy at 2.46 g cm−3, 
Eu2O3 density (7.4 g cm−3) is responsible for this increase in density and is essential for the growth of the glass 
network. An further reason for the greater density of the glasses under investigation is the larger molecular 
weight of Eu additives (351.926 g mol−1) in comparison to B2O3 (69.617 g mol−1). The observed decrease in the 
molar volume shown in Table 1 could be the result of a reduction in the link length or the interatomic spacing 
within the glass network, which would create a compact structure within the glass.

Optical properties
The variation of reflectance (R) and transmittance (T) over wavelength (λ) are illustrated in Figs. 1 and 2. Reduced 
transmittance and increased reflectance are seen. Once the band edge was reached, all of the samples showed 
high transparency, with the significant transmission range being within 400 and 700 nm throughout the visible 
region. Transmission measurements (see Fig. 1) show a red shift in the cutoff wavelength, the red shift is mainly 
attributed to a conversion of three coordination boron atoms BO3/2 into BO4/2

31. Eu-0.25 is the sample that yields 
the greatest transmittance at a rate of almost 70% and smallest reflectance, Eu-0.25 obeys a different trend in the 
visible region compared to the other samples, higher transmittance of Eu-0.25 indicates higher concentration 
of BO4

32, or less absorption by the sample, may due to decrease in the concentration of absorbing molecules. 
More specifically, Figs. 1 and 2 also show that the reflectance and transmittance spectra for every specimen can 

(4)B = 1.2Vt · E

(5)S =
3YB

9B− Y

(6)L = B+
4

3
S

(7)δ =
Y

2S − 1

(8)Hm =
(1− 2δ)Y

6(1+ δ)

Table 1.   Density, photo, molar volume and mechanical characteristics of the present glass systems.

Glass code Sample photo
Density, ρ
(g cm−3)

Molar volume
(cm3 mol−1)

Mechanical characteristics

Gt
(KJ cm−3)

Vi
(cm3 mol−1)

Vt
(cm3 mol−1) Y (GPa) B (GPa) S (GPa) L (GPa) σ H (GPa)

Eu-0.0

 

3.0860 29.27819 28.185 17.925 0.612 34.512 25.355 13.554 35.520 0.273 2.050

Eu-0.25

 

3.1180 29.25988 29.190 18.088 0.618 36.089 26.771 14.149 37.383 0.275 2.119

Eu-0.5

 

3.1490 29.25123 29.334 18.201 0.622 36.504 27.256 14.295 37.977 0.277 2.127

Eu-0.75

 

3.1808 29.23538 29.479 18.213 0.623 36.730 27.459 14.381 38.245 0.277 2.137

Eu-1.0

 

3.2176 29.17447 29.623 18.276 0.626 37.114 27.900 14.517 38.787 0.278 2.146
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be categorized into three spectral regions, (I) a strong-absorption locale, where λ is usually shorter than 250 
nm, (II) transparent with low reflectance areas where λ usually lies between 250 and 650 nm, (III) no absorption 
location, which is found at wavelengths beyond 650 nm. In ref.33, identical behavior was noted.

The fraction of incident light dissipated throughout transmission across the medium can be identified via 
the extinction coefficient ( k ), which is calculated as k = (αλ/4π)34,35. When electromagnetic waves pass through 
a substance, the quantity of energy that is absorbed through the material is indicated by the extinction coef-
ficient ( k ), also known as the absorption index. This indicates that the intensity of the electromagnetic waves 
will attenuate as they pass along the medium. The proportion of free electrons within the substance and the 
presence of structural imperfections affect the values of the extinction coefficient ( k ). Figure 3 displays the vari-
ation of ( k ) with wavelength (λ). We can see from the figure the increasing of ( k ) levels with increasing Eu2O3 
concentration. The enhancement in the values of ( k ) may be assigned to creation the structure defect in the 
system under consideration by Eu3+ content. Absorption intensity of the absorption peaks are increased with 
Eu3O2 content. It can be seen that, most of characteristic absorption bands of Eu3O2 ion in the UV and visible 
region are masked due to strong absorption of the host glass36,37. The presence of heavy metal cations such as 
Bi3+ might be responsible for the strong absorption of the glasses. Appearance of absorption peaks in the UV 
region (200–350 nm) associated with amorphous glass matrix convoyed to chemicals used in preparing glasses. 
Dufy38 attributed strong UV absorbance in glasses to the presence of some transition metal ions, e.g. Cr6+ and 
Fe3+, because of the possible charge electron transfer mechanism, even the traces of impurities are in ppm level. 
It is suggested that the production of superior optical glasses requires the use of exceptionally pure chemicals 
since they have the potential to impart a strong absorption and the presence of iron ion traces as impurities 
lower the optical glasses’ transmittance39.
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Figure 1.   Variation of the reflectance (R) of Eu2O3 doped borate glass.
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Figure 2.   Variation of the Transmittance (T) of Eu2O3 doped borate glass.
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The following equation can be used to estimate the variation of the refractive index (n) of the present Eu3+ 
ion-doped glass specimens based on absolute value of reflectance (R) as well as extinction coefficient ( k)35,40–42:

Figure 4 shows the numerical values of (n) with wavelength λ (nm). It was found that the inclusion of Eu3+ 
ions into the glass structures increased the n levels. The refractive index peak in Fig. 4 increases from sample 
Eu-0.0 until Eu-1.0 sample, the rise in refractive index indicates a higher optical density for the material.

