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Abstract

To adopt the correlation of structural and property,a novel series of borate glass system has a stochiometric
composition of [(78 — X) B,03 — X PbO — 20 Na,0 — 2 Sm,0;] where x = 0, 5, 10, 15 and 20 mol.%was
successfully synthesized by Melt-Quenching method. The samples were scrutinized by a set of techniques such
as XRD, density, FTIR, DSC, and UV-visible measurements. The density was measured to shed light on
macrostructural of the samples. FTIR spectra proved the existence of BO, to BO; conversion. FTIR spectra
answered about a longstanding important question is the role of PbO at low loadings. Actually, at (x = 0 — 20),
the boron coordination was converted from 3 to 4, and lead behaves as a modifier with positive charge 2.The
DSC measurement was monitored to extract the thermal features of the samples. The absorption spectra exhibit
sixteen absorption bands related to Sm3‘ions, among them, four transitions ["’HS/2 -
®Fi1/2, °Fy/2, ®Fy /5, and ®Fs, corresponding to 1075, 1223, 1366, and 1470 nm] have relatively higher
intensities. Such intensive peaks are promising for using in orange-red lightening emitting and photonics
devices. Undergoing of the absorption edges to shift towards the high wavelength reflects a deterioration in the
optical band gap energy. The enhanced Urbach energy were precisely evaluated driven by the lead oxide
addition. Other related optical parameters were obtained and then discussed. The nonlinearity analysis was
confirmed the applicability of such samples for optoelectronic applications. The present PbO-doped borate
glasses suggest a distinct structural/properties interaction make them suitable for optoelectronic and optical
devices.

Keywords:sm3* and Pb%* ions, borate glass, nonlinearity analysis, thermal stability, optoelectronic
applications.
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I.  Introduction

Recently, glass material is a perfect and very effective for using in the optical and the optoelectronic
applications. Because it has appealing physical properties like mechanical and thermal stability, high optical
transparency, and chemical resistance [1,2,3,4].Inorganic glasses doped with rare earth elements are important
materials. They have subtle properties such as high thermal stability, great flexibility, high light yield, and high
density [5]. These motivating properties make them a decent contender utilized in the optics realm [6,7] such as
optical amplifier, solid state lasers, color displays, optical sensors [8], white light emitting diodes (WLEDS) [9],
infrared laser windows, scintillation materials, and Memories [10]. The released strong emission of 4f-4f
transitions from trivalent rare earth ions makes them have distinct applications. However, the main outface is to
choose the right rare earth ion for enhancing the optical properties. Among series of lanthanides ions, samarium
is one of many modifying ions that exhibits two valance states, namely Sm?*and Sm3*. Samarium ions have
considerable optical properties make them have significant importance in technological applications [11, 12].
Specifically, trivalent samarium ions (Sm3*) are suitable modifiers for improving optical performances because
of they have high quantum efficiency, small phonon energy (~700cm™1) and great corrosion resistance[13,14].
Consequently, the amalgamation of such ions in glass material renders them suitable candidates for many
applications like fluorescent display devices, visible lasers, hole burning, energy generation, biomedical,
telecommunication, and orange color emitting [6,15,16].

Heavy metal oxides (HMO) are attractive ions that characterize with a high density, high refractive
index, easy to form, high stability and polarizability, and high infrared transparency [17]. The glasses mixed
with HMO (here, PbO) exhibit a high transparence, good structural, thermal characteristic and easy to prepare,
making such glasses have high applicability in optoelectronics and as photoconductive materials [18]. Among
heavy metal oxides, lead oxide exhibits a high linear and non-linear refractive index, large energy gap, large
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atomic number, good polarizability. In addition to it enhances the glass’s density and stability and low
durability. These motivating properties open the way towards lead oxide to act as modifier or former,depending
on their competence to formbonds with both covalent and ionic naturebetween lead and oxygen in the glass
network[5, 19, 22]. Glass materials mixed with lead oxide have decent contribution in many applications like
thermoelectric devices [17], protection from harmful radiation, photonic and optoelectronic, laser hosts, and as a
shielding material against gamma ray[17,19]. On the other hand, the solids containing Pb%* ions are toxic for
the environment, so the high concentration of PbO involved here is 20 mol. %, which is expected to be
ecofriendly. Also, they must be carefully treated[18, 23].

