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A B S T R A C T   

The demand for new glass hosts with emergent properties is constantly growing for various 
miniaturized applications. Thus, some new types of Sm2O3-activated strontium-telluro-alumino- 
magnesium-borate glasses with copper oxide nanoparticles (CuONps) insertion were made 
using melt-quenching approach. The obtained glasses were characterized to determine the effects 
of Sm2O3 concentration changes on their thermal, structural, and luminescence properties. XRD, 
FTIR, and HRTEM analyses of the samples verified their glassy nature, presence of different 
functional units and CuONps, respectively. DTA analysis showed excellent thermal stability of 
these glasses with a stability factor as much as 125 ◦C. The optical absorption properties of the 
glasses were highly sensitive to Sm3+ concentrations variation. The Judd-Ofelt intensity param-
eters of the glasses with and without CuONps followed the trend of Ω6˃Ω4˃Ω2 and Ω4˃Ω6˃Ω2, 
respectively. These glasses displayed 4 visible luminescence bands at 561, 598, 645, and 705 nm 
corresponding to 4G5/2 → 6H5/2, 4G5/2 → 6H7/2, 4G5/2 → 6H9/2, and 4G5/2 → 6H11/2 transitions in 
Sm3+. In addition, branching ratio above 80% and stimulated emission cross-section up to 135.82 
× 10− 23 cm2 were achieved. The stimulated emission cross-section and optical gain were 
enhanced due to the inclusion of CuONps in the glasses. These glasses may be useful for solid state 
laser and optical amplifier development.   

1. Introduction 

Particularly, in conventional and advanced technological applications based on luminescence properties, various rare earth ions 
(REIs)-activated glasses became a fundamental part. Owing to their well-shielded 4f orbitals, REIs display unique and superb optical 
attributes, such as enhanced absorption and emission cross-sections, extended luminescence lifetimes, and narrow spectral bandwidths 
[1–4]. These properties have been broadly studied and utilized in different scientific fields, for example, optics, photonics, and op-
toelectronics. Incorporating REIs into glassy hosts has led to the emergence of advanced optical materials with tunable properties [5, 
6]. Solid-state laser development is one of the most significant contributions of REIs-doped glasses. The application of advanced 
solid-state lasers is found in the modern industries, health and pharmaceutical related fields, and in advanced research techniques 
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thanks to their high efficiency, compact size, and durability. In addition, the REI’s’ electronic energy levels have the ability to effi-
ciently absorb and emit light at specific wavelengths, which is why they are ideal for use in lasers, lightning, and displays. 

REIs-activated glasses are preferred for diverse lighting and displays due to their high thermal and chemical stability, easy 
manufacturing, and low cost. However, it was proven that the luminescence efficiency of the REIs is heavily dependent on the selected 
host matrix in which they are doped [7]. The host matrix affects the spectroscopic properties of the REIs by modifying their local 
environments, such as their crystal field, coordination number, and symmetry. This results in changes in the transition probabilities 
and, thus, the nature of transitions between manifold energy levels of the REIs, which in turn affect their luminescence properties, such 
as the intensity, lifetime, and emission wavelength. Moreover, the host matrix can also affect the physical and optical attributes of the 
REIs. The host matrix can also affect properties such as refractive index, band gap energy, and density, which are important for 
optimizing photonics and other optical materials. For example, a high refractive index can increase the light emission’s efficiency, 
infrared laser potency, and imaging quality, as reported by Lin et al., Zang et al., and Wang et al. [8–10]. It has been shown that optical 
glasses with high linear and nonlinear refractive indices have several advantages such as more efficient light focusing in lenses as well 
as optimizing the design of compact optical systems for photonic applications in the THz region, wide range of application in 
visible-infrared regions, optical filters and modulators, optical memory devices and laser windows, and optical switching cum signal 
processing [11–13]. Furthermore, high density can improve the compactness and durability of the material [14]. 

The selected oxide glass host play a paramount role in the design and optimization of high-performance REIs-doped optical glasses 
[7]. Silica, phosphate, borate, and tellurite are the typical REIs host matrices characterized by certain merits and demerits. However, 
the main drawback is the luminescence quenching effect; thus, the challenge of synthesizing an optimized REIs glass host with minimal 
inefficiencies still exists. Strontium-borate glasses are a class of glasses that have gained significant attention in recent years due to 
their potential for use in optical applications. The main constituents of these glasses were boron oxide (B2O3) and strontium oxide 
(SrO), as well as other elements that are added as either modifiers or dopants for tuning the properties of the glasses. 

