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A B S T R A C T

A series of Sm3+-doped Na2O–ZnO–MgO–B2O3 glasses was synthesized by melt-quenching techniques. X-ray 
diffraction confirmed the amorphous (non-crystalline) nature of the glassy systems. The impact of Sm2O3 con
centration on the physical, structural, and optical properties was investigated. Both molar volume and density 
exhibit a positive correlation, indicating an upward trend. The structural change correlated with an increase in 
density and molar volume. FT-IR spectroscopy demonstrated the transmutation of BO4 units to BO3 units as the 
content of Sm2O3 increased, resulting in a rise in non-bridging oxygens (NBOs). The optical band gap (Eopt) 
decreased from 3.39 eV to 2.71 eV as the Sm3+ content increased, indicating an escalation in disorder within the 
glass network. Under 403 nm excitation, the photoluminescence spectra exhibited four intense emission peaks at 
562, 598, 646, and 709 nm, corresponding to the 4G5/2 → 6H5/2, 6H7/2, 6H9/2, and 6H11/2 transitions of Sm3+

ions, respectively. The prominent orange-red emission at 598 nm (4G5/2 → 6H7/2) was the most significant 
feature. The CIE chromaticity coordinates indicated a brilliant reddish-orange emission, with CCT within the 
warm-light spectrum 1860–2759 K. The synthesized Sm3+-doped borate glasses are promising candidates for 
orange-red-emitting solid-state lighting and photonic applications.

1. Introduction

B2O3 glasses exhibit several notable characteristics, including high 
visible-range luminescence efficiency, robust glass-forming ability, 
exceptional optical transparency, excellent solubility in rare-earth ele
ments, and cost-effective manufacturing. Borate glasses also feature a 
convoluted three-dimensional structure of boron and oxygen. Modifier 
ions, including alkali and transition metal oxides, locally modify the 
glass network. These changes influence chemical stability, bond en
ergies, and structural groupings. The dielectric properties of borate 
glasses are essential for optimizing their composition to achieve desired 
outcomes, including a low loss tangent, a high dielectric constant, and 
accurate refractive indices. It also possesses two distinct coordination 
environments for boron atoms, rendering it more fascinating than other 
host materials. Due to these factors, research into the photonic 

applications of doped borate glasses and their luminescence character
istics is crucial for developing advanced optical devices and sensors. It is 
feasible to optimize the composition of B2O3 glasses to enhance their 
performance in photonic applications by understanding the underlying 
mechanisms that control their luminescent properties. The only signif
icant drawback of B2O3 is its high phonon energies (1300 cm− 1). It is 
possible to enhance the host material’s radiation–emitting capabilities 
and reduce the excess phonon energy of borates by adding an appro
priate glass modifier [1–6].

One approach to enhancing the stability of borate-based glasses is to 
incorporate additional metal oxides, such as magnesium oxide (MgO), as 
network modifiers. That is because MgO forms a B− O− M network, 
which is highly resistant to hydrolysis by air. MgO is included in the 
glass composition as a modifier to enhance chemical durability, hard
ness, and mechanical strength. Moreover, it reduces the phonon energy 
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and brittleness of the glass [7–10]. The addition of sodium oxides en
hances borate glass by increasing the solubility of rare earth ions and 
lowering its melting point. In optics and materials science, borate glass is 
an emerging topic that warrants further exploration. Its adaptability and 
distinctive characteristics render it a prospective candidate for various 
applications, including communications and nonlinear devices [11,12].

ZnO ingresses into the glass matrix in two forms: network formation 
and modification. As a network modifier, ZnO improves electrical, 
magnetic, and optical properties due to its broad band-gap, high exciton 
binding energy, ability to withstand high humidity, and intrinsic emis
sion features. As a result, it is appropriate for the production of optical 
components, solar energy converters, optoelectronic devices, and UV- 
emitting lasers. Particularly noteworthy properties of borate glasses 

containing zinc include high thermal stability, polarizability, insulating 
strength, chemical durability, and superior optical transparency across a 
wide range of wavelengths [4,13–15].

