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Abstract

In this paper, a neodymium-doped Lead-Phosphate-Zinc glass system is prepared using melt—quenching technique. The samples
are prepared using the nominal composition (70-x) P203-25Pb0O-10Zn0-(x) Nd203, where x =0, 1, 1.5, 2, and 2.5 mol%. With
increasing Nd203 content, the produced glasses' density and molar volume were evaluated. The absorption transitions from the
ground state 419/2 to the different excited states were assigned using UV-Vis spectroscopy. The emission transitions from 4F3/2
ground state to 419/2, 419/11, and 419/13 excited states were measured using a spectrofluorometer; using Raman spectroscopy,
the structure of the glasses samples was discussed. The Judd-Ofelt theory estimated the intensity parameter and the optical
transitions of Nd3+ ions. The analyzed J-O intensity parameters followed the pattern Q2 > Q6 > Q4. The lifetime values show
that the glasses are suitable for laser applications. In addition, the findings show that the current glasses samples are good
candidates for optoelectronic applications, especially in the optical communication band at 1064 nm.
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1. Introduction

Recently, Rare earth oxide materials (RE’O) have
been essential dopants for other materials like glass.
RE’O materials are necessary for their use in various
applications, such as display devices, sensors, optical
fibers, optical amplifiers, and telecommunications [1].
Among RE’O, Neodymium (Nd3+) is essential in
fabricating laser materials due to its broad emission
cross-section in the infrared spectral region and strong
absorption in the visible region. Choosing the host
glasses materials is essential in tailoring the preferred
optical properties for specific applications. Borate [2],
Phosphate [3,4], Silicate [5], and Telluride [6] glasses
were employed as host materials for investigation or
to produce targeted optical properties. In contrast, I.
Koth et al. [2] investigate the effect of adding
(strontium oxide SrO and tungsten oxide WO3) to
Borate host glasses. A.A. EI-Maaref et al. [4] studied

the optical and radiative properties of Phosphate
glasses host material in the presence of (Zinc oxide
Zn0 and Sodium Carbonate Na2CO3. Y. Zhang et al.
studied the infrared emission from Telluride glasses in
the presence of (ZnO and Calcium oxide CaO) [6].
Researchers used different host materials and added
serval modifiers to improve the resultant optical
properties, especially for producing infrared emission
from the Nd3+ ions doped glasses. Most results
concentrate on near-infrared (NIR) quality around
1064 nm.

Using Lead oxide (PbO) as a former or modifier
usually concentrate on different kind of radiation
shielding [7-11], photon attenuation [12], and
electromagnetic ray absorber [13] applications. The
role of PbO depends on its %mol content in the glasses
mixture and the type of bonding between oxygen and
Lead [14]. It was discovered that Pb2+ ions occupy a
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position between P-O-P layers in PbhO-P205 glasses
beside the presence of the P=0O group in the
polyhedron of the lead [8]. On the other hand, adding
ZnO as a glass modifier due to its wide band gap may
control the optical properties of the glasses and
increase its chemical stability due to the formation of
f P—-O—Zn ionic bond [15-17].

Recently, Judd-Ofelt (J-O) analysis was wildly
used to predict some optical parameters of glasses
materials.  Applying this analysis to the glass
parameters obtained from the absorption data leads to
estimating the intensities of different allowed
transitions. Q 2,Q 4,and Q 6 are the three intensity
parameter obtained from J-O calculations. 2, gives
information about the effect of the surrounding
environment on the RE’O [18,19]. Q 2 and Q 4, both
give information about the rigidity of the glasses
[2,20-24].

In the present work, PbO and ZnO first modified
phosphate glasses, and then they were doped with
Nd203. This was done to evaluate the host glass's
influence and its modifiers' influence on the optical
characteristics, particularly the emission at 1064 nm
for Photonics materials candidates.

2. Experimental work

2.1. Samples preparation

Nd>Os; was purchased from (Sisco Research Lab.
India), while P,0s, PbO, and ZnO from (Laboratory
Rasayan Sd Fine Chem. Limited). The sample
preparation was described elsewhere in the group's
previous work [25]. The chemicals were used in
powder form as received without further purification
in a typical preparation method.