Borate glass is one of the base materials that have a wide range of doping with various ions and are
considering good choice to produce appealing hosts for distinct applications such as solid laser hosts, thermal
sensors, ultraviolet optics, and optical devices [24]. Such distinct applications of borate are reflecting from
being have special physical characteristics like low meting point, great thermal stability needed for working
devices, flexibility, easy to manufacture, high ultraviolet transparency, in addition to they have high ability to
form two structural units [22,25,26]. Addition of alkali oxides like (Na,0,Li,0, ....., etc) leads to improve and
enhance the physical features of borate glass such as lowering the phonon energy, increasing the
homogenization, andmitigating the melting point [27].

In light of the aforementioned properties and applications, investigating the PbO/B,05 structural
interaction is an objective key in comprehending the features of such lead borate glasses.

Here, for the sake of tailoring the structural, thermal, and optical features of borate glass composition
with fixed ratio of samarium oxide (i.e., 2 mol. %) and doped with different concentrations of lead oxide. Melt
quenching method was exploited to prepare the samples. Some distinct findings were, here, obtained and will be
discussedbelow. Thefindings of this studyguide the researchers to open theirideas into the optoelectronic realm.

Il.  Experimental Procedures

2.1. Samples Fabrication

Thequenching of molten was here applied, as a method, to prepare a novel quaternary model of borate
glass system has a hominal composition of [(78 — X) B,0; — X PbO — 20 Na,0 — 2 Sm, 03] where the lead oxide
was intercalated into the system as follows: [0, 5, 10, 15 and 20] mol. %. High purity chemicals of H;BOs,
Na,CO03;, Sm,05; and PbO were used as they were purchased. These raw chemicals were carefully chosento
support the small batch-free time of molten, and weighting in quantities (in mols. %) and were carefullyground
in agate mortar. The resulting fine particles rapids the liquefaction process. The mixing powder put into a
porcelain crucible, 50 ml. The mixture was melted in a digitalized electrical oven at 1100 °Cfor 45 minutes. The
melted mixture was carefully stirred to ensure high degree of the homogeneity. After, the molten was poured
and rapidly quenched between two circular stainless-steel plates at 28°C.Glassy samples, which have a disk
shape, were obtained.The samples exhibit transparency, homogeneity, and bubbles and cracks-free.Then they
were stored in a desiccator to prevent damages from surrounding environment.

2.2. Samples Characterization

X-ray diffraction was applied to the samples (powder) to emphasize the structural nature of the glass
samples by using diffractometer type of Bruker D8 advance. The wavelength ofX — ray source is 1.541 A. Data
were obtained from 20° to 90°. The operating power of X — ray tube is 1200 Watt.Density measurement of the
glass samples were measured via Archimedes’ principle by using Toluene with density (0.867 g/cm?), as a
submerged fluid. The obtained values of density were measured using a digital electronic balance (Setra BL-
410SLCD) with accuracy + 0.001 g. To guarantee a minimal error and precise values,five trails for each sample,
in the same conditions, were conducted to obtain the values of density. Moreover, the related parameters of such
glass samples were calculated via the measured density. FT-IR spectra of glass samples were measured in the
wavenumber starts from400cm~'to 4000 cm~! using FT-IR Nicolet 6700 spectrometer. In FT-IR
measurements, high purity KBr and powder samples were mixed then pressed into small disks by a
compressor.The DSC measurement was conducted for all samples using the “Discovery SDT 650-Simultaneous
DSC-TGA/DTA, USA” instrument. The wight of powderwas in order of 8 mg. This experiment was proceeded
under N, atmospherewith a constant heating rate 20 °C/min over a temperature range from room temperature to
1000 °C. Finally, the optical absorption spectra of the samples were collected in wavelength range 200 - 2500
nm, using (JASCO V-670) spectrophotometer. A standard normalization processes are applied to spectra of FT-
IR and optical absorption employed to eliminate the variation in all samples. In addition, the estimated errors
ofmeasured values were calculatedand recorded in tables.

DOI: 10.9790/4861-1405015265 www.iosrjournals.org 53 | Page



Structure-Property Correlation in Lead Borate Glass with Fixed Ratio of Samarium Oxide

I11.  Results and Discussion
3.1. X-Ray Diffraction
XRD analysis was utilized to confirm the proper preparation of all samples. Fig. 1 displays the XRD spectra of
selected samples (i.e., 0 mol. %, and 20 mol. %). The figure exhibits no sharp peaks detected in the spectra,
confirming the amorphous entity of the samples.