The unique composition of strontium-borate glasses allows for a wide range of optical and electronic properties to be achieved; this 
makes them appealing for applications such as lasers and luminescence due to lofty quantum efficiency, resistance to corrosion, 
reduced phonon energy (≈1120 cm− 1), high refractive index (≈2.89), high thermal expansion (Tg ≈ 376 ◦C at Td = 341 ◦C), and broad 
transmittance window in the ultra-violet and infrared zones [15–19]. According to many reports in literature, the introduction of 
heavy metal oxides (HMO) such as SrO into borate glass network reduces the phonon energy because of the SrO stimulated conversion 
of BO3 into BO4 units [20–23]. Additionally, low phonon energy in strontium containing borate glasses was linked to the reduced 
phonon frequencies of the HM-O vibrations in the glass and this in turn enhances the radiative decay of the doped rare earth ions [24]. 
For example, Khan et al. reported the lasing attributes of barium-incorporated strontium-borate glasses [16]. In the report, the authors 
reported an improved refractive index, optical gain, and attenuation of the REIs covalency; though the glasses were recommended for 
laser applications, the concentration quenching effect manifested beyond Sm2O3 contents of 0.5 mol%. Again, zinc-added stron-
tium-borate glass hosts were developed through a conventional melt-quenching approach, and the glasses were endorsed for optical 
fiber applications because of their excellent optical absorption characteristics [25]. However, the photoluminescence emission 
exploration of the glass system was not conducted. Incorporation of Sm2O3 as dopants in strontium-borate glasses turned out to be a 
promising strategy for optical materials advancement. Among the REIs, Sm3+ has been shown to exhibit strong luminescence prop-
erties. At the same time, CuO nanoparticles have unique optical and electronic properties, including strong absorption and emission of 
light in the visible region [26,27]. By routing these two elements in a multicomponent strontium-borate glass host, it is possible to 
create a novel material with enhanced luminescence and lasing properties. 

Based on the importance of REIs-doped oxide glass hosts, in this study, few strontium-telluro-alumino-magnesium-borate glass 
samples at various concentrations of Sm2O3 doping and fixed concentration of copper oxide nanoparticles inclusion were made via the 
melt-quenching method. Earlier, we reported the influence of Dy3+ activation on the upconversion luminescence traits of the 
developed hosts [28]. Herein, the proposed glasses were characterized to evaluate the influence of Sm3+ concentration changes on 
their thermal, physical, optical and spectroscopic properties. The developed glasses were shown to be promising for the development 
of optical amplifiers and solid-state lasers. It was asserted that the luminescence characteristics and stimulated emission cross-section 
of these glasses can be tailored by varying Sm2O3 doping contents and copper oxide nanoparticles embedment. TeO2 was introduced 
into the glass constituents owing to its high refractive index and low phonon energy, thereby promoting radiative processes of rare 
earth ions doped glasses [29]. Moreover, the fragility of the Te–O bond enables rare earth ions to enter the glass network and be 
completely soluble easily. As an enhancer of optical attributes, compactness, and chemical durability of glass matrices, Al2O3 was also 
added [30,31]. Magnesium oxide as a modifier considerably reduces the crystallization rate of the glass melt [32]. 

2. Materials and methods 

Glasses with the nominal composition (69-x)B2O3–20SrCO3–7TeO2–3Al2O3–1MgO-xSm2O3 were developed by employing melt- 
quenching technique wherein x ranges from 0.5 to 1.5 mol%. We reported the preparation procedure and the details of the SrCO3, 
B2O3, TeO2, MgO, Sm2O3, and CuO nanoparticles commercial powdered starting reagents elsewhere [33]. To determine the glass 
stability, differential thermal analysis was conducted using detector DTG-60H detector with serial number C30575500539TK from 25 
to 1000 ◦C. Similarly, X-ray diffraction (10–100◦), energy dispersive X-ray (120 kV), Fourier transform infrared (500–3000 cm− 1), 
high-resolution transmission electron microscope (120 kV), ultraviolet–visible–infrared absorption (200–1800 nm), and photo-
luminescence emission (450–750 nm) analyses were also carried out to unravel the influence of varying the Sm2O3 contents and copper 
oxide nanoparticles embedment. Furthermore, The Sm2O3 composition of the glass sample with the most intense photoluminescence 
emission was used in developing the glass embedded with copper oxide nanoparticles wherein 0.05 mol% Copper oxide nanoparticles 
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were introduced into the glass. The details of the glass compositions are presented in Table 1. 