For the preparation of the glass samples, the melt-
quenching technique was used. To get a high level of
homogeneity, the mixes of the precursors, each
weighing 35 g, were carefully combined in porcelain
crucibles before being placed in an electrical furnace
set to 1100 =10 °C for one hour. During this time, the
melt was rotated once every 30 minutes. The molten
metal was poured into a mold made of a custom-
designed stainless steel template that measured 4 cm,
9 mm, and 9 mm. The mold was then sintered for thirty
minutes at 300 °C Celsius. After completing the last
step, the samples were allowed to reach room
temperature at a pace of thirty degrees Celsius each
hour. Six samples were named Nd1 to Nd6 in addition

Egypt. J. Chem. 67, No. 2 (2024)

to the base sample. All samples were polished and kept
for further investigation.

2.2. Molar and Volume Density calculations

The glass density, denoted by the symbol (p), was
determined using the Archimedes technique, assuming
that the density of xylene liquid is equal to 0.863
g/lcm3. The mutual glass density approximates the
molar glass volume or Vm. The experiment was
carried out several times, and a record of the density's
average value was kept each time. T

2.3. Uv-Vis- NIR Absorption measurements

The optical absorption Spectra for the studied
samples were carried out using JASCO (Japan)
spectrophotometer Model V-770 UV-VIS-NIR
spectrometer at room temperature. The spectra were
measured from 300 nm up to 2750 nm.

2.4. Emission spectra measurements

The emission spectra for selected samples were
carried out using a Spectrofluorometer (Model FS5,
Edinburgh  Instruments, UK) equipped with
Fluoracle® software from 800 nm to 1600 nm, using
532 nm excitation wavelength.

2.5. Raman scattering analysis

Confocal micro Raman microscope OXFORD
(Witec-Germany) Model Alpha 300 equipped with
Nd-Yag laser of variable power output and control five
software was used to record the Raman scattering
spectra for four samples, the base, Nd1, Nd3, and Nd6.
532 nm excitation wavelength was used during
measurements with 30 mW laser power in the spectral
range from 100 cm-1 to 2500 cm-1.

3. Results and Discussion

3.1. Density and molar volume calculations

The sample density is calculated using Archmidis’s
method from the following equation:

P=Wair/(Wair'nylene) X Pxylene (1)
Where Wair and Wiyiene are the weight of the sample in
air, and the weight of xylene, and pxyiene iS the density
of xylene (0.863 g/cm3).

The Molar volume of the sample is calculated using
the equation:

V_M=M/p 2
N_i=(xpN_A)M 3)
R=(1/N_i )*(1/3) 4
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Where M, Ni, and R are the molecular weight, the
concentration of Nd»Os; and the mean Nd* ions
separation.

The Calculated density and Molar volume of the
samples under investigation were illustrated in Table
(1) and Fig. (1), where it can be noticed that there are
inversely proportional between the density and the
Molar VVolume. That means the ionic groups are firmly

connected, and the sample has high compactness [26].
Due to the higher molecular weight of the Nd20=
(336.477 g.mol-1) rather than the P205 (141.943
g.mol-1) and also the of the Nd3+ ionic radii, the
increase in RE’O in the sample gradually produces
more non-bridging Oxygen which leads to applying
the modification to the glass network [27].
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Figure (1). The changes in Density and Molar Volume with the Nd203 % mol

3.2. Optical Absorption

The data from the optical absorption experiments
are shown in Figure (2). Figure (2-a) represents the
range that extends from 200 nm to 1000 nm, and

Figure (2-b) represents the range that extends from
1000 nm to 2750 nm. The range was broken up into
these two figures for transparency. The optical
transitions seen in absorption spectra are caused by the
excitation of the “lg;2 ground state.

Table 1: The mole fraction, glass density, p, molar volume, Vm, Nd3* ion concentration N, and mean Nd®* ion separation, R

for the studied samples.