— 0PbO
i ~ 20PbO

Intensity (a. u)

20 30 40 50 60 70 80
20

Fig. 1: XRD diffractograms of the selected prepared samples (10 and 20 mol. %).

3.2. Density Measurement

It is important to explicitly understand the structural changes in the glass matrix, therefore studying the
measured density (p) and the calculated molar volume (V,,) in conjunction with the other related parameters like
ionic radius (R;), number density of Pb (N), dg.s, Pb molar concentration and refractive index (n) for all samples.
The values of these factors were tabulated in Table 1. In addition to these parameters were calculated according
to Ref. [28]. The variation between the measured density (p) and the average boron-boron separation (dg.g) with
the PbO content was shown in Fig. 2. It is cleared that the density increases gradually from (2.40 g/cm?) for the
Pb-free sample to (3.16 g/cm®) for highest Pb concentration, (i.e., increased by [ 32%). This is likely related to
the insertion of higher molecular weight (223.2) g/mol and higher density (9.53 g/cm?) of PbO at the expense of
lighter molecular weight (69.63) g/mol and lower density (2.46 g/cm®) of B,05. Additionally, the substitution of
B,03by PbO creates alterations to the boron-oxygen assembly, and easy to create more of BO, structural units
(as shown next in FTIR section). For the sake of confirming of the induced structural compactness, the dg_g was
found to decrease with PbO addition, as shown in Fig. 1, supporting the dense compactness of the glass
network.
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Fig. 2: The measured density, D, and average boron-boron separation, d;_z against PbOadditives.

On the other hand, the molar volume, V,,, of the prepared glass samples was noticed to increase from 30.46
cm®/mol for Pb-free sample to 32.97 cm*/mol for highest Pb concentration here doped with PbO content, (i.e.,
enhanced to 9%). This increase in V,, is attributed to more possibilities such as the largest ionic radius of Pb%*
ion (2.02 A) compared to that ofB3*+ion (0.2 A)[1,18,29]. Another possibility represents in the doping by higher
molecular volume of PbO (23.42 g/mol) compared toB,05(28.3 g/mol), leading to stretching of the network.
Additionally, number density ofPb?* ions, N,(i.e., Pb®* ions concentration) was found to augment due to PhO
pumping through the glass matrix. Factually, the molar concentration is normalized with the PbO concentration.
The molar concentration was normalizedto fixed value (1.895+0.0035)x102%(1/1cm3. mol. %). This fixed value
confirms the proper stoichiometry of the prepared glass samples.

PbOconc. P (@em’) Vi Ri(m) ) (10%/em?) cggz;n':/rlgtli%rn (n(:ﬁjai NBO
(mol. %) 0.010 (xic(;‘.‘olz'gg') $0.0001 45 0098 10°/cm®mol.%) 0000142 N+ (B (o
+0.0035
0Pb 2.40 30.46 0 0 0 0.486 4609 28.74
5Pb 264 3083 1.008 0.97 195 0.456 4991 3299
10Pb 2.86 31.27 0.803 1.92 192 0.432 5130 3149
15 Pb 3.01 32.04 0.708 281 187 0.415 5284 28.03
20 Pb 3.16 32.97 0.649 365 182 0.402 5292 2689

Table 1: Density, molar volume, interionic distance, Pb?* ions concentration (N), Pb molar concentration, the
average boron-boron separation, N, ratio and NBO ratio for all glass samples.

3.3. FTIR Analysis

FTIR is a basic tool to emphasizes the alteration of structure in the samples and understand the nature of several
vibration modes of the atoms and their absorption peaks. Fig. 3 manifests the FTIR spectra for the prepared
samples. The FTIR spectra of borate glasses can be observed through three regions with wavenumber from 400
cm™~! to 1600 cm~! as follows [30]:
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. The bending vibrations are between 600-800 cm™?, belong to BO5 units.
. BO,, groups are enveloped between 800-1200 cm ™.
. Finally, the stretching vibrations located from 1200 to 1600cm ™, belong again to BO;units.

The measured spectra ofsamples exhibit a set of characteristic bands that are furnished from 400 cm™! to 1600
cm~!. For more specific assignments of these structural bands, a deconvolution process was exploited for a
deep understanding of the structural changes in the glass system. The deconvolution process was performed by
utilizing a set of Gaussian functions software.