3. Results and discussion 

3.1. Thermal parameters 

The DTA analysis is a robust technique primarily used to unravel the heat flow’s nature as a temperature function using two 
temperature variables: the endothermic glass transition temperature (Tg)and the exothermic crystallization temperature (Tc). From 
this set of temperatures, the glass stability factor (ΔT = Tc − Tg) could be obtained. The degree of thermal stability against crystal-
lization depends on the achieved values; magnitudes of ΔT > 100 ◦C indicate a better glass-forming ability [34]. Fig. 1 shows the traced 
DTA thermograms of the synthesized glass samples, whereas Table 2 presents the achieved values of Tg and Tc together with the 
stability factor. For the 0.5 mol% Sm doped glass sample (BSm1), the Tg and Tc values were found to be 592 and 710 ◦C, respectively. 
These values yielded a glass stability factor of 118 ◦C, and the higher value of ΔT attested to the good thermal stability of the glass 
sample. However, as the Sm2O3 contents were increased to 0.7 mol% corresponding to the BSm2 glass sample, a new set of Tg and Tc 
were generated (594 and 714 ◦C, respectively), increasing the stability factor to 120 ◦C. The stability factor continuously increased 
with the Sm2O3 contents (except for BSm4 glass). The observed trend affirmed the role of Sm3+ doping in enhancing the glass’s thermal 
stability by forming more Sm–O bonds. Li et al. and Vijayasri et al. reported the same observation regarding Sm3+ activated strontium 
aluminate glasses and Tb3+ doped strontium zinc borate glasses aimed at green laser applications, respectively [35,36]. Since the glass 
transition temperature is responsive to the average coordination number of the network forming atoms along with the generation of 
non-bridging oxygens [37], the witnessed change in the magnitudes herein suggests the formation of more non-bridging oxygen and 
BO3/BO4 units as well. The higher thermal stability of the current glass systems indicates the capability to resist the crystallization 
process during heating, an essential feature for the development of high performance lasers [38,39]. Analogously, introducing copper 
oxide nanoparticles increased the thermal stability of the glass samples. 

3.2. Structural analysis 

3.2.1. XRD profile 
For the local structural probe, the XRD pattern of BCSm3 is shown in Fig. 2. The amorphous and disordered nature of the produced 

glass samples was justified and validated due to the absence of long-range ordered atomic arrangements typical for crystalline phases. 

3.2.2. FTIR spectra 
FTIR spectra were recorded and exhibited in Fig. 3 to probe the properties of the synthesized glasses’ local structure. The spectra 

were dominated by the fundamental absorption bands of borate units in addition to other units. The microscopic boron-oxygen 
network combines a three-dimensional arrangement of trigonal BO3 or tetrahedral BO4 groups [40]. Chen et al. argued that the IR 
frequency peaks appearing in 1500–3000 cm− 1 range are due to hydroxyl O–H and OH groups [14]. Thus, the observed bands at 2854 
and 2926 were assigned to the stretching oscillations of O–H bonds. Similarly, the 1666 and 1645 cm− 1 peaks were allotted to water 
molecules’ H–O–H bending and O–H bonding vibration, respectively [41]. Moreover, since the peaks spanning from 1500 to 1200 
cm− 1 and 1086 are due to asymmetric stretching of B–O bonds [42], the frequency peak positioned at 1328 cm− 1 was assigned to the 
oscillations of trigonal BO3 groups and that at 1460 cm− 1 is due to the vibrations of –O2BSr. The appeared 684 cm− 1 band was assigned 
to the bending oscillation of B–O–B linkages due to the conversion of BO3 to BO4 unit, while the frequency band at 1010 cm− 1 may be 
ascribed to the anti-symmetrical lengthening of B–O bond in the borate unit with the tetrahedral arrangement (BO4) [43]. The 684 
cm− 1 peak was more intense at Sm2O3 content of 1.0 and 1.2 mol%, respectively; this indicates the transformation of more BO3 to BO4 
groups. The reformation of BO3trigonal to BO4tetragonal units through the production of non-bridging oxygen confirmed the existence 
of structural modifications within the glass samples in response to varying the contents of the introduced dopants. Hence, the glass’s 
rigidity and compactness were modified. Furthermore, based on the description of Ergene et al. that the frequency bands spanning 600 
to 1000 cm− 1 are characteristic vibrations of Al–O bonds [44]; the 684 cm− 1 band may also be allocated to the Al–O bond herein. The 
details of the bands positions and their corresponding assignments were presented in Table 3. The changes in the intensities of the 
observed IR bands, resulting from modifications in both the concentration of Sm3+ and the incorporation of copper oxide nano-
particles, provided evidence of local structural rearrangement within the glass network. 

Table 1 
Details of the compositions and codes of the developed glasses.  

Glass name Composition (mol%) 

B2O3 SrCO3 TeO2 Al2O3 MgO Sm2O3 CuO Nps 

BSm1 68.5 20 7 3 1 0.5 – 
BSm2 68.3 20 7 3 1 0.7 – 
BSm3 68.0 20 7 3 1 1.0 – 
BSm4 67.8 20 7 3 1 1.2 – 
BSm5 67.5 20 7 3 1 1.5 – 
BCSm3 68.0 20 7 3 1 1.0 0.05  
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3.2.3. EDX spectra and HRTEM micrographs 
The EDX maps of the traced elements are exhibited in Fig. 4a–g wherein the existence of strontium, tellurium, aluminium, mag-

nesium, samarium, boron, and copper, respectively was revealed. The elements were traced along their characteristics Kα and Lα lines, 
respectively. It was verified that the EDX detector yielded a uniform spatial distribution of the individual elements. This observation 
suggests that the glasses were synthesized under optimal conditions with uniform incorporation of the elements. Uniform elemental 
distribution within the glass samples is essential for achieving optimal luminescence properties of rare-earth-doped systems as it 
warrants to consistent and uniform emission. Furthermore, the existence of dispersed copper oxide nanoparticles was confirmed and 
validated from the HRTEM frame displayed in Fig. 5a whereas Fig. 5b revealed the histogram of the nanoparticles size distributions. 
The visualized nanoparticles are of various dimensions and spherically shaped, with an average diameter size of 14 nm. 