Composition 0 Vm
[0) 3 20
Glass mol.% (gmicm?) +0.04 (n:gl(.)cg;) N X10 R(nm)
P20s PbO ZnO Nd203 T
65.95 24.47 9.58 3.999 63.524 0 0
Nd 0
Nd 1 65.64 24.35 9.54 0.47 4.0122 63.409 0.88 225.09
Nd 2 65.34 24.24 9.49 0.93 4.0238 63.321 1.75 178.85
Nd 3 65.04 24.13 9.45 1.38 4.035 63.235 2.61 156.41
Nd 4 64.74 24.02 9.41 1.83 4.046 63.150 3.47 142.26
Nd 5 64.45 23.91 9.36 2.28 4.057 63.066 4.33 132.20
Nd 6 64.16 23.80 9.32 2.72 4.069 62.983 5.18 124.54
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Table 2: Absorption transitions for studied glasses samples

From *lez — To Wavelength (nm)

‘D 320
4Ds2+*D3r2 320
4Dsj2+D3p2 352
P 428
2Gap+*Gop+*Kisr 472
4G 522
4Gspt+*Grp 580
SHi1p 628

“For 682
F712+4S3n 744
Fs+*Hor 802
4Fap 874

s 1608

41 2436

Several sublevel excited states[27], described
in Table 2, along with the wavelengths that
correspond to them [28-33]. The line 419/2 —
4G5/2+4G7/2 is the hypersensitive transition
(HST) [4,29], occurring when 419/2 is excited to

Abs. (A.U)

Wavelength (nm)

4G5/2+4G7/2. When there is a greater
concentration of Nd3+ in the samples, there is a
corresponding rise in the relative intensity of all
transitions.

Abs. (A.U)

0.0 T T T T T T
1000 1250 1500 1750 2000 2250 2500 2750

Wavelength (nm)

Figure 2: Optical absorption transitions in the range (a) from 350nm to 1000 nm and (b) from 1300 nm to 2800 nm.

3.3. Optical band gap estimation
Investigating the primary absorption edge in the

UV-Vis range may acquire information regarding
electronic band structure, optical transitions, and optical
band gaps in amorphous materials. Glasses undergo both
direct and indirect optical transitions as they approach
the edge of their UV absorption spectrum. By absorbing
energy from electromagnetic waves more significantly

than the band gap energy, electrons that are now in the
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valence band have the potential to be stimulated into the

conduction band. That results in indirect transitions. The

band gap energy is calculated by equation [20,21,34] :
() = pexp (12) ®)

Figure (3) represents Tauc’s plot to illustrate the
indirect gap for three samples Nd1, Nd3, and, Nd6,
predicted from the extrapolation of the straight line of the
relation between the photon energy (eV) and In(ahv)°>.
The range of change in the indirect band gap with
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increasing the Nd3* concentration is from 3.25 eV to 3.37
eV.
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Figure 3: The Tauc’s graph represents the indirect
allowed transition for the selected glass sample.

3.4. Raman spectroscopy analysis
Phosphate glass has a characteristic Raman spectrum, as

seen in Figure 4. Phosphate glasses are characterized by
a structure that mostly contains QF groups of POas
tetrahedral (where n is the number of bridging oxygens
excite in each PO4 tetrahedron) [35]. Previous studies
divided the Phosphate Raman spectrum into two main
sections. The first is located at 700 cm™ and around
wavenumbers [36]. The attribution of these peaks is due,
in general, to the binding stretching of the phosphate
units [35]. The second section is at 1200 cm* and around
wavenumbers [37]. This region is attributed to the P-O
stretching vibrations [35,36]. The Raman data of the
studied samples are represented in Fig. 4. Five main
bands are observed in the Base sample (Nd=0). The band
at 327 cmt is attributed to POz bending O-P-O bending
motion [35-37]. By increasing the Nd3* ions, this band
shifted to 335 cm™. The addition of Nd®* ions results in
the de-polymerization of the phosphate glass network.
This occurs due to the change of Q3 structural units into
Q3 structural units and finally into Q3 structural units.
The band at 495 cm™ is endorsed to O-P-O bending
vibrations units, v(PO2) modes of (P03 )" chain groups
[35]. The band at 694 cm™ has been related to the
symmetric stretching of P—-O-P links in both Q3 and Q3

building structural units. The band at 1163 cm! is due to
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PO2 non-bridging oxygen symmetric stretching in Q2
units (vs(PO2)) [29,35,36,38]. This sharp and clear band
has two shoulders. The left is located at 1066 cm-1,
corresponding to the symmetric stretching of non-
bridging oxygen of PO2 in Q! building units. The right
shoulder is located at 1230 cm™ which is attributed to the
POs group asymmetric stretching vibrations [29,35,38].
The strong and broadband at 1918 cm! detected in the
spectra of all glasses contained Nd3*, and its intensity is
increased with the concentrations of Nd3* ions. This
band doesn’t observe in the base sample, and there is no
certain assignment, so it needs to be clarified and
discussed. This band introduces a strong evidence of the
effect of the Nd** on the structure of the glass
network[40].