Based on the bands resulting from the deconvolution process, a weak band, is attributed to vibration of
sodium’s cation, was observed to tail near 410 cm™'[30,31], while another characteristic band is pinned at
475cm~1, which attributed to the vibration of lead’s cation [32]. This band was observed to enhance in its
intensity due to the loading of lead oxide to the network.In addition to a vibrational band was observed at
520cm~! due to the B-O-B bending vibrations resulting fromdeformations of boroxol ring angles [30,33]. The
existence of asymmetric (symmetric) bending vibrations of octahedral BO; functional groups was found to be
located at 626 (698 cm™1) [30,33,34].

On the other hand, the absorption bands are located in the BO,spectral region at 852, 945 and 1054
cm™! are attributed to the BO,stretching vibrations[30, 34, 35]. Specifically, the characteristic band at 852
cm~!(symbolized by *) is essentially assigned to B-O stretching vibration of non-bridge oxygen (NBOs) in BO,
group [30,35]. The used decomposition method suggested that the intensity of this band undergoes a spectral
mitigation with increasing of the PbO contents, which in its turn leads to mitigate the overall NBO ratio in the
glass matrix. This decrement is due to the replacement of PbO with high atomic radius at the expense of the
B,0;with low atomic radius [29,36]. This variation helps to createmore ofBO, structural groups, in a good
accordance with the increasing in density.

In the last region, at the high wavenumber, a set of three peaks were pinned at 1236, 1326 and 1406
cm™! that are again ascribed to stretching vibrations of BO; functional group. Especially, the first peak (i.e.,
1236cm™1) (marked by #) is pertained to the B-O stretching vibrations of non-bridging oxygen’s of trigonal
units, (NBOs)go,[34]. This band was observed, along all samples, to undergo some spectral modifications such
as intensity decrement and areal narrowing with the addition of PbO contents. Using the total areal under peak,
NBO ratios can be obtained by the equationMorshidy et. al[30]: NBO = NBOg ,+ NBO§03.TabIe 1 shows the
values of NBO ratios, which indicate a prominent deterioration in NBO concentration. More informative
modifications can be inferred by N, parameter. To know the fraction of tetrahedral BO, unitsto the total number
of structural borate groups, N, parameter can be obtained exploiting the total area under peaks resulting from
the Gaussian deconvolution method as[28, 30]: N, = BO,/(BO; + BO,). The values of N, are listed in Table 1.
The values ofN,ratios were gradually increased with the increasing in the concentration of PbO. The increment
ofN,, supported by deterioration in NBO, suggested a conversion from BO5; to BO, groups, proving an open
structure of glass network, in a decent agreement with density measurement.
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Fig. 3: Vibrational infrared spectra of all proposed samples.
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Fig. 4: A pictorial description for the simulated spectrum through a deconvolution process of the concentration
20 mol. % of PbO.

3.4.Differential Scanning Calorimetry (DSC)

Thermal parameters, such as glass transition temperature, crystallization temperature, melting
temperature, and glass stability, are more important informative parameters for getting a thermal properties of
glass materials. The samples were measured at a fixed heating rate 20 °C/min, in the range of 100 °C up to 900
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°C. The samples exhibit significant thermal features as characteristic endothermal peaks followed by significant
exothermal peak.The glass transformation temperature, crystallization temperature, melting temperature, and
glass stability were calculated and furnished in Table 2. These parameters exhibit an increment with the
addition of PbO content. The augmentation in the transforming temperature from 424 °C to 485°C, Fig. 5, and
the crystallization temperature may be attributed to more factors, which explained based on the addition ofPbO,
such as there is a modification in the bond nature of network cations (i.e., an increment in the ionic bonds of Pb-
O compared to B-O). Besides, the augmentation in the cross-linking density between the atoms of system here
involved [37].

Thermal stability, (T, -T,), is a potent informative parameter measures a temperature range within it
the glass does not crystallize. It is well-known that the higher glass stability exhibits a lower tendency to the
crystallization. Therefore, it is a better glass quality. During working of the optical devices such as optical fiber
and optoelectronic devices, they undergo repeated and prolonged heating cycles. Such these thermal cycling
leads to creation of micro-crystals that act as scattering centers, attenuating the light. Generally, the thermal
stability should be more than or equal 100 °C to prevent such these micro-crystals [20,37,38].