The dependence of real part of dielectric constant ε1 on wavelength is shown in Fig. 5, which can be calculated 
using the following relation35,40:

we notice from Fig. 5 that, the effect of the increasing of Eu3+ content appears only at lower wavelength or higher 
energy, also the increase of real part of dielectric constant ε1 with the variations of the mole ratio of Eu3+ ions 
agreement with the increase of the refractive index level (n).

The imaginary part (ε2) of dielectric constant was calculated using the equation that follows35,40:

Figure 6 shows the spectrum dependence of ε2 on wavelength λ (nm) across all doped glass borate samples. 
The value of both ε1 and ε2 were boosted with increase of Eu3+ concentration.

(9)n =
(1+ R)

(1− R)
+

(

4R

(1− R)2
− k2

)1/2

(10)ε1 = n2 − k2

(11)ε2 = 2nk
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Figure 3.   The fluctuation of (k) with wavelength (λ) of Eu2O3 doped borate glass.
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Two other important features that can be employed to identify the transitions in optical properties for elec-
trons in this studied are the surface energy loss function (SELF) and the volume energy loss function (VELF). 
Both factors were utilized to calculate the energy loss rate of electrons during travelling through glass. Via the 
dielectric function, the energy dissipation is connected to the material’s optical characteristics. The probability 
that the fast electrons will lose power as they go through the bulk and surface of the material is represented by 
the volume and surface energy loss functions, respectively. The electron transitions within this substance at low 
and high energies are described by the value of SELF/VELF. VELF and SELF, the two parameters, are provided 
by equations40–45:

The volume energy loss function (VELF) of the doped borate glass samples with different quantities of Eu2O3 
was illustrated as a function of wavelength as shown in Fig. 7. As can be observed from that figure, a change 
in the quantity of Eu2O3 causes a change in the electron transition energy, which in turn causes variation in 
the volume energy loss. Also, the Surface energy loss function is varied due to the variation in Eu3+ content as 
shown in Fig. 8. The values of SELF/VELF as functions of wavelength are plotted in Fig. 9. It is evident that, at 
the incident wavelength, the volume energy loss was larger than the surface energy loss.

(12)VELF =
ε2

(

ε21 + ε22
)

(13)SELF =
ε2

(

(ε1 + 1)2 + ε22
)
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Figure 5.   The variations of (ε1) as a function of wavelength (λ) of Eu2O3 doped borate glass system.
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Figure 7.   The variations of (VELF) as a function of wavelength (λ) of Eu2O3 doped borate glass system.

200 220 240 260 280 300 320

0.0

2.0x10-8

4.0x10-8

6.0x10-8

8.0x10-8

FLES

Wavelength (nm)

Eu-0.0
Eu-0.25
Eu-0.50
Eu-0.75
Eu-1.0

Figure 8.   The variations of (SELF) as a function of wavelength (λ) of Eu2O3 doped borate glass system.
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Mechanical characteristics
The dissociation energy and packing density were calculated and plotted in Fig. 10. The figure shows an increase 
in the two factors with the addition of Eu2O3 concentration from 0 to 1 mol ratio. The dissociation energy 
increased from 28.185 to 29.623 kJ cm−3, while the packing density increased from 0.612 to 0.626 cm3 mol−1 as 
shown in Table 1.

The Young’s modulus (Y, GPs) was estimated by the formula in section “Experimental” which measures the 
rigidity of the fabricated glass. The moduli elasticity results were shown in Fig. 11. The Young’s modulus values 
increased from 34.512 to 37.114 GPs with raising the Eu2O3 additives from 0 to 1 mol ratio in the glass system. 
Due to the addition Eu2O3 rare earth to the glass composites, the dissociation energy, or Gibbs-free energy 
increased which lead to increasing the young’s modulus. The other elastic moduli such as Bulk modulus, Shear 
modulus and longitudinal modulus related to the young modulus are estimated and tabulated in Table 1, and 
Fig. 11. The longitudinal modulus was greater than the shear and bulk modulus. Poisson’s ratio (σ) as well as 
the microhardness (H, GPa) of the prepared glass composites were calculated based on the results of the elastic 
modulus, and these parameters measure the extent of expansion/contraction and hardness of the manufactured 
glass, respectively. The values of Poisson’s ratio were 0.273, 0.275, 0.277, 0.277 and 0.278 for Eu-0.0, Eu-0.250, 
Eu-0.5, Eu-0.75 and Eu-1.0, respectively as shown in Fig. 12, which indicated that Poisson’s ratio is approximately 
relatively constant with Eu2O3 additions. Also, the Micro-Hardness was estimated and plotted in Fig. 12, the 
results increased from 2.050 to 2.146 GPa which showed that the hardness was raised with increasing Eu2O3 
contents.