1400 - 1164

—— Base
—— Nd1

1200

1000

Int. (A.U)

T T T T T T
400 800 1200 1600 2000 2400

wavenumber (cm)

Figure 4: Raman spectra of glasses with different

Nd203 concentration.

3.5. Emission Spectra for the Glasses
Figure (5) shows the emission spectra for Nd1, Nd3

and Nd6 samples in the spectral range from 800 nm to
1600 nm using the Yag laser line at 532 nm. The spectra
represent the emission intensity as a function of Nd%*
concentrations. Three main transitions were observed
owing to the transitions from #Fs;2 ground state to *lg
(808 nm), *lgi11 (1064 nm) and *lgnis (1385 nm) excited
states and reported in previous work [33,41,42]. The
transition corresponding to “Fsp—*lg11 is the most
intense in the measured spectral range, and its intensity

increases by increasing the Nd®* ions concentrations.
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Figure 5: Emission spectra for Nd1, Nd3, and Nd6
glasses samples

3.6. Judd-Ofelt analysis

The (J-O) analysis can discuss whether the
lasing is achievable and investigate the optical
parameters that glasses provide. The radiative
transition probability of Nd** ions was obtained by
employing the J-O analysis to calculate the
intensity of transitions in the current studied
glasses using the J-O intensity parameters Q,, Qu,
and Qs, which depend on the host glasses
materials. The results of this calculation were then
used to estimate the radiative transition
probabilities of Nd®* ions. The absorption bands
are connected to the movement of electric dipoles
and result from the electronic transitions between
4f —4f [4,33,41] . The oscillator strength, denoted
by fexp, is an indication of the intensity of the
absorption transition and is measured by [2]

mc? 0D(A)dA
fexp = 2303@_{7 (6)

where I m, e, ¢, N and OD()) are the thickness of the
sample, m is the mass of the electron, e is the charge of
the electron, c is the speed of light, N is the number of
active ions per unit volume and OD(}) is the optical

density.
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The oscillator strength predicted by the (J-O) theory (fcal)
for an electron to move from its ground state (S, L)J] to
its excited state(S’, L")]’, where the expression for J', is
a function of the (J-O) parameters Qz, Q4 and Qs, is
calculated using the formula [2,21]:

Cror piyg . 8mime (n?+2)?
fcal[(SlL)]' (S ,L )] ] - 3hA(2]+1) on

Tacaas 2|, DU, ) (7)

Where, (||U%||}is the second order reduced of Weber
tensor.

The mean square method fitting (r.m.s) may apply to the
Uv-Vis absorption data to predict the (J-O) parameter
intensities related to the Nd®* conveyances. Using this
method produces fitting accuracies regarding fexp and fea,
which may be approximated using the relation [21]:

1
( calc™ meus)z 2
r.m.s.= [Zp% : (8)

The parameter P denotes the detection quality of the
absorption transitions.

Table (4) illustrates the calculating and experimental
oscillator strengths f,,,, and f,; for the (J-O) parameters
Q2, Q4 and Qs at each absorption transition beside the
(r.m.s) approximation values. The results obtained from
Table (4) indicate that the transition at *lo — 4Grr2 is the
most intense absorption transition, which agrees with
measured absorption spectra by Uv-Vis data in Figure
(2) £ 3 nm. In addition, the trend in the (J-O) is
(Q2>Q6>Q4) by means that the absorption transition is
highly affected by the surrounding host glasses materials

and has a good rigidity [21].
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Figure 6: Estimated absorption cross section and Emission cross sections for the current studied glasses samples
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Table 4: Measured and calculated absorption line strengths and J- O parameters Qi of Nd3* in (P20s-PbO-Zn0O-Nd203) glasses.