Here, the obtained values of thermal stability tend to be at about average value of 135°C, Fig. 5. The
augmentation in thermal stability values may be back to the addition of Pb?* ions which strains the glass
network and delays the crystallization process. Other important factor is the hike in the molar volume, as
referred in density measurements. Such value renders the glass samples are very applicable in optical devices.
Another salient parameter, which is called “Hruby’s parameter, (Hg)” is also appointing to determine the
thermal stability of prepared glasses from DSC thermograms. It is determined from the relation [38,40,41]:

He = ~“—2(1)
It is well-known that [38, 39], the thermal stability extracted from Hruby’s relation should be greater than 0.1
for more thermally stable glasses. The average value of Hruby’s parameter is about 0.77, verifying a thermally

stable glass samples, and thus they are more suitable for optoelectronic applications.
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Fig. 5: Glass Transformation temperature and thermal stability against the concentration of PbO for all
proposed samples.
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&iﬂ‘.";i) Ty €O T¢ (°C) T, (°C) (T.-T,)(C)  Hy
0 Pb 424 558 736 134 0.75
5Pb 436 575 748 139 0.80
10 Pb 458 594 760 136 0.81
15 Pb 480 611 788 131 0.74
20 Pb 485 622 808 137 0.73

Table 2: DSC parameters of all prepared glass samples.

3.5. Optical Characterization

The following sections deal with the optical characteristics of the prepared glass system. The study of the
optical mechanism of materials (e.g., glass) proved to be powerful key information for comprehending the
behavior of light propagation through the materials.

3.5.1 Absorption Spectra

The optical absorption measurements are essential key to understand the electronic band structure, the nature of
bonds, and the optical transitions in the glass material. Fig. 6 (a-b) displays the UV-VIS-NIR absorption spectra
for the studied glass system. Generally, the optical absorption spectra can be divided into four major regions as
indicates in Fig. 6 (a-b). As shown, the first region is the saturation region, then the second region is related to
the absorption glass edge, in which the electrons can absorb an energy is sufficient to move them from the
valence to conduction band, reflecting the energy band gap (E,) of material. The distinctive tail region of the
glass spectra (i.e., Urbach tail) is mainly correlated to the disorder in the materials (i.e., the created localized
states), providing the Urbach energy (E,). Then along with the higher wavelengths, the absorption spectra
exhibit characteristic bands formed by the electronic transitions.
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Fig. 6 (a-b): Spectral regions of saturation domain, glass absorption edge and absorption tail for all samples.

Here, samarium oxide was utilized as a modifier oxide to enhance the optical properties of materials. Sm3*ions
exhibit a set of characteristic absorption bands formed by the #4-4f electronic transitions. These transitions are
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highly affected the host matrix of material and dopant content[11-14]. Such transitions revealed distinct
Sm3* 4-4f electronic transitions, which are assigned as the transitions from the Sm3* ground state ( 6H5/2) to
the higher energy levels [42]. There are sixteen absorption bands seen in the optical absorption spectra of
Sm3Fions, which are in the wavelength range (300-1800 nm), are attributed to the following transitions:

®Hs;, > [®Hopz  *Dajee °Prjp *Lusjzs ®Pajan ®Psjos *Gojan *hizjas *Mispe +*huje, Fuipe
®Fo2, °F7/2, °Fs )2, °F3s2, °Hisjplat 343, 360, 374, 388, 402, 416, 438, 460, 476, 943, 1075, 1223, 1366,
1470, and 1521 nm, respectively. These transitions have been assigned based on the data from Refs[12,43,44].
Among these transitions, there are four transitions [ ®Hs,, > °Fi1/2, °Fg/2, °F72,and °Fs, corresponding to
1075,1223, 1366, and 1470 nm] have relatively higher intensities. Thus, they are attractive transitions for
orange-red lightening emitting devices, white LEDs, and solid lasers [7, 12, 43, and 44].
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Fig. 6 (a-b): Normalized optical absorption spectra scaled up against PbO concentration for all glass samples.

