Digest Journal of Nanomaterials and Biostructures ~ Vol. 19, No. 4, October-December 2024, p. 1547-1559

Structural and optical features improvement
of Tm3*—doped B203 — BaSO4 — TeO2 — Na20 glasses
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Highly transparent sodium-telluro-sulphate-borate glasses doped with thulium (Tm*)
were useful for variety of purposes. Thus, a new type of glass system composed of (57-
x)B203; — 20BaS0O4 — 13TeO; — 10NaxO — (x)Tm20;3 (x = 0.2 to 0.8 mol%) was produced
via standard melt-quenching route. The impacts of different Tm*" contents on the glasses’
physical and optical characteristics were ascertained for the first time. The amorphous
nature of the samples was validated by their XRD patterns, and Raman analysis revealed
the presence of various chemical functional groups. These samples exhibited Urbach
energy, direct band gap and indirect band gap between 0.088 — 0.262 eV, 2.458 —2.545 eV
and 2.098 — 2.425 eV respectively. UV-Vis-NIR absorbance displayed six prominent
peaks at 464, 657, 686, 795, 1210 and 1680 nm characteristics to various electronic
transitions of Tm?". The prepared glass composition could be effective in the production of
solid-state lasers with a narrow wavelength range.
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1. Introduction

Numerous studies have been conducted to prepare better material for solid-state lasers
targeted to the LEDs fabrication. Transparent materials like glasses are more desirable for
illumination devices making than other materials due to their many interesting properties.
Different types of glass hosts including phosphate, tellurite, borate, and silicate, have been
prepared and characterized for various reasons [1-4]. Few distinctive traits such as easy synthesis,
high thermal and chemical stability, low melting temperature, excellent transparency, cost
effectiveness, and appropriate solubility for diverse elements make borate the material of choice
for various purposes despite their hygroscopic features [5-7]. Therefore, to resolve this problem,
some of the studies have been performed by adding several elements to the borate hosts such as
sodium, tellurite and barium [8,9]. The improvements accomplished due to such inclusion enable
the borate-based glass system highly desirable glass formers for varied practical uses [10,11].

Previous literature [12] reported that adding rare earth elements to glass systems is vital
for improving glass quality. Rare earth ions have the ability to affect the structure and
characteristics of multiple component glass compositions in addition to acting as an optically
active agent [13]. Moreover, the stabilization and resistance to crystallization of glass are
improved by the addition of rare earth elements [14]. The Tm** ion (4f'?) is deemed a notable ion
among rare-earth ions because it has two meta-stable excited levels of 'D, and 'Gy in its energy-
level structure, allowing it to emit blue light either normally or through NIR up-conversion
[15,16]. Furthermore, it was discovered that the addition of Tm3* greatly lowers the glass
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refractive index. It was also surmised that Tm*" can occupy the glass network positions, thus
altering the oxides arrangements and stabilizing the NBO linkages [17]. Based on these qualities
of Tm** for strong illumination applications it became viable for other uses such as visible laser,
optical fiber amplifiers, atmospheric pollution monitoring, medical procedures, satellite imaging
and safe-vision laser radar [18-22].

Presently, the purpose of this work is to improve the structural and optical characteristics
of B,O; — BaSOs — TeO, — Na,O glasses made using the melt-quenching approach by
incorporating thulium oxide (Tm;0Os) into the glass system. The concentration of thulium oxide
was varied to determine its effect on various characteristics of the glasses. The measured UV- Vis,
physical and structural of the samples were evaluated to confirm their validity. The results
revealed that the suggested glass composition has a lot of potential for developing narrow-range
solid-state lasers.