Fig. 1. DTA thermograms of the produced glasses.  

Table 2 
The transition temperature (Tg), crystallization temperature (Tc), and stability factor (ΔT) of the synthesized glasses.  

Glass code Tg (oC) Tc (oC) ΔT = Tc – Tg (oC) 

BSm1 592 710 118 
BSm2 594 714 120 
BSm3 596 718 122 
BSm4 595 715 120 
BSm5 594 719 125 
BCSm3 593 718 125  

Fig. 2. XRD pattern of BCSm3 glass sample.  
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3.2.4. Density, molar volume, and ionic concentration 
The densities, molar volumes, and ionic concentrations of the fabricated glasses were furnished in Table 4; the density values were 

obtained using Archimedes’s principle with toluene as the liquid in accordance with the theoretical formulations outlined in Ref. [46]. 
As the Sm2O3 content in the glass samples was raised to 1.0 mol%, the density of the glass samples gradually enhanced (2.79, 2.82, and 
2.84 g cm− 3, respectively), and then decreased with further addition of the dopant (2.84 and 2.85 g cm− 3). An analogous observation 
was reported by Al-Nidawi et al. regarding the boron oxide-added ZnO–SiO2 glass matrix [47]. However, introducing copper oxide 
nanoparticles saw the enhancement of the density value to 2.84 g cm− 3. The increase in the density of the glass samples with increasing 
Sm2O3 contents may be linked to the denser nature of Sm2O3 (348.7 g mol− 1) in comparison with B2O3 (69.6 g mol− 1) and that Sm2O3 
is being introduced into the glass at the expense of B2O3. Whilst the attenuation of the density may be explained by the growth and 
generation of new bonds resulting in the slight structural relaxation within the glass network [47], the irregular variation in the density 
pattern may be linked to the modifications in the coordination number and geometrical configuration as confirmed from the FTIR 
analysis. Since density defines how atoms are closely packed in a given structure, its enhancement validated the increase in the tight 
atomic arrangement and the rigidness of the glasses. The molar volume trend, on the other hand, contrasted that of density; the value 
recorded an initial decrease in response to varying the dopant’s contents and then increased, reaching a maximum value of 32.1 cm3 

mol− 1 corresponding to BSm5glass sample. The decreasing trend of the molar volume may be ascribed to the rearrangement of the 
lattice structure, thereby reducing the glass porosity [47]. Upon addition to the borate glass matrix, Sm3+ creates a local structural 
distortion by creating non-bridging oxygen and causes the borate network to become relaxed and less ordered. As a result of this 
structural distortion, there is a reduction in both the average bond lengths and bond angles present in the glass, consequently leading to 
a decrease in the molar volume of the glass. 

3.2.5. Bandgap energy, refractive index, and molar refractivity 
The indirect Bandgap energy, refractive index, and molar refractivity of the glass samples are furnished in Table 4. The band gap 

energies were determined from the absorption spectra using the linear fitting method of Tauc plot in accordance with the methodology 
described in references [48,49]. Fig. 6 display the Tauc’s plot of the glass samples. The refractive indices were derived from the 
Bandgap energies, and the molar refractivities were estimated afterwards. A slight increase in the Bandgap energy was initially 
recorded with the increase in Sm3+ contents in analogy with the report of Eraiah relating to lead-tellurite glass doped with Sm3+ [48] 
and in contrast with the findings of Okasha et al. in the case of Sm3+ activated zinc-lead-phosphate glasses [50]. The observed increase 
in the Bandgap energy results from the enhancements in the bonding defect and non-bridging oxygen. Therefore, the optical 

Fig. 3. FTIR spectra of the fabricated glass samples.  

Table 3 
FTIR bands and their assignments.  

Band peak (cm− 1) Band assignment 

684 Vibrations of B–O–B linkages or Al–O bonds [43,44] 
796 B–O stretching vibrations in BO4 groups [45] 
1010 asymmetrical stretching of B–O bond in BO4 units [43] 
1328 oscillations of trigonal BO3 groups [42] 
1460 vibrations of –O2BSr [42] 
1666 H–O–H bending of water molecules [41] 
2854 Stretching oscillation of O–H bonds [14] 
2926 Stretching oscillation of O–H bonds [14]  
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Fig. 4. EDX maps of BCSm3 glass showing the existence of: (a) Strontium (b) Tellurium (c) Aluminium (d) Magnesium (e) Samarium (f) Boron and 
(g) Copper. 