One of the best-performing lanthanide ions, exhibiting various ad
vantageous properties in glasses, is the Sm3+ ion. It includes down- 
conversion, an activator function, and excellent quantum efficiency, 
resulting from its high optical band gap, long-serving lifetime, and 
effective fluorescence. Sm2O3 glasses have a more comprehensive 
spectral range, extending from the ultraviolet to the infrared. This 
extended range has several applications in optoelectronics, and its su
perior red-orange emissions have facilitated the development of solid- 
state lasers, photovoltaic devices, colour displays, medical imaging, 
optical amplifiers, optical fiber communications, optical memory de
vices, and temperature sensors [16–22]. Beyond the other features of the 
Sm3+ ion, the luminescence center exhibits three transition emission 
bands: roughly 565, 602, and 650 nm, corresponding to yellow, 
orange-red, and red light, respectively. The reddish-orange light emitted 
by Sm3+ activated glasses is attributed to transitions from 4G5/2 → 6H5/2, 
6H7/2, 6H9/2, and 6H11/2, with the 4G5/2 → 6H7/2 transition being hy
persensitive. Compared to borate glasses, the substantial energy differ
ence (7400 cm− 1) between the 4G5/2 and 6H11/2 levels reduces 
multi–phonon transmission rates, resulting in a host matrix with high 
quantitative efficiency and favourable emission characteristics. This 
emission benefits high-power lasers in optical waveguides and compact 
fibers [23–28].

The premier purpose of this research is to assess the efficacy of 
particular raw materials employed in producing alkali borate glass 
doped with Sm3+ ions. The physical, structural, and luminous charac
teristics of the glasses have been investigated to assess their suitability 
for applications involving orange-red lighting, solid-state lasers, and 
photonics.

2. Experimental methodology

2.1. Glass synthesis

A new series of trivalent samarium ions (Sm3+) doped magne
sium–sodium–zinc–borate glass for optoelectronic applications was 
prepared by the melt-quenching approach. Fig. 1 illustrates the char
acterization of the investigated samples. The chemical compositions of 
the samples are: [(60-x) B2O3 - 20Na2O – 10ZnO – 10MgO – xSm2O3], x 
= zero, 0.5, 1.0, 1.5 and 2.0 mol%. High-purity (99.99 %) powders of 

Fig. 1. Flow chart of the fabrication process and measurements used for the 
study of the investigated glass system.

Fig. 2. XRD for the investigated glass system.

A. Samir et al.                                                                                                                                                                                                                                   Ceramics International 51 (2025) 64146–64157 

64147 



H3BO3, MgO, ZnO, Na2CO3, and Sm2O3 were used as starting glass 
constituents. A batch of approximately 25 g was weighed. Each batch 
was mixed, placed in a porcelain crucible, and melted at 1100 ◦C for 60 
min. To ensure the compounds were evenly distributed and that a 
bubble-free liquid was developed, the mixture was periodically agitated 
every 10 min. After achieving the desired viscosity, the melt mixture was 
rapidly cooled between two brass plates, annealed for 4 h at about 
400 ◦C to lessen thermal stresses and breakage, and then allowed to cool 
to room temperature. The resultant samples were evident and thermally 
stable; therefore, they were employed for UV–Vis and photo
luminescence measurements. Additionally, crushed samples were uti
lized for XRD (X-ray diffraction) and FT-IR (Fourier–transform infrared) 
analyses.

2.2. Sample characterization

An XRD analysis was performed on the powder to verify the amor
phous nature of the glasses. The measurements were conducted using a 
Bruker-D8 Advance Diffractometer (Brüker, UK) at a rate of 0.050◦/sec, 
with the scanning angle 2θ ranging from 10◦ to 80◦. The conventional 
Archimedes approach utilized experimental density data, with carbon 
tetrachloride (ρ = 1.595 g/cm3) as the immersion liquid. A portion of the 
powder from each sample was mixed with KBr, and the mixtures were 
then pressed to obtain homogeneous pellets. Subsequently, the existing 
vibrational groups were obtained by recording infrared spectra using a 
Nicolet iS50 FT–IR Spectrometer (Thermo Fisher Scientific) over the 
1750–400 cm− 1 range. The UV–Vis spectra were measured using a 
JASCO V–670 Spectrometer, covering a wavelength range of 200–1700 
nm, to illustrate the optical characteristics. The 150-W Xenon arc lamp 
on the JASCO FP–6500 Spectrofluorometer is employed to acquire the 
system’s excitation and emission spectra.