3.5.2 Band Gap Energy

Band gap Energy (E,) is considered as an important tool to determine the required energy of
electrons to across the valance band reaching to conduction band. It could be determined from Davis and Mott
relation [45]:
(ahv)*=A(hv — E;)"(2)
Where is a the absorption coefficient, hv is the energy of incident radiation, Eyis the band gap energy, A is a
constant, and n is an index relies on type of transitions and material nature. For direct allowed, indirect
allowed, direct forbidden, and indirect forbidden transitions, n is (1/2, 2, 1/3, and 3) [19,30].In the amorphous
materials, such as glass, the best fit of equation x is obtained when n = 2 for indirect allowed transition. Tauc's
plot was exploited for representing equation 2 to extract the optical band gap energy. The inset part of Fig. 7
exemplifies Tauc's plot of sample 10 PbO, all samples’ spectra were undergone the same routine. The
determination of optical gap energy was brought from the protraction of linear portions of Tauc’s plot. Fig.
7shows the energy band gap values for all prepared samples. The values of band gap energy were observed to
mitigate with PbO content. Initially, to understand such deterioration in the gap energy, the glass absorption
edge should be studied for all samples. It is observed that the glass edges were found to shift towards the high
wavelength (i.e., towards the low energy), consequently one can say that the glass edges of all samples undergo
a red shift, as shown in Fig. 6 (a). The origin in such shifts back to mainly factors that related to the dopant ions
(PbO). The shrinking in the bond strength, where the bond strength of B-O is higher than the bond strength of
Pb-O. Additionally, the PbO doping can deform the network, causing a supplementation of the oxygen cloudby
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the creation of lead’s structural units, such factor may be induced more looser electron into the glass system,
causing an increment of the electronic conduction, therefore the band gap is mitigated [1,19,35,46].

Urbach energy is one of the essential characteristic parameters to measure the disorder inthe glass samples. The
absorption tails, shown in Fig. 6, of the glass samples are exploiting to describe Urbach energy. The clear
broadening of such part confirms the amorphous nature of the samples, as proved in XRD measurements. The
absorption tails can be exploited to determine Urbach energy using the following Urbach relation [47]:

Ln (o) = Ln (a0)*+ ;(3)

wherea, is a constant, and E, is Urbach energy. The values of Urbach energy can be obtained by plotting the
relation between the Ln (o), as Y-ordinate, and photon energyas X-ordinate. The inverse of the slopes of the
linear portions in the curves provide the values of Urbach energy. The obtained values are drawn to naked eyes
in Fig. 8. The clear augmentation in Urbach’s values with PbO additives, may be due to the internal structural
fluctuations causing more defects in the forbidden band gap, increasing the disorder in glass samples [1, 35].
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Fig. 8: Optical gap energy and Urbach energy against PbO concentration. The inset part shows the reliance of

voahv on the energy of photon (hv) for all raw spectra. The red line presents the straight section from which the
gap energy estimated.

3.5.3 Optical Parameters

In this section, other optical parameters are related, too, through the band gap and Urbach energy. To
investigate the behavior of material being it behaves as insulator or metal, the metallization criterion, M, can be
exploited to do this job. When metallization criterion is closed to “1”, the glass samples behave as insulators,
while when they behave as metals, metallization criterion nears “zero”. The metallization criterion can be
calculated, relying on band gap energy values, from the next equation [33]:

M? = (4)

where the E; is the energy band gap. Table 3 illustrates the obtained values of M. The observed enhancement of
the metallic behavior is clear in its criterion’s values that changes from 0.47 to 0.44 eV. This decrement in the
values of M is due to the nearby of valenceband to conduction band, lowering the energy gap. Steepness

parameter is a mirrored coefficient to Urbach energy. It is used to describe the broad of the tail of the localized
states in the band gap. Steepness coefficient, S, can be related to Urbach energy through the following g relation

[1,35]:
5= (5)
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whereKjis the Boltzmann constant, T is the room temperature in kelvin, andEy; is the Urbach energy. Table 3
shows the calculated values of steepness coefficient. It is observed that the values of S deteriorate with the PbO
addendum. Such deterioration reflects an increment in the tails broadening of samples (i.e., increment the band
tail width). This is due to the improved localized states in the band gap (i.e., increase the disorder) of the
prepared glass system [35]. An additional informative parameter which linked to Urbach energy is interplay of
electrons with phonons parameter,E,_,. It is the required energy to bind pair of the free electrons in material.

The E,_, could be determined from the next relation [35,48]:
2E,

Eop = 3= (6)
3KpT
The resulting values of E,_, were recorded in Table 3. The increment in such values with PbO content indicate

that there are more free electrons in the material lattice, reflecting a fundamental decrement in the band gap.