Fig. 5. (a) HRTEM image of BCSm3 glass and (b) nanoparticles size distribution.  
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characteristics of the glass, including refractive index, transparency, and molar refractivity, were significantly improved. Whilst the 
refractive index enhancement improves the optical transparency of the glasses, the enhancement in the molar refractivity is known to 
be beneficial for optical amplification, fiber optics, and laser technology. 

3.3. UV–Vis–NIR absorption spectra 

UV–Vis–NIR absorption spectroscopy was utilized to investigate the electronic energy level structure, optical transition properties, 
and overall optical characteristics of the synthesized glasses. The obtained insights can be valuable for optimizing the performance of 

Table 4 
Physical and optical properties of the synthesized glasses.  

Glass 
code 

Physical parameter Optical parameter 

Density (±0.01 g 
cm− 3) 

Molar volume (cm3 

mol− 1) 
Ionic concentration ( × 1022 ions 
cm− 3) 

Bandgap (±0.2 
eV) 

Refractive 
Index 

Molar refractivity (cm3 

mol− 1) 

BSm1 2.799 31.408 0.957 3.554 2.179 17.29 
BSm2 2.820 31.271 1.348 3.547 2.180 18.01 
BSm3 2.841 31.346 1.911 3.562 2.179 18.04 
BSm4 2.832 31.654 2.283 3.533 2.181 18.32 
BSm5 2.820 32.064 2.817 3.541 2.180 18.46 
BCSm3 2.845 31.346 1.921 3.221 2.213 17.65  

Fig. 6. Tauc plot of the developed glasses.  

Fig. 7. Absorption spectra of the fabricated BSm and BCSm3 glasses.  
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these glasses for various applications. Fig. 7 displays the obtained absorption spectra matching the Sm3+ transition from and to various 
energy levels. The identification of the ten (10) prominent f-f transition bands was established using the information provided in 
references [51,52]. It was noticed that the absorbance of the glass samples increased progressively with increasing Sm3+ concen-
tration; thus, BSm1 showed the least absorbance, whereas BSm5 yielded the highest absorbance. Close observation was reported by 
Mahmud et al. in the case of Sm3+ doped lead borosilicate glasses [53]. Moreover, the band shapes and positions were not affected by 
varying the Sm2O3 contents. Furthermore, the observed transitions from the ground state 6H5/2 to the manifold 6F and 6H levels are 
more intense in comparison with 4F and 4G transitions; Zalamin et al. argued that the high intensity is due to the spin-allowed selection 
rule (ΔS = 0) [54]. However, the introduction of copper oxide nanoparticles reasonably enhanced the absorbance of the glass samples, 
as evidenced by the absorption spectra. The enhancement covered the visible to infrared region but is more prominent in the visible 
region. The mechanism for the absorption amplification by the copper oxide nanoparticles may be explained by the effects of the strong 
absorption of octahedrally coordinated Cu2+ [55]. Apparently, Ouis et al. holds that copper oxide nanoparticles produce rich ab-
sorption as a result of the splitting of Cu2+’s d energy level into two ground states (2Eg), which in turn generate ternary excited levels 
(2Tg), which are then transformed into overlapping levels of 2B1g, 2A1g, 2B2g, and 2Eg Ref. [55]. Another possible absorption 
enhancement mechanism is the combined effects of the surface plasmon resonance and energy transfer processes. 

3.4. Oscillator strengths and judd-ofelt analysis 

The probability of the occurrence of a given transition is checked using the oscillator strengths. The oscillator strengths of the Sm3+

transitions in the current glasses, as developed using the theoretical formulations of Judd and Ofelt (JO) [56–58], were presented in 
Table 5. As evidenced from the Table, the oscillator strength of 6H5/2 → 6F7/2 Sm3+ transition is most substantial in all the developed 
glass samples (Fig. 7). Hence, this transition was picked as a reference for discussion. The dominant nature in the oscillator strengths of 
the 6H5/2 → 6F7/2Sm3+ transition is possible due to the allowed spin selection rules [53]. Moreover, it was observed that the oscillator 
strength of the transition decreased continuously with the rise in the Sm2O3 contents up to 1.0 mol%. However, a reversed trend was 
witnessed as the Sm2O3 content increased beyond 1.0 mol%. The observed decrease in the oscillator strengths indicates the trans-
formation of the Sm3+-Ligand bond from covalent to ionic [59]. Furthermore, the incorporation of copper oxide nanoparticles was 
found to instigate the decrease in the oscillator strength from 1.777×10− 6 to 1.773×10− 6; hence, copper oxide nanoparticles in the 
current glass host attenuated the covalency of the Sm3+-ligand bond. 