3. Results and discussion

3.1. XRD

XRD confirmed the amorphous nature of the glassy system, as illus
trated in Fig. 2, with no sharp peaks in the examined samples [29].

3.2. Density and physical parameters

Density is a potent instrument for analyzing the structure of the glass 
sample. A multitude of factors influence it, including the distance be
tween glass, crosslink density, coordination numbers, and geometric 
structure. The density measurements of the glasses under investigation 
were acquired. The following expression was used to get the glass den
sity [30]: 

ρ=
[ a
a − b

]
*ρl (1) 

where a is the weight in the air and b is the weight in the carbon tet
rachloride (liquid). The glasses’ molar volumes (Vm) were calculated 
from their average molecular weights. As a result of this formula [31]: 

Vm =
M
ρ (2) 

where ρ denotes the sample’s density, and M symbolizes its molecular 
weight. The fluctuation of ρ and Vm with the concentration of Sm3+ ions 
is illustrated in Fig. 3. The addition of Sm2O3 results in an increase in 
both the ρ and Vm values. The density increase is closely related to the 
molecular weights of the glass samples’ constituents. Consequently, 
substituting Sm2O3 with B2O3 is expected to make the glass denser, as 
the molecular weight of Sm2O3 (348.72 g/mol) exceeds that of B2O3 

Fig. 3. Variation of density and molar volume against Sm2O3 Content.

Table 1 
Density (ρ), molar volume (Vm), Sm3+ ions concentration (NSm), inter ionic distance (ri), Polaron radius (rp), Field strength (F), refractive index (n), oxygen packing 
density, optical band-gap (E), Urbach energy (ΔE) and Metallization (M) for the investigated samples for the investigated samples.

Sample (mol. %) ρ (g/cm3) 

±0.001

Vm (cm3/mol.) 

±0.001

NSm × 1020 (ion/cm3) 

±0.001 × 1020

ri (Å) 

±0.001

rp (Å) 

±0.001

F × 1014 (cm− 2) 

±0.001

n 

±0.01

OPD (g-atom/l) 

±0.001

Eg (eV) ΔE (eV) M

0.0 Sm 2.50 26.52 0 0 0 0 1.5 75.40 3.39 0.22 0.41
0.5 Sm 2.55 26.54 1.13 2.06 8.32 4.32 1.506 75.35 3.16 0.23 0.39
1.0 Sm 2.59 26.63 2.25 1.64 6.61 6.85 1.511 75.07 2.96 0.25 0.38
1.5 Sm 2.64 26.64 3.38 1.43 5.77 8.98 1.517 75.06 2.86 0.30 0.37
2.0 Sm 2.68 26.83 4.48 1.30 5.26 10.8 1.52 74.52 2.71 0.31 0.36
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(69.61 g/mol) [6]. When Sm2O3 is added, boosts in calculated molar 
volume are observed (Fig. 3). This is mainly because of the formation of 
NBOs with increasing Sm2O3 content, as later confirmed by FT-IR. 
Another possibility is attributed to the samarium ionic radius (r =

1.079× 10− 10 m) is more extensive than boron’s (r = 0.27× 10− 10 m), 
the free volume is increased. The Sm3+ ions concentration, N, was 
determined using 

(
ion /cm3) = xρNA

MW 
, in which x represents the mole 

fraction of Sm3+, whereas NA denotes Avogadro’s number. The inter

atomic distance ri was calculated via ri =

(
1
N

)1/3
, polaron radius rp by 

rp = 1
2(π/6N)

1/3, and the field strength F surrounding the Sm3+ ion by 
F = Z

r2
p 

, where z is the valence of Sm3+ ion [32]. The values for the 

various physical properties of the samples under investigation are 

displayed in Table 1. It has been found that when Sm2O3 content in
creases, N also increases. This results in a decrease in the polaron radius 
and the interionic distance, which in turn causes the Sm–O distance to 
decrease. The field strength surrounding Samarium ions is enhanced as a 
result of the strengthening of the Sm–O bond. One of the optical pa
rameters associated with the glassy material is its refractive index (n). 
The equation used to obtain the refractive index is [n =

ρ+10.4
8.6 ] [33] 

where ρ is the density of the sample, Table 1 presents the values of n, 
which show an increase from 1.50 for the Samarium–free sample to 
1.54. With the addition of Sm2O3, the refractive index (n) rises gradu
ally. The chief cause of this increase, as evidenced by FT-IR measure
ments, is the formation of NBOs as a consequence of the breaking of glass 
network structures. Finally, the following relation can be used to 

Fig. 4. Vibrational infrared spectra of the prepared glass samples, and the inset figure is for the variation of N4.