3.6. Nonlinearity Analysis

Basically, the refractive index, n, is an effective parameter to study the subtle modifications in structural
morphology that induced by the light propagation in the material. Refractive index could be determined by the
Dimitrov and Sakka relationship [49]:

n2-1 E

pere il e \[%(7)

The obtained values of refractive index were tabulated in Table 3. It is known that the materials that have a high
dense crystal structure exhibit a high refractive index. Therefore, the augmentation in the refractive index is
ascribed to the high atomic weight and high polarizability of Pb?* ions at the expense of the low atomic weight
and low polarizability of the B3*[1,28,46]. The increment in refractive index can be useful for using such
material in optoelectronic applications [1,25].

Nonlinearity phenomena of materials is detected when the material’s responsibility relies nonlinearly on the
strength of electric field which results from the incident electromagnetic radiation. The nonlinearity
investigation provides additional information about the applicability of prepared glass samples in the optical and
optoelectronic devices. There are many examples of nonlinear optical interactions that lead to many
applications. One of such applications is third order susceptibility, x®, (i.e., the nonlinear optical
susceptibility). Additional it is used to describe the intensity dependent refractive index.

The nonlinear optical susceptibility is, enough, related to the linear refractive index, n, through the next relation
[50]:

X == =1)*(®)

wheren is the linear refractive index, and A = 1.7 x 10710 esu.

The nonlinear refractive index, n,, is, too, related to the nonlinear optical susceptibility through the following

relationship [50]:

12
n; = Tn)(g )

Wheren is the linear refractive index. Table 3 furnishes the obtained values of both y3and n,. The obtained
values show an incremental propensity with the increasing addendum of PbO, indicating that the doping process
enhances the nonlinear characteristics of the prepared glass samples. As mentioned before, the mitigated E, and
the augmented E,, are due to the high structural impurities. Such high defects lead to the enhanced nonlinear
properties [51],making the glass samples suitable for optical switching, image processing and image
manipulation [52].

(fnac’)?ﬂ'/‘j) E (V)  E, (V) M S E._, N £ (x10-12) (xln(;iu)
0Pb 4.475 0463 0473 0055 1205 2,083 0.844 152
5Pb 3.676 0492 0428 0052 1281 2235 172 201
10Pb 3512 0520 0419 0049 1353 2271 2.02 3.36
15 Pb 3.431 0742 0414 0034 1933 2289 2.19 361
20 Pb 3.255 0987 0403 0025 2569 2331 3.08 4.90

Table 3: Optical band gap (E;), Urbach energy (E,), metallization criterion (M), steepness coefficient (S),
Electron-Phonon interaction (E,_,), refractive index (n), nonlinear optical susceptibility (x®) and nonlinear
refractive index, (n,) for all glass samples.
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IV.  Conclusion

In this study, five samples, with different concentrations of PbO with fixed ration of Sm,03; were
schemed in quaternary composition, were successfully prepared by melt-quenching technique. The amorphous
nature of samples approved by XRD measurement. Density was varied from (2.40 g/cm?)to (3.16 g/cm3) with
PbO content. This is back to the changes in the molecular weight. FTIR measurement examined the structural
units and the accompanied modulations resulting from the structural changes. A Gaussian deconvolution
process was utilized to compute the ratios of BO, and BO5 units. Additionally, the glass transition temperature
and delayed crystallization temperature were found to increase with PbO addition. The glass samples exhibit an
enhanced thermal stability required for working devices. The absorption spectra of all samples exhibit sixteen
absorption bands related to Sm3* ions. Such transitions were carefully assigned to 4f-4f transition of samarium
ions. There are four transitions [ ®Hs, = °F11/2, °Fo/2, °F7/2,and °Fs, corresponding to 1075,1223, 1366,
and 1470 nm] have relatively higher intensities. Such intensive peaks are promising for using in optoelectronic
and photonics applications. The absorption edges were found to undergo a red shift, reflecting a mitigated
optical band gap changed from 4.47 eV to 3.25 eV. Additionally, increasing the disorder in samples leads to
enhance the Urbach energy. Related optical parameters were precisely determined through the lead oxide
addition such as mitigated metallization criterion (0.473-0.403), mitigated steepness parameters (0.055-0.025),
and enhanced electron-phonon coefficient (12.05-25.69). The nonlinearity such as nonlinear optical
susceptibility, linear refractive index, and non-linear refractive index were increased reflecting a high suitability
to consider such samples as a decent contender for optoelectronic applications. Finally, the structure-property
correlation and its conceivable interplay through PbO doping, render these hybrid glasses as a decent material
for optoelectronic and optical devices realm.
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