The JO intensity parameters obtained from the evaluated oscillator strengths are presented in Table 6. Except for the copper oxide 
nanoparticles embedded glass sample (BCSm3), the intensity parameters of all the glasses obeyed the pattern Ω6˃Ω4˃Ω2; a similar 
trend was reported by Mohammed et al. regarding Sm3+ activated calcium sulfate phosphate glasses [60]. The incorporation of copper 
oxide nanoparticles ensured the change in the pattern to Ω4˃Ω6˃Ω2. The trend modification was linked to changes in the local 
environment around the sm3+. While the covalency of the Sm–O bond was attenuated (due to a reduction in Ω2), the rigidity of the 
glass sample was increased considerably (enhancement of Ω4 and Ω6). This stimulated the spectroscopic quality factor enhancement 
and the subsequent trend modification. Since the values of Ω4 and Ω6 define the rigidity of the glass samples, the higher values ob-
tained herein in comparison with Ω2 values attested to the rigidity of the glass samples [53]; the density pattern of the glasses confirms 
this. On the other hand, the lower values of Ω2 validated the low covalency and high symmetry of the Sm ions environment in the glass 
systems [61]. It was observed that the increase in the Sm2O3 contents up to 1.0 mol% ensured the decrease in the Ω2 value from 
0.294×10− 20 to 0.265× 10− 20 cm2; thus, it was concluded that the covalency of the Sm3+ bond is weakened with increasing Sm3+

concentration. Ω4 and Ω6 exhibited a similar trend; however, their combined effect improved the spectroscopic quality factor from 
0.921 to 1.081, a value higher than the reported value of 0.591 for Sm3+ doped phosphate-based glasses [60]. The achieved spec-
troscopic quality factor is fit for lasing application. 

3.5. Photoluminescence spectra and radiative properties 

The emission spectral acquisition for the current glass samples was performed using 401 nm excitation wavelengths. This 

Table 5 
Measured (fe) and calculated (fc) oscillator strengths of the glass samples.  

Transition 
6H15/2 → 

Oscillator strengths (× 10− 6) 

BSm1 BSm2 BSm3 BSm4 BSm5 BCSm3 

fe fc fe fc fe fc fe fc fe fc fe fc 

6P3/2 0.358 1.404 0.357 1.406 0.331 1.354 0.336 1.358 0.309 1.388 0.315 1.509 
4I11/2 0.134 0.083 0.125 0.080 0.129 0.077 0.128 0.079 0.146 0.080 0.154 0.076 
6F11/2 0.196 0.201 0.102 0.194 0.107 0.187 0.116 0.192 0.106 0.194 0.082 0.183 
6F9/2 1.000 1.219 0.949 1.178 0.921 1.133 0.946 1.165 0.952 1.175 0.856 1.119 
6F7/2 1.830 1.671 1.789 1.625 1.715 1.564 1.755 1.600 1.777 1.619 1.773 1.585 
6F5/2 0.803 0.717 0.804 0.718 0.783 0.691 0.789 0.699 0.822 0.712 0.896 0.780 
6F3/2 0.468 0.397 0.458 0.393 0.433 0.377 0.458 0.403 0.438 0.404 0.503 0.464 
6H15/2 0.139 0.010 0.111 0.001 0.117 0.095 0.107 0.010 0.176 0.010 0.145 0.009 
6F1/2 0.043 0.107 0.042 0.101 0.043 0.096 0.073 0.126 0.078 0.119 0.114 0.160 
δrms (× 10− 6)  0.449  0.45  0.438  0.437  0.464  0.221  
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wavelength matched with the most intense absorption transition of Sm3+ at the absorption edge. Fig. 8 provides a clear representation 
of the emission spectra observed in the glasses. For all the glass samples, the spectral profile exhibited four characteristics bands of 
Sm3+ emission; these bands are centered at 561, 598, 645, and 705 nm, tallying with 4G5/2 → 6H5/2, 4G5/2 → 6H7/2, 4G5/2 → 6H9/2, and 
4G5/2 → 6H11/2 transitions, respectively. The nature and details of the observed emission bands were reported by Kolavekar et al. [65]. 
Furthermore, while the spectral shapes and positions were not altered by varying the Sm content, the emission bands’ intensity was 
increased by increasing the Sm2O3 contents up to 1.0 mol%, beyond which the intensity quenches. Hence, the BSm3 glass sample was 
chosen as the optimum concentration. Krishna et al. reported analogous observations relating to Sm3+ doped oxy-fluoro-borotellurite 
glass system [66]. They also attributed the luminescence quenching effect at higher concentrations to the cross-relaxation channels 
arising from resonant and non-radiative energy transfer processes. Among all the emission bands, the reddish-orange 4G5/2 → 6H7/2 is 
the most intense and thus was chosen for the comparison of the intensity magnitude as a function of Sm2O3 contents, as displayed in 
Fig. 9. In addition, the exceptional intensity of this transition makes it ideal for diverse applications such as color displays, high-density 
optical storage devices, and also in medical diagnostics [66]. From Fig. 8, one can observe the effects of incorporating copper oxide 
nanoparticles into the glass matrix. Although the shape and position of the bands remained unaltered, there was a slight reduction in 
intensity. The attenuation of the emission intensity with the introduction of CuO was attributed to either luminescence quenching 
effect due to reduction in the Sm3+ interionic distances, energy transfer from Sm3+ to Cu2+, or Both [67]. In the former case, the 
introduction of CuONps results in the congestion of ions in the glass samples, this reduced the Sm3+-Sm3+ distances and favours 
luminescence quenching effect leading to the observed decrease in the emission intensity. In the latter case, instead of the normal 
radiative processes, energy is transferred from Sm3+ to Cu2+ (mediated by electric dipole-dipole interactions) and this result in the 
decrease of the emission intensity [68]. During the heating process, copper oxide nanoparticles were oxidized to Cu2+,and since 
considerable spectral overlap between their absorption in the visible region and the emission of Sm3+, the possibility for the occurrence 
of resonant Sm3+-Cu2+ energy transfer is very high and the result is the decrease in the Sm3+ emission intensity [69]. The partial 
energy level diagram of Sm3+ ions in the current glass system is shown in Fig. 10. 