Fig. 5. A representative example (0.0 Sm) for the deconvolution process.
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compute oxygen packing density (OPD), [OPD =

(
ρ

MW

)

*n], where the 

number of oxygen atoms in a formula unit is represented by n [34]. From 
the tabulated data in Table 1. As the amount of Sm2O3 content increases, 
the OPD decreases. In the analyzed glassy system, this indicates that an 
increase in Sm2O3 content results in a less densely packed structure 
(open structure), and an increase in disorder.

3.3. FT-IR analysis

Infrared spectroscopy was utilized to understand the conversion 
between borate groups (BO3 and/or BO4). Fig. 4 shows the infrared 
absorption spectra of the glass samples. Oscillations of borate groups are 
observed in the 600–1600 cm− 1 wavenumber range [35]. The amor
phous characteristic of the investigated samples results in the bands 
appearing exceptionally broad. Each spectrum was repeatedly 

deconvoluted into Gaussian profiles to ascertain the source of these 
unique bands. For example, Fig. 5 shows a sample containing 0.0 Sm. 
The cumulative fitting spectrum ensures that the experimental data are 
adequately fitted. Based on Fig. 4 and 5. A feeble band at ~422 cm− 1 

was observed, possibly due to Sodium ionic vibrations, Na+– O [36,37]. 
Oxygen metal cations of O–Zn2+ and/or O–Mg2+ are to blame for the 
vibrational bands ~465 cm− 1 [38]. The bending vibrations of B–O–B are 
responsible mainly for the band ~556 cm− 1 [39]. The symmetrically 
O–B–O bending vibration band of the bridging oxygen in BO3 corre
sponded to a band at ~652 cm− 1 [12]. The band ~708 cm− 1 is likely 
relevant to the vibrations of symmetric B–O–B bending in bridge oxygen 
in trigonal units [40]. The band at ~852 cm− 1 is associated with B–O 
stretching vibrations of NBOs in BO4 [41]. The bands ~961 cm− 1 and 
1077 cm− 1 could be linked to vibrations that stretch B–O bonds and the 
rocking motion for BO4 [42]. The prominent band ~1245 cm− 1 is likely 
related to the symmetric stretching vibrations of B–O of NBOs in BO3 

Fig. 6. (a and b). Absorption spectra and the corresponding transitions of the investigated samples.
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[43]. The B–O asymmetric stretched vibrations of BO3 are responsible 
for the conspicuous infrared absorption bands ~1392 and 1515 cm− 1 

[44,45]. The existence band ~1623 cm− 1, is overlapping with B O3 band 
indicative of OH bending vibration [46]. One may use the following 

relation to estimate N4 (four-coordinated boron). N4 =

(
A4

A4+A3

)

, where 

the areas of BO3 bands and BO4 bands are represented by the letters A3 
and A4, respectively [34]. N4 is affected by Sm2O3 content in the glassy 
system under investigation, as seen in the inset figure in Fig. 4. It has 
been noted that as the Sm2O3 content rises the N4 ratio decreases, 
indicating that the reduction in BO4 units is caused by the trans
formation from BO4 to BO3, which raises NBOs. When Sm2O3 is added, 
the boron coordination will probably be converted from 4 to 3. There
fore, the addition of Sm2O3 causes a decrease in BO4 groups. The result is 
an increase in NBOs in the glassy matrix, which enhances the molar 
volume, and makes the open structure of the glass system under inves
tigation. This evidence indicates that sm3+ ions modify the network in 
this system [5].