T iti Wave- £ Nd 1 Nd 2 Nd 3 Nd 4 Nd 5 Nd 6
Z?SZSI—LOH Iength (Qﬁ,‘r?)y fexp | fcal fexp I fcal fexp | fcal fgxp | fcal fgxp | fcal fexp I fcal
(nm) 1020 cm? 1020 cm? 1020 cm? 1020 cm? 102 cm? 102 cm?
1312 2496 4005 4.5505 3.7032 3.0076 | 2.4973 2.1342 1.8367 1.65 1.6333 1.4475 1.412 1.3236 1.2985
152 1644 6080 0.6657 0.3713 0.3282 | 0.25 0.2415 0.1834 0.2277 0.1621 0.1992 0.1399 0.1799 0.1287
“Fap 867 11527 0.6886 0.2004 0.4804 | 0.67 0.4233 0.0361 0.4717 0.2013 0.4326 0.209 0.4039 0.1986
“Fs2 795. 12573 1.7423 2.618 1.3013 | 1.8327 1.0662 1.4344 1.177 1.4453 1.0885 1.2846 1.0085 1.1878
“Sap2 742 13460 1.5696 1.9228 1.1189 | 1.2954 0.9423 0.951 1.0575 0.8424 0.9703 0.7276 0.9062 0.669
“Fop 673 14854 0.176 0.3452 0.1189 | 0.235 0.1033 0.1778 1.135 0.1661 0.1035 0.1454 0.0965 0.1341
2Grp 576 17333 2.5457 2.2908 1.7981 | 1.5863 1.5947 1.4036 1.7788 1.5708 1.6307 1.4325 1.525 1.3385
‘G 525 19018 1.5399 1.8724 1.0196 | 1.2995 0.8819 1.1366 0.9663 1.2622 0.8811 1.1489 0.8205 1.0726
Q> 33.8005 22.6147 18.8517 19.2210 17.2285 16.0555
(10%° cm?)
Q4 2.8371 1.6141 0.8119 0.212 0.1918 0.1859
(102 cm?)
Qs 8.2062 5.5250 4.0521 3.5809 3.0911 2.8417
(10°° cm?)
r.m.s. 0.7336 0.4509 4.0521 0.5031 0.2301 0.2161
(10°° cm?)
and,
Using the estimated J-O parameters €,, Q, and Q,, many other parameters such as , A0
the lifetime of radiation (), the branching ratio (8,.), the absorption cross section 0. = AU (11)
(o4ps), the emission cross section (o,.,is), Electric (SED) dipole strength, electric and,
(AED) and magnetic (AMD) and radiative transition probabilities may evaluate from ; P
the equation: Temis(A) = Gaps (1) 7-exp [IKT] (12)
AT = 5o M S aae LN DU, L (@) e
' 3hAP@/+D 9 - ' ' Oaps(A) = 2.0303 222 (13)
Where, N

1

Trad = A0 (10)

Egypt. J. Chem. 67, No. 2 (2024)
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Table 5 Electric (Sep) dipole strength, electric (Aep) and magnetic (Amp) radiative transition probabilities, branching ration

(), and radiative lifetime (zr) for Er-doped zinc-borate glass.