2. Experimental details

2.1. Sample preparation

The current glass samples with a composition of (57-x)B,0O; — 20BaSO4 — 13TeO, —
10Na,O — (x)Tmx03 ; x = 0.2 — 0.8 mol% were synthesized by utilizing the conventional melt-
quenching procedure. The high purity of 99.0% raw material such as thulium oxide (Tmsz03),
sodium oxide (Na;0O), tellurium dioxide (TeO), barium sulphate (BaSO4) and boric acid (H3:BO3)
were utilized to make the proposed glasses. Then, for each sample, all the ingredients (~10 g) of
specific proportions were mixed uniformly and milled for about 1 hour (Table 1). Subsequently,
every mixture was placed inside an alumina crucible, which was then melted at 1300 °C for an
hour in an electrical furnace. The melting mixture was then poured on a pre-heated stainless- steel
plate for 3 hours at 400 °C to avoid embrittlement and release the stress. The samples were then
polished for optical studies. Depending on the amount of Tm,O3 (mol%) these glass samples were
labeled as BSTNTmO0.2, BSTNTmO0.4, BSTNTmO0.6 and BSTNTmO0.8.

Table 1. Name, nominal composition, and physical appearance of the studied glass system.

Glass code Composition (mol%) Physical Appearance
B203 BaSO4 T602 Na203 Tm203

BSTNTmO0.2 56.8 20 13 10 0.2 Transparent, colorless, non-
hygroscopic

BSTNTmO0.4 56.6 20 13 10 04 Transparent, colorless, non-
hygroscopic

BSTNTmO0.6 56.4 20 13 10 0.6 Transparent, colorless, non-
hygroscopic

BSTNTmO.8 56.2 20 13 10 0.8 Transparent, colorless, non-
hygroscopic

2.2. Sample characterization

Several analytical instruments were used to analyze all the studied samples at ambient
temperature. The amorphous nature of the Tm**-doped BSTN samples (ground in fine powder
form) was verified using Rigaku X-Ray Diffractometer. The XRD peaks of samples were recorded
at 20 range between 10 to 100°. The Archimedes method was employed to determine the densities
of the glasses, with distilled water serving as the immersion liquid. The bulk glass density was
measured by Mettler Toledo density meter. The value of glass density (pg) was calculated using:

Wa
Wa-Wp

ps = Po (D
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where p,, is distilled water density (p, = 1 g/cm?®). W, and W), are the weight of glass in air and
in distilled water respectively. The formation of free excess volume based on the size of gaps
within the glass structure during glass modification were represented as molar volume (V;,,) [23].
The value of V,, was obtained via:

Vp =22 @)

where M,, is the molecular weight. Other physical characteristics such as Tm** concentration (N;),
polaron radius (7;,), interionic separation (7;) and strength of field around Tm®" in the glass matrix
(F) was evaluated via [8]:

N4 ps

N; = Al (3)
2 1, n

(A) =3 G )

where Ny, X and Mg, denote the Avogadro number, mole fraction of dopant and sample
molecular weight, respectively. Additional parameters that are related to the value of ion
concentration is as below:

z

F= )

L
=G’ (©)

where F is field strength, dopant atomic number, Z and r; is the inter-nuclear distance.

Raman spectra from 200 to 1400 cm™! were acquired using the HORIBA Scientific Raman
LABRam HR Evolution spectrophotometer. The samples’ UV-Vis optical absorption was obtained
between 200-1600 nm and recorded using Shimadzu Model 86000 Plus UV-Vis NIR
Spectrophotometer. The samples’ absorption coefficient (a) were evaluated from absorption
spectra using [24]:

a=2303 % 7

where A and d are the corresponding sample’s absorbance and thicknesses (in cm). Mott—Davis
equation was utilized to calculate the glasses optical band gap energy (E,),.) values based on the
incident photon energy (hv):

-
o= B(hv—Eopt)
hv

®)

where the band tailing constant, denoted by parameter B, while the nature of band-to-band
electronic absorption transitions, indicated by parameter r (r =1/2 and r =2 are the
corresponding indirect and direct allowed transition) [25]. The samples’ Urbach energy (AE)
values were computed from the slope reciprocal of In a versus hv plots via:

a=a,exp() ©)

where «, is a constant (intercept). The values of molar polarization (a,,), molar refraction (R,,)
and refractive index (n) of the glasses were obtained via [26]:
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m*-1) _ . Foptyiy2

(n2+2) 1= 20 ) (10)
(n*-1)

R, = (n2+2) M (11)

tp = CNRy, (12)

where a,, = R,,/2.52, ¢ is the dielectric constant (¢ = n?), R symbolize glass surface reflection
loss (R = (n— 1/n+ 1)?) while £ represent optical dielectric constant (£ = n? — 1) [3]. Every
optical analysis was conducted on properly polished bulk samples with a smooth and transparent
parallel surface to reduce signal noise and a better absorption spectrum.