The mechanical results depend on the structure of glass composites with changing the doping Eu2O3. The 
FTIR spectra of the borate glasses without Eu2O3 and doped with 0.75, and 1.0 mol ratio of Eu2O3 is illustrated 
in Fig. 13 over the spectral range 400–2000 cm−1. From these peaks, three zones can be identified. The first 
region, spanning 600–700 cm−1, is caused by a B—O—B bending vibration bond in the borate network. The 
tetrahedral BO4 units’ B—O linkage stretching vibration is responsible for the second region, which spans 
from 800 to 1200 cm−1, and the triangles-BO3 units’ B—O stretching vibration is responsible for the third zone, 
which spans from 1200 to 1600 cm−146–48. More information regarding structural alterations was found by using 
FTIR deconvolution techniques shown in Fig. 14. Several peaks were seen in the infrared spectra of the glasses 
at 673, 882, 1048, 1239, 1405, and 1754 cm−1. The bending vibrations of bridging oxygen (B—O) over trigonal 
BO3 groups are suggested to be the origin of a band at 673 cm−149. The band at 882 cm−1 further confirms con-
nectivity between the diporate and B-O-B networks. Furthermore, the bands at 1239 cm−1 were shown to be 
caused by the asymmetric stretching of the B–O connection in BO3 units made from boroxels. The symmetric 
stretching relaxation of the B—O band, caused by the trigonal BO3 units, is responsible for the peak at around 
1405 cm−150. The two other peaks, measured at 1572 and 1969 cm−1, are the result of B—O stretching vibrations, 
or BO3 units, in triangles46–48.

The change in the relative areas of peak absorption linked to BO4 and BO3 groups, N4 and N3, respectively, is 
one of the most significant finds. N4 and N3 can be calculated using the relations listed below.

(14)N4 =
A4

A4+ A3
, N3 =

A3

A4+ A3

Figure 10.   The variation of dissociation energy and packing density of Eu-glass composites.
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Figure 11.   The variation of Young, shear, Longitudinal and Bulk modulus of Eu-glass composites.

Figure 12.   The variation of Poisson ratio and micro-hardness of Eu-glass composites.



10

Vol:.(1234567890)

Scientific Reports |        (2024) 14:22920  | https://doi.org/10.1038/s41598-024-66939-5

www.nature.com/scientificreports/

In the present case, the regions under the BO3 and BO4 group’s absorption peaks of Eu-0.0, Eu-0.75, and 
Eu-1.0 are equal 0.653, 0.634, 0.632 and 0.347, 0.366, 0.368, respectively. As clear, the relative value of BO4 rises 
with lowering BO3 values that cause improving the compatibility and stiffness for the doped samples. Increments 
in BO4 result in increasing not only the density but also the connectivity and the stiffness and elasticity of the 
glass system. It is clear that the structure with doping Eu2O3 increase the mechanical properties of present glass.

Finally, the mechanical results of this study were compared with related published values for BaO-PbO-P2O5 
glass system51. The comparison showed a superiority in the mechanical properties of the manufactured glass 
samples compared to BaO-PbO-P2O5 system, as the maximum young modulus in the published sample BPP7 
(50 BaO + 50 P2O5) was 36.655 GPa, while the maximum value in the present results was 37.114 GPs. The current 
young modulus results also compared with the Bi2O3–PbO–CdO–B2O3

52, the sample with the highest density 
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Figure 13.   FTIR spectra of the borate glasses without Eu2O3 and doped with 0.75, and 1.0 mol ratio of Eu2O3.
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Figure 14.   FTIR deconvolution of the borate glasses without Eu2O3 and doped with 0.75, and 1.0 mol ratio of 
Eu2O3.
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consists of 25Bi2O3–30PbO–10CdO–35B2O3, and its young’s modulus was 35.07 GPa, while the bulk modulus 
was 19.97 GPa. These values are lower than the values for the present glass composites studied in the current 
work, which indicates that they provide good mechanical results and can be used in different applications.

Conclusions
A study was carried out to examine the optical and mechanical characteristics of a new borate glass system that 
contains 70 B2O3-10 Li2O-10ZnO-5Bi2O3-5CaO-xEu2O3 that were made using the melting-quenching method. 
The result of raising the Eu3+ concentration in glasses is an improved density. The glass structure exhibits an 
increase in dielectric constant (ε1, ε2), extinction coefficient, reflectance, and refractive index as the quantity of 
Eu3+ ions increases. The spectrum transmittance and both surface and volume energy loss function (SELF and 
VELF) are decrease with increasing Eu3+ ions. The result of raising the Eu3+ concentration in fabricated glass led 
to improve the mechanical properties. The young’s modulus, shear modulus, bulk modulus and micro- Hardness 
are increases with increasing Eu3+ ions in the glass structure, this is due to the raising the dissociation energy in 
the glass composite increased with increasing the Eu3+ concentration.

Data availability
All data generated or analyzed during this study are included in this published article.
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