3.4. Optical studies

3.4.1. Band gap and metallization
Fig. 6 (a and b) displays the optical absorption bands and their 

associated transitions. It exhibits nine absorption bands at 403, 471, 
933, 1069, 1219, 1363, 1463, 1526, and 1581 nm. In Table 2, Sm3+

ions’ transition bands that were observed from the ground state 6H5/2 to 
the excited states 6P3/2, 4I11/2, 6F11/2, 6F9/2, 6F7/2, 6F5/2, 6F3/2, 6H15/2 

Table 2 
Transition states and their wavelength for the investigated samples.

Transitions from 
6H5/2→ 

Wavelength 
(nm)

Energy Sm3+

(cm− 1)
Energy (aq) 

(cm− 1)

6P3/2 403 24813 24999
4I11/2 471 21231 21096
6F11/2 933 10718 10517
6F9/2 1069 9354 9136
6F7/2 1219 8203 7977
6F5/2 1363 7336 7131
6F3/2 1463 6835 6641
6H15/2 1526 6553 6508
6F1/2 1581 6325 6397

Fig. 7. (a and b). (αhν)1/2 and ln α versus photon energy (hν) for all investigated samples, respectively.
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and 6F1/2 [47,48]. The optical absorption spectra provide insight into 
the electronic band structure of glasses. Variation in band gap con
cerning glass composition offers essential insights into structural char
acteristics and bonding features. Tauc’s empirical model is employed to 
estimate Eopt [49]. 

α(v) = В(hv)− 1( hv − Eopt
)n (3) 

In this equation, B is a constant, while n can take on the values of 2, 3, 
1/2, or 1/3 based on the type of transition (indirect or direct). The re
sults indicate an indirect transition of n = 2 for the investigated samples. 
From Fig. 7 a, Eopt values can be estimated. The estimation of the ab
sorption coefficient α(ν) can be achieved by employing (α0) as a con
stant, photon energy hν, and the Urbach energy ΔE, which signifies the 
extent of the band tail of localized states that are contained inside the 

band gap [50,51]: 

α(ν)=α0 exp
hν
ΔE (4) 

The estimated values of Eopt, and ΔE are identified in Table 1. The 
Eopt decreases when Sm2O3 is added because the presence of more 
NBOs in the samples increases disorder, leading to a greater number of 
localized states and narrower band gaps. The relationship between 
photon energy (hv) and the natural logarithm of absorption coefficient 
(lnα) is illustrated in Fig. 7b. The reciprocals of the slopes of the linear 
portions of the curves were used to determine the Urbach energy (ΔE). 
With Sm2O3 augmentation in glass samples, the Urbach energy in
creases. This may imply that Sm2O3 contributes to increased disorder 
within glass systems [52].

Furthermore, the metallization criterion (M) represents the mate

Fig. 8. (a and b). Excitation spectra of the investigated glassy system.
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rial’s behaviour (insulator, semiconductor, or metallic). The Metalliza
tion (M) values for the samples under study can be readily obtained from 
the Eg values using the Dimitrov and Komatsu formula [53]: 

M=

̅̅̅̅̅̅
Eg

20

√

(5) 

For the significant values of M, approaching 1, the material exhibits 
insulating properties. When M is small and close to zero, the material 
behaves more like a metal because the valence band is in proximity to 
the conduction band, resulting in a narrow band gap that enhances its 
metallic character [53]. The M values are decreased for our system, as 
shown in Table 1 (see Fig. 8).

3.5. Photoluminescence properties

3.5.1. Excitation and emission spectra
Fig. 8 (a and b) displays the excitation spectra of the examined 

samples. Six distinct bands are depicted in the excitation spectrum. The 
strongest band observed is at 403 nm (6H5/2 → 6P3/2), serving as a 
standard for evaluating the produced emission spectra. The emission 
spectra of Sm2O3 at varying concentrations of Sm2O3 are displayed in 

Fig. 9 (a and b) at an excitation wavelength of 403 nm. Four firm peaks 
within the 520− 750 nm range are evident in the transition spectra, 
which indicate that the 4G5/2 → 6H5/2, 4G5/ 2 → 6H7/2, 4G5/2 → 6H9/2, 
and 4G5/2 → 6H11/2 transitions. These transitions correspond to 562, 
598, 646, and 709 nm [54,55].