3. Results and discussion

3.1. Amorphous phase and density of glasses

Fig 1 shows the XRD pattern of the selected samples which showed their amorphous
character due to the existence of diffuse broad halo and without any sharp peak, suggesting no
crystallization in the sample [27]. Besides, the prepared samples displayed a variety of broad
characteristics that suggested structural heterogeneity in addition to just one typical amorphous
halo [28].

—— BSTNTmO0.2
—— BSTNTmO0.4
—— BSTNTmO0.6
—— BSTNTmO0.8

Intensity (arb. units)

10 20 30 40 50 60 70 80 90
20 (Degree)

Fig. 1. XRD glasses profiles.

Table 2 shows the impact of Tm*" contents dependent glass densities and molar volumes.
Figure 2 illustrates variations in density and molar volume at different Tm®" concentrations. The
glass density rose with Tm** doping to 0.6 mol% and thereafter marginally decreased. In contrast,
the molar volume significantly decreased up 0.6 mol% Tm*" and somewhat increased with a
further addition of Tm**. The density results showed anomalies pattern which was elevated and at
a certain point reduced. The density was inversely related to the glass molar volume. The increase
in density with the inclusion of Tm** up to 0.6 mol% (Fig. 2.) was mainly because of the dopant
greater molecular weight than other host materials [29]. The inclusion of Tm?" to the glass network
increases the glass's total molecular weight since density is directly proportional to the mass, hence
its results in the increasing of density [30]. Also, the lower ionic radii of Tm*" allowed them to fill
the interstitial regions within the host matrix, resulting in compact glass [26]. Oppositely, with the
further addition of Tm?" up to 0.8 mol%, the non-bridging oxygen increased so the density slightly
decreased due to an increase in oxygen packing which squeezes the structure of the sample.
Conversely, the shrinking of bond lengths or the interatomic distance between the atoms that
constitute the network may be the cause of the molar volume value dropping from 34.82 to 34.34
cm® mol!, which would cause the glass network structure to become compacted [31].
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The other physical properties of the BSTN glass system doped with rare earth (Tm*") were
calculated from the equation (3) to (6) from section 2.2 and recorded in Table 2. The polaron
radius decreased as the quantity of Tm*" ions in the glass increased from 2.66 x 1078 — 1.68 x 10
A. The numbers indicate that the polaron is low, as they do not exceed the lattice constants of the
various oxides in the glass [32,33]. Besides, a gain in glass compactness and polarizability was
correlated with the polaron radius declining which resulted in increasing in the glass electrical

conductivity [34,35].

Table 2. Physical parameters of Tm>* doped sodium-telluro-barium sulphur-borate glass system.

Physical parameters Glass code
BSTNTmO0.2 | BSTNTm0.4 | BSTNTmO0.6 | BSTNTmO.8
Average molecular weight, Mwa,, (g) 113.94 114.57 115.20 115.84
Density, p (g/cm?) 3.27 3.31 3.36 3.32
Molar volume, Vi, (cm?/mol) 34.82 34.60 34.34 34.86
RE ion concentration, 3.46 x 10*! 6.96 x 102! 1.05 x 10 1.38 x 10?2
N; (ions/cm?)
Poloron radius, 1, (10% A) 2.66 2.11 1.84 1.68
Inter ionic separation, r; (10 A) 6.61 5.24 4.56 4.17
Field strength, F (cm™) 9.72 x 10'¢ 1.55 x 10" 2.04 x 10" 2.45 x 10"
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Fig. 2. Glass density and molar volume against Tm>O3 concentration.