121

Transition Sep x 1020 Aep Awmp
Glass symbol o — (cm?) (s) sY) B 7 (Ms) n
4l 3.7032 22.087 0.000 0.6757 30.5941 1.33666
4l1sp 0.3713 12.139 0.000 0.2182 17.9789 157101
“Fap 0.2004 239.970 0.000 0.1059 0.4412 1.69651
Nd 1 “Fsp2 2.6180 2781.382 0.000 0.7379 0.2653 1.70763
4S31 1.9228 3831.543 0.000 0.4588 0.1197 1.71635
“Far 0.3452 380.446 1522 0.0854 0.2236 1.72916
2Gyp 2.2908 5266.600 0.261 0.1783 0.0338 1.75251
e 1.8724 5662.139 2.259 0.1085 0.0192 1.77117
g 2.4973 18.630 0.000 0.6677 35.8404 1.43848
152 0.2500 9.784 0.000 0.2132 21.7950 1.65949
“Fap 0.0670 94557 0.000 0.0489 0.5171 1.78017
Nd 2 “Fsp2 1.8327 2292.263 0.000 0.7306 0.3187 1.79109
4San 1.2954 3037.103 0.000 0.4678 0.1540 1.7997
“Fgp 0.2350 304.542 1.753 0.0844 0.2757 1.81242
2Gyp 1.5863 4284.315 0.300 0.1821 0.0425 1.83584
4G 1.2995 4614.958 2.595 0.1116 0.0242 1.85475
4l 1.8367 13.788 0.000 0.6539 47.4220 1.44219
4152 0.1834 7.299 0.000 0.2102 28.7943 1.66812
Fap 0.0361 52.044 0.000 0.0323 0.6203 1.79091
“Fsp 1.4344 1832.181 0.000 0.7224 0.3943 1.80196
Nd 3 1S3 0.9510 2277.339 0.000 0.4545 0.1996 1.81066
“Far 0.1778 235.313 1.785 0.0839 0.3539 1.8235
2Gyp 1.4036 3873.204 0.305 0.1899 0.049 1.8471
4G 1.1366 4124.856 2.643 0.1160 0.0281 1.86613
i 1.6333 12.643 0.000 0.6444 50.9683 1.45632
4115 0.1621 6.613 0.000 0.2066 31.2339 1.68039
“Fap 0.2013 296.655 0.000 0.1654 0.5576 1.80251
“Fspp 1.4453 1887.666 0.000 0.7066 0.3743 1.81353
Nd 4 4S3 0.8424 2062.661 0.000 0.4509 0.218 1.82222
“Far 0.8424 2062.661 0.000 0.4509 0.218 1.83506
2Gyp 1.5708 4431.166 0.311 0.2019 0.0456 1.85869
4G 1.2622 4682.561 2.692 0.1239 0.0264 1.87777
4 1.4120 11.685 0.000 0.6375 54.5516 1.48744
41512 0.1399 6.029 0.000 0.2039 33.825 1.70781
“Fap 0.1399 6.029 0.000 0.2039 33.825 1.82872
“Fsp2 1.2846 1764.264 0.000 0.7032 0.3986 1.83974
Nd 5 4San 0.7276 1873.175 0.000 0.4498 0.2401 1.84845
“For 0.1454 206.883 1.899 0.0815 0.3906 1.86135
2Gyp 1.4325 4249.138 0.325 0.2042 0.0481 1.8852
4G 1.1489 4482.394 2.809 0.1254 0.0280 1.90453
4l 1.2985 11.467 0.000 0.6338 55.2726 151792
4152 0.1287 5.847 0.000 0.2024 34.6099 1.7348
“Fap 0.1986 323.244 0.000 0.1948 0.6026 1.85458
“Fs 1.1878 1713.635 0.000 0.7024 0.4099 1.86559
Nd 6 1S3 0.6690 1809.032 0.000 0.4494 0.2484 1.87432
“Far 0.1341 200.436 1.979 0.0816 0.4029 1.88729
2Gyp 1.3385 4170.704 0.338 0.2046 0.0491 1.91137
4G 1.0726 4396.603 2.928 0.1256 0.0285 1.93097

Using the calculated absorption cross section (o)
and the emission cross section (g.;,;), the gain
coefficient (044, (4)) could be estimated using the
following equation [21]:

O_gain(/l) = P Oepis (/1) - (1 - P)O-abs(l) (14)
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where P is the population inversion factor, where the
gain cross section function was estimated by applying
different population inversion values from P = 0 till P
= 1in 0.1 increasing steps and is presented in Figure
7, the function produced intensity increase gradually
with the increase of the population inversion factor.
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Figure 7: Gain coefficients o 4, as a function of
wavelength for the studied glasses samples

4. Conclusion
The nominal glasses with the targeted composition

were successfully prepared. The optical absorption in
UV-Vis range denoted transitions from the “Fsp»
ground state to several excited states with (HST) at
about 580 nm, which is confirmed by the estimated
oscillator strength calculated by J-O analysis. The
Raman shift reveals four bands associated with the
vibration of the structural groups of the glasses. The
strength of the peak at 1981 cm™ increases with an
increasing amount of Nd** ions present but cannot be
pinpointed to a particular vibration and so needs to be
investigated and clarified. The emission data collected
show a significant transition at 1064 nm, which is
utilized in the devices wused for optical
communications and optoelectronics applications. The
J-O intensities characteristics have a Q, > Qg > Qq
trend, which agrees with  previous research.
Additionally, the lifetime and branching ratio results
support the recommendation of using the current
glasses samples in optoelectronics and optical
communications.
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