Glass-doped Sm2O3 causes the orange colour due to transitions from 
the 4G5/2 to the 6H7/2 and 6H9/2 energy levels. The transition to 6H5/2 is 
referred to as the magnetic dipole (MD) and is significantly influenced 
by the magnetic component of the electromagnetic field. In contrast, the 
transition to 6H7/2 is designated as the electric dipole (ED), which de
pends only on the electric component of the electromagnetic field and 
adheres to the selection rules (ΔJ = ±1) [56]. Solid-state lighting ap
plications utilize these bands, located in the orange and red regions [57]. 
The simplified schematic in Fig. 10 illustrates the energy levels associ
ated with Sm3+ emission.

3.6. Bonding parameters

The slight fluctuation in wavenumbers of rare-earth ions’ spectral 
transition varies from matrix to matrix, causing the nephelauxetic effect 
[58]. The peak positions are compared with those of the aqua–ion. The 

Fig. 9. (a and b). Emission spectra of the investigated glassy system.
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peak positions are enumerated in Table 3. The nephelauxetic ratio (β) 
and bonding parameter (δ) can be estimated using the relations [56]: 

β=
Vc

Va
(6) 

where Va signifies the equivalent wavenumber in the aqueous solution, 
while Vc denotes the wavenumber associated with the selected 
transition. 

δ=
1 − B

B
(7) 

where B is the mean of β, (B =
∑

N
β
N). The parameter δ specifies the 

bonding interactions of the rare-earth ion with the adjacent ligands. The 
negative sign represents ionic bonding, and covalent bonding is defined 
by the positive sign [58]. Table 3 illustrates the formation of ionic bonds 
between Sm3+ ions and their surrounding ligands, highlighting a 
gradual increase in ionicity.

3.7. Decay curve analysis

A decay curve depicts the relationship between the intensity of 
emitted light and the time elapsed since activation. It is essential for 
understanding radiative and non-radiative decay mechanisms and for 
demonstrating the rate at which Sm3+ ions transition from an excited 
state to a ground state. The decay profiles of the 4G5/2 transition of the 
synthesized Sm3+-doped glassy system, excited at 402 nm and emitting 
at 598 nm, are illustrated in Fig. 11. The corresponding experimental 
lifetime (τexp) values are tabulated in Table 4. A discernible decrease is 
observed with increasing Sm2O3 content. The observed descending 

Fig. 10. Simplified schematic representation of energy levels of Sm3+ emission.

Table 3 
The transitions, Energy levels (cm− 1), along with the wavenumber of the corresponding transition of an aquo-ion vaq( cm− 1), nephelauxetic parameter (β), and bonding 
parameter (δ) for the investigated glasses.

Transitions 
6H5/2→ 

vaq 

(cm− 1)
Energy levels (cm − 1)

0.0 Sm 0.5 Sm 1.0 Sm 1.5 Sm 2.0 Sm

vSm 
(
cm− 1)

β vSm 
(
cm− 1)

β vSm 
(
cm− 1)

β vSm 
(
cm− 1)

β vSm 
(
cm− 1)

β

6P3/2 24999 24813 0.9925 24813 0.9925 24813 0.9925 24813 0.9925 24813 0.9925
4I11/2 21096 21231 1.0064 21231 1.0064 21231 1.0064 21231 1.0064 21231 1.0064
6F11/2 10517 10718 1.0191 10706 1.0180 10683 1.0158 10672 1.0147 10660 1.0136
6F9/2 9136 9354 1.0239 9354 1.0239 9354 1.0239 9354 1.0239 9354 1.0239
6F7/2 7977 8203 1.0283 8203 1.0283 8203 1.0283 8203 1.0283 8203 1.0283
6F5/2 7131 7336 1.0288 7336 1.0288 7336 1.0288 7336 1.0288 7336 1.0288
6F3/2 6641 6835 1.0292 6835 1.0292 6835 1.0292 6835 1.0292 6835 1.0292
6H15/2 6508 6553 1.0069 6553 1.0069 6553 1.0069 6553 1.0069 6553 1.0069
6F1/2 6397 6325 0.9887 6325 0.9887 6325 0.9887 6325 0.9887 6325 0.9887

β ​ ​ 1.0138 ​ 1.0136 ​ 1.0134 ​ 1.0133 ​ 1.0132
δ ​ ​ − 0.0136 ​ − 0.0134 ​ − 0.0132 ​ − 0.0131 ​ − 0.0130

Fig. 11. Decay curves of Sm3+ ions doped glassy sestem.