3.2. Raman spectral analysis of glasses

Fig. 3 depicts the typical Raman lines of samples ranging from 300 — 1500 cm™. As
illustrated in Fig. 4, the spectrum is deconvoluted into seven peaks, which are referred to as peak
A, B, C, D, E, F, and G. Table 3 lists the observed spectral peak position and their corresponding
band assignments. The 355 — 367 cm™! band (peak A) are caused due to the interactions between
NBO and network structural unit of TeOs trigonal pyramid (tp) [36]. The IR absorption band of
peak B (464 — 468 cm™) was caused by the bending vibration modes of TeO4 units associated with
Te — O — Te and O — Te — O interactions [36, 37]. The vibration of the sulphate (SO4) groups
induced the peak of the Raman at 540 — 563 cm™! (peak C), which is compatible with literature
reported by [38]. Around 500 — 600 cm! the bending modes of (SO4) and (BOs) are observed. The
spectra between 400 — 1000 cm! are dominated by the modes of the bridging S — O and B — O
bonds, which is agrees with the data of the studies for SO4 and BO, tetrahedra [39,40]. The
massive band detected as peak D (768 cm) was produced by the combination of Te — O
vibrations modes associated with TeOs tp units and symmetric breathing vibration modes of 6-
coordinated rings and the substitution of the BO; triangle by the BO, tetrahedra [36]. The band
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detected between 984 — 987 cm'! is a result of the stretching of tetrahedral B — O bonds [BO4] [41].
The IR absorption band around 1039 — 1041 cm™ was primarily driven by the existence of
pentaborate network units within the borate matrix [36]. The triangles connected with additional
units of triangular borate groups (BOs) was the reason for the band detected between 1336 - 1347
cm’! [42]. Overall, there is not much difference in intensity with the addition of Tm** ions due to
the small amount of dopant which is less than 1.0 mol%. However, the elongation of O — Te — O
bond is shown by the peak’s slight shift down to lower wavenumber, resulting in more
symmetrical structure in the glass. The optimum phonon energy of the glass former, as revealed by
the Raman spectra, is 768 cm’!, which is comparatively less than the values seen in silicate (889
cm'') [43] and phosphate (1120 cm™) [44] glass systems.
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Fig. 3. Raman spectra of synthesized glasses.
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Fig. 4. Deconvulated Raman spectra of BSTNTm0.8 glass.
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Table 3. Comparison of Raman bands assignment and their position for the present glasses with previously

documented glass system.

Glass Code Reported Assignment

BSTNTmO0.2 | BSTNTm0.4 | BSTNTm0.6 | BSTNTmO.8

367 363 358 355 363 [45] Axial bonding

371 [46] vibrational mode
(Oax — Te — Oax)

468 466 464 466 405 — 460 [47-50] | The bending
vibrations of TeO4

563 558 540 542 460 [36], [37]

544 [51] Doubly generated

500 — 600 [38] symmetric bending
modes V, (SO%_) /
modes of sulphate
groups (S03.)

768 768 768 768 774 — 793 [52] Six-membered-

765 [53] ring’s breathing

710 — 810 [54] vibration with

773 [55] [BOs] triangle
[BO4]

986 987 986 984 953 — 1103 [56] Tetraborate,
pyroborate,

1039 1039 1041 1043 orthoborate, and
diborate groups
respectively

1346 1343 1346 1347 1308 - 1328 B - O band

[511,[57] asymmetric

1300 — 1600 [56]

stretching vibration
in the BO3 group

B — O metaborate
rings stretching

3.3. Optical absorption spectra of glasses

Fig. 5 displays the UV-Vis absorption spectra of Tm** in BSTN glass ranges from 400 to
2000 nm with composition (57-x)B,03; — 20BaSO,; — 13TeO, — 10Na,O — (x)Tm,O3, at ambient
temperature; x = 0.2 to 0.8 mol. For Tm*" -doped sodium telluro sulphate borate glass, every form
and peak locations are clearly comparable to those present in different Tm®* -doped glasses
[2,17,58, 59-60]. The absorption spectrum involves six absorption band peaks at around 1680,
1210, 795, 686, 657 and 464 respectively. This is because, in the excitation states (°Fs, *Hs, *Ha,
3F3, °F» and 'G4), Tm®" ground state (*He) is absorbed. Regarding the pattern observed in Fig. 6.,
there are no alteration to the absorption peaks’ wavelength as the concentration of Tm®" doped
BSTN increases, however the absorption intensity is directly correlated with the Tm*
concentration showing that the Tm?" ions have integrated uniformly into the glassy matrix with no
clustering or modifications to the local ligand field [17].
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Fig. 5. The glasses’ optical absorption spectrum.