The radiative properties of the dominant emission transition (4G5/2 → 6H7/2) evaluated using the JO model are presented in Table 7. 
For all the developed glasses, the branching ratio (βR) value is greater than 80%, and an emission cross-section (ẟE) as high as 
135.82×10− 23 cm2 was realized. These values are higher than the reported values of 55% and 88×10− 25 cm2 s− 1, respectively, in the 
case of the Sm3+ activated metal fluorophosphate glass system [70]. The revealed higher βR and ẟE values indicate the ability of the 
glasses to favour stimulated emission, an essential property required for lasing application [71]. Furthermore, the large values of 
radiative lifetime τR (>3.5 ms) and the optical gain ẟE×τR (>46×10− 25 cm2 s− 1) attested to the suitability of 4G5/2 → 6H7/2 transition 
for optical lasing and amplification. While the branching ratio (βR) increased from 81.9 to 82.589% with increasing Sm2O3 contents up 
to 1.0 mol%, the emission cross-section (ẟE) value attenuated from 135.82×10− 23 cm2 to 130.74×10− 23 cm2 in response. τR and ẟE×τR 
exhibited similar pattern as well. It is important to note that while the incorporation of copper oxide nanoparticles slightly attenuated 
the branching ratio and radiative lifetime, it stimulated the enhancement of ẟE and the optical gain by almost 1.1-fold. The recorded 
enhancements confirmed the copper oxide nanoparticles’ role in improving the glass systems’ lasing and optical amplification po-
tentials [72]. 

Based on the disclosure of the radiative parameters, the current glass systems if selected will be beneficial for several practical 
applications such as laser, optical fiber, photonics, and display. For example, the higher βR > 80%, and τR >3.5 ms guarantees the 
possibility of large stimulated emission probability, a key aspect for the lasing material. Furthermore, the large value of ẟE up to 
135.82×10− 23 cm2 and ẟE×τR >46×10− 25 cm2 s− 1 favours optical amplification. 

3.6. CIE 1931 chromaticity analysis 

The CIE 1931 chromaticity diagram for the current BSm glasses, as evaluated from the emission spectra at 401 nm excitation 
wavelengths is shown in Fig. 11. The CIE chromaticity has become a noble platform for examining the emission color of rare earth ions 
activated glasses sensible to human eyes. Table 8 presents the color coordinates for the glasses under the current study. For all the 
synthesized glasses, the chromaticity coordinates fall within the yellowish-orange to reddish-orange region in resonance with the 
reports of Shoaib et al. relating to Sm3+ activated phosphate based glasses [76], Yuliantini et al. in Sm3+ doped zinc-alumino-borate 

Table 6 
Judd-Ofelt intensity parameters (× 10− 20 cm2) of the studied glasses.  

Glass Name Ω2 Ω4 Ω6 Pattern χ = Ω4/Ω6  
Reference 

BSm1 0.294 1.131 1.228 Ω6˃Ω4˃Ω2 0.921 This work 
BSm2 0.279 1.131 1.184 Ω6˃Ω4˃Ω2 0.956 This work 
BSm3 0.265 1.089 1.137 Ω6˃Ω4˃Ω2 0.958 This work 
BSm4 0.348 1.091 1.169 Ω6˃Ω4˃Ω2 0.933 This work 
BSm5 0.329 1.114 1.179 Ω6˃Ω4˃Ω2 0.945 This work 
BCSm3 0.153 0.532 0.522 Ω4˃Ω6˃Ω2 1.018 This work 
CSP; Sm 0.152 6.338 10.724 Ω6˃Ω4˃Ω2 0.591 [60] 
Sm1 5.145 7.866 2.757 Ω4˃Ω2˃Ω6 15.42 [61] 
PNZSm0.5 4.460 6.790 10.910 Ω6˃Ω4˃Ω2 0.620 [62] 
Li2O–PbO–H3BO3 0.845 3.513 3.540 Ω6˃Ω4˃Ω2 0.992 [63] 
5NdCuO 3.89 5.75 9.93 Ω6˃Ω4˃Ω2 0.579 [64]  
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based glasses [77], and Rajesh et al. in Sm3+ activated flouroborosilicate glasses [78]. It was observed that the introduction of copper 
oxide nanoparticles shifted the chromaticity coordinates to the extreme end of the reddish-orange zone; structural readjustments, 
symmetry change, and covalent modification within the glass samples were responsible for the observed color tunability [79]. The 
implication of the perceived color purity and the shift in the chromaticity coordinates to the reddish-orange zone indicated that the 

Fig. 8. Photoluminescence emission spectra of the studied glasses.  