Table 4 
Color coordinates (x, y), CCT values (K), Color Purity (Cp), and Average life time 
decay (ns) of the investigated glasses.

Sample (mol. 
%)

Color coordinates 
(x, y)

CCT (K) (Cp) 
(%)

Average life time 
decay (μs)

0.0 Sm – – – –
0.5 Sm 0.543, 0.405 1860.69 83.86 1.723
1.0 Sm 0.530, 0.402 1919.46 79.94 1.160
1.5 Sm 0.521, 0.401 1970.01 78.33 0.812
2.0 Sm 0.444, 0.389 2759.63 56.65 0.602
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order of lifetimes corroborates the energy transfer among the Sm3+ ions 
[59–62].

3.8. CIE diagram

The chromaticity coordinates (x, y) and associated correlated colour 
temperature (CCT) were established utilizing the Commission Interna
tional d’Eclairage (CIE) diagram. Consequently, based on the emission 
spectrum, the quality of the emitted colour was more easily compre
hended. To gain a deeper comprehension insight into the characteristics 
of radiated colour, it is imperative to consider another essential statis
tical measure, colour purity (CP)%, as outlined in Table 4. The obtained 
CCT values range from 1860 to 2759 K. Generally, CCT values can be 
used to distinguish between white and coloured light. Warm emission 
occurs when the CCT value is less than 3700 K; pure emission occurs 
when the CCT value is between 3700 and 5000 K, and more excellent 
emission occurs when the CCT value is more significant than 5000 K for 
the investigated samples, the CCT values are below the warm CCT range 
(i.e., CCT<3700 K) [63,64]. McCamy’s equation calculates the colour 
correlated temperature (CCT) [65]. 

CCT= − 473
(

x − 0.332
y − 0.186

)2

+3601
(

x − 0.332
y − 0.186

)2

− 6861
(

x − 0.332
y − 0.186

)2

+ 5514.311
(8) 

For the current samples, the estimated CIE coordinates are located in 
the reddish–orange emission in the CIE diagram (Fig. 12). The (x, y) 
chromaticity coordinates, Cp, and CCT indicate that the investigated 
samples exhibit a bright, warm, luminous colour, making them a 
promising choice for solid–state lighting applications [66,67].

4. Conclusion

Magnesium-sodium-zinc-borate glasses doped with Sm3+ were suc
cessfully synthesized. The amorphous nature of the exhibition was 
confirmed for all glass samples. FT-IR spectroscopy revealed that adding 
Sm2O3 acts as a network modifier, converting BO4 units to BO3 units. 
This process increases the number of non-bridging oxygens (NBOs), 
leading to a more open, disordered structure. This structural change was 

directly associated with increases in both density (from 2.50 to 2.68 g/ 
cm3) and molar volume (from 26.52 to 26.83 cm3/mol) as the Sm3+

content increased. Consequently, the optical band gap (Eopt) decreased 
from 3.39 eV to 2.71 eV with increasing Sm2O3 concentration. This re
sults from heightened disorder and the increase in NBOs within the glass 
network. The Urbach energy (ΔE) also increased, further confirming the 
increase in structural disorder. The glasses exhibited significant emis
sion in the orange-red region upon excitation at 403 nm. The most 
prominent peak occurred at 598 nm, matching the 4G5/2 → 6G7/2 tran
sition. Additional emission peaks were detected at 562 nm, 646 nm, and 
709 nm. The CIE chromaticity coordinates showed that all doped sam
ples emit light in the reddish-orange range. The determined Correlated 
Colour Temperature (CCT) values varied from 1860 K to 2759 K, placing 
them in the "warm light" spectrum. The samples, especially the 0.5 mol% 
Sm3+ glass, exhibited a high colour purity of 83.86 %. The efficient 
orange-red luminescence, favourable warm-light characteristics, and 
high colour purity indicate that Sm3+-doped borate glasses are strong 
candidates for applications in orange-red-emitting solid-state lighting, 
visible lasers, and advanced photonic devices.
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