Figs. 6, 7 and 8 depict the Tauc plots for the glass system. The variation of optical
variables for Tm*" doped BSTN glass including refractive index, molar refractivity, electron
polarization and optical band gap was depicted in Table 4. Both indirect (2.098 — 2.425 ¢V) and
direct (2.458 — 2.544 ¢V) optical band gap values of the glasses were increased due to the
inclusion of thulium oxide; these values are slightly lower (2.7 V) compared to the previous study
[61]. This discrepancy may arise from the glass network’ BO and NBO figures changing.
Ultimately, the optical band gap expanded, and the glass polarizability plummeted as the NBO
numbers decreased. Generally, electrons from the NBO can be excited more easily compared to
BOs, making BOs less polarizable than NBOs. The E,),; values’ increment may be attributed to
Tm’" doping enhancing the glass network’ connection [26]. According to Azlan [62], Urbach
energy delivers information regarding flaws and abnormalities existing within the glass structure.
In this assessment, the Urbach energy shows a decrement with the addition of Tm** which lies
within 0.262 — 0.088 eV. The decrease in defects in the composition of the glass is reflected in the
decline of Urbach energy. Moreover, proved that the glass was very stable, especially the sample
with 0.8 mol% TmO3; which has the lowest Urbach energy’s number. In addition, the structural
units of BO4 and TeO4 were mutually linked by forming stronger BTeOs and BTeOs units thereby
minimizing the defects within the glass lattice [26]. Molar refractivity and polarizability were
closely correlated with refractive index. Each of these parameters showed the same trend, which
was opposed to the energy band gap, based on the value stated in Table 4. All these three variables
generally declined as the amount of Tm** in the glass increased. The molar polarizability change
was a crucial influence on the refractive index variation wherein cations strongly influenced the
polarizability and BO number inside glass structure. The refractive index and molar refraction’
decrement might be due to generation of more BO (weakly polarizable compared to NBO),
yielding a decrease in the molar polarizability [26].

Based on the findings in structural and optical characterization, the presence of thulium
oxide at higher concentration likely led to the probability formation of Te — O — Tm where thulium
oxide acts as the network modifier, contributing to increased symmetry within the glass structure.
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Table 4. Tm>" -doped BSTN glasses’ optical parameters.

Optical parameters Glass code
BSTNTmO.2 BSTNTmO0.4 BSTNTmO0.6 BSTNTmO.8

Refractive index, n 2.412 2.405 2.402 2.380
Dielectric constant, € 5.816 5.782 5.768 5.665
Optical dielectric constant, £ 4.816 4.782 4.768 4.665
Reflection losses, R 0.171 0.170 0.169 0.167
Molar refractivity (cm?/mol) 21.468 21.208 21.046 21.044
Electron polarizability (A) 8.519 8.416 8.352 8.351
Direct bandgap (eV) 3.369 3.348 3.380 3.389
Indirect bandgap (eV) 2.947 2.972 2.983 3.063
Urbach energy (eV) 0.243 0.240 0.237 0.221

4. Conclusion

The influence of Tm,O3 activation at various contents (x = 0.2 - 0.8 mol%) on the optical,
structural and physical characteristics of (57-x)B203; — 20BaSO4 — 13TeO, — 10Na2O — (x)Tm20;
glasses was assessed for the first time. The glass amorphous state was verified by XRD test. It was
found that raising the Tm,Os3 content in place of B,Os by increasing the optical band gap energy
and density of the glasses while decreasing their refractive index, molar volume and Urbach
energy (minimal defects). The symmetric breathing modes of six-member ring with the BO4
tetrahedra replacing the BO; triangle and the vibration of Te — O from TeOs tp units were
discovered as Raman band at 768 cm™ which was caused by the conversion of BO to NBO in the
glass matrix. It is affirmed that the proposed glass composition with excellent structural and
optical features is beneficial for building narrow range solid-state lasers.
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