Fig. 9. Intensity of 4G5/2 → 6H7/2 emission band in the fabricated glasses.  

Fig. 10. Partial energy level diagram of Sm3+ in BSm glasses.  
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optical properties of the glass are tunable. In addition, Sm3+ activation can introduce energy levels within the glass matrix, leading to 
the optical absorption and emission of specific wavelengths. This can be utilized in various optical devices, such as lasers, and 
light-emitting diodes, where specific colors or wavelengths are required. On top, the shift in chromaticity coordinates can serve as a 
useful tool for characterizing the developed glass system. By analyzing the change in color, researchers and scientists can gain insights 
into the dopant concentration, energy levels, and electronic transitions occurring within the glass structure. The CIE pattern exhibited 
by the studied glasses indicates their suitability for reddish-orange lasing applications. 

3.7. Thermal-physical-optical correlations 

The thermal properties of the glass systems correlate well with the corresponding structural and optical properties. For example, as 
the thermal stability factor of the BSm1 glass sample increased from 118◦ to 120◦ and then 122◦ due to the increment in the Sm2O3 
content from 0.5 to 0.7 and 1.0 mol%, respectively, the density responded in the same manner, increasing from 2.799 to 2.82 and then 
2.841 g cm− 3, respectively. The refractive index also increased from 2.179 to 2.18 and then 2.179, respectively. This observation 

Table 7 
Radiative properties of Sm3+ transition in the studied glasses.  

Glass Sample βR (%) ẟE (×10− 23 cm2) τR (ms) ẟE × τR (×10− 25 cm2 s− 1) Reference 

BSm1 81.900 135.820 3.618 49.134 This work 
BSm2 82.223 129.680 3.633 47.117 This work 
BSm3 82.589 130.740 3.680 48.107 This work 
BSm4 81.939 127.154 3.638 46.259 This work 
BSm5 81.858 127.381 3.624 46.162 This work 
BCSm3 80.515 143.279 3.557 50.970 This work 
PZSMS1.0 51.562 95.762 0.673 64.448 [62] 
MgSm5 55.000 88.000 – 78.000 [70] 
BCSSm 56.000 115.000 . . [73] 
PKAZFSm 51.000 115.000 – – [74] 
LBZnFSm10 63.000 157.630 1.904 30.013 [75]  

Fig. 11. CIE 1931 chromaticity diagram of the developed glasses at 401 nm excitation wavelength.  

Table 8 
The CIE chromaticity coordinates of the prepared glasses.  

Glass System CIE coordinates 

x y 

BSm1 0.460655 0.516900 
BSm2 0.479732 0.501121 
BSm3 0.496440 0.487332 
BSm4 0.507073 0.478347 
BCSm3 0.535257 0.454147  
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indicates the correlation between the glasses’ thermal, physical, and optical properties. The radiative properties also correlate with the 
other properties in the same manner wherein the τR increased from 3.618 to 3.633 and then 3.68 ms, respectively. Similarly, the βR 
value was enhanced from 81.9 to 81.22 and then 82.589%, respectively. The observed correlation is a consequence of the inter-
connected nature of the glass structure and its properties. It is crucial for fundamental understanding, performance optimization, and 
application development in various fields, such as lasing and optical fiber amplification. 

4. Conclusion 

The influence of Sm3+ doping at various level and copper oxide nanoparticles (at optimum content) embedment on the thermal, 
structural, physical, and luminescence properties of strontium-telluro-alumino-magnesium-borate glass hosts were evaluated. Ther-
mally stable and optically transparent glasses were achieved wherein their stability factor was increased with the increase of Sm2O3 
doping levels. The spectroscopic attributes of the glasses such as the branching ratio and stimulated emission cross-section of the 
glasses responded to the Sm3+ concentration changing accordingly. While branching ratio above 80% and stimulated emission cross- 
section up to 135.82×10− 23 cm2 were achieved through Sm3+ concentration tuning, the radiative lifetime and optical gain were 
enhanced to 3.68 ms and 50.97×10− 25 cm2 s− 1 respectively. Thus, it was demonstrated that the overall attributes of these glasses can 
be customized by Sm2O3 and copper oxide nanoparticles incorporation. The observed improvement in the optical absorption, emission 
and radiative properties of the glasses was ascribed to the glass network structure modification as confirmed from FTIR, XRD, and 
HRTEM data analyses. The shift of the chromaticity coordinates from yellowish-orange to reddish-orange zone as a function of Sm2O3 
was a strong indicator of visible luminescence tuning. The proposed glass compositions may be potential for various photonic 
applications. 
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