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Abstract. Demand for rare earth ions (REIs) doped inorganic glasses have been ever-
increasing for diverse photonic applications. Synthesis of these glasses needs the appropriate
choice of suitable host matrices, modifiers, and REIs as dopants to improve their spectroscopic
traits. In this realization, a new series of magnesium-zinc-sulfophosphate glasses were prepared
with varied europium ions (Eu®") doping contents (0 to 2.0 mol%). Such melt-quench
synthesized glasses were characterized at room temperature by diverse analytical techniques to
determine their physical and optical properties. XRD pattern of as-quenched samples confirmed
their amorphous nature. Densities of the glass system were observed to increase from 2.540 to
2.788 g.cmwith the increase in Eu*" doping contents from 0 to 2.0 mol% which were attributed
to the generation of more bridging oxygen atoms and enhanced network compactness.
Photoluminescence (PL) emission spectra of glasses exhibited four characteristic peaks
positioned at 593, 613, 654 and 701 nm assigned to corresponding *Do—"Fo, >Do—'F2, *Do—"F;,
and Do—"F. transitions in Eu**, in which the intensity of the peak at 613 nm (red) was highest.
Emission intensities of all peaks were enhanced with the rise in Eu*' content up to 1.5 mol%
and quenched thereafter. It was affirmed that the physical and optical traits of these glass
compositions can be improved by adjusting the Eu®" doping contents. The proposed glass
compositions may be potential for the development of varied photonic devices especially for

eye safe solid-state red laser and fibre sensors.

1. Introduction

It has been established that the high solubility of rare earth ions (REIs) in the oxide glass host
matrix is beneficial for the improvement various properties of the host materials. Despite such
exceptional physiochemical properties of oxide glass hosts the low quantum efficiency, the
concentration dependent emission intensity quenching and small absorption coefficient of REIs doped
glasses limits their practical applications [1]. Trivalent europium ion (Eu*") display >Do—F; transition
(deep in red colour at 613 nm) in the presence of non-degenerate 'Fy (ground) and Dy (excited) states
[2]. Repeated researches revealed that incorporation of metallic nanostructures (with varied
morphologies and concentrations) into the glass system can significantly modify their structure and
physical properties, thereby influence the PL emission intensity of the phosphor. Energy efficiency,
environmental friendliness (devoid of mercury pollution), higher illumination, ease of installation and
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conveyance over incandescent fluorescent bulbs truly make glass based phosphors gifted materials [3].
For most of the REIs doped oxide glasses the spectroscopic properties are intensively studied to see
their feasibility for practical device applications. In this regard, the Judd-Ofelt (J-O) intensity
parameters (>, Q4 and Q) and radiative properties as well as the nephelauxetic ratio and the bonding
parameters were routinely calculated to support the measured spectroscopic and structural
characteristics.

Considering the abovementioned significant attributes of REIs doped phosphate-based glasses,
in this work we synthesized and characterized a series of (65—x) P,0s—20MgO-15ZnSOs—xEu,0;
glasses (where x was varied from 0.0 to 2.0 mol%) using melt-quenching method. As-synthesized
glasses were characterized using various analytical techniques to assess their physical and structural
properties. PL spectra were used to determine the emission cross-section. Besides, J-O intensity and
radiative parameters were calculated to complement the experimental spectroscopic data. The achieved
results were analysed, interpreted, discussed and compared. The proposed glass compositions with
improved optical traits were shown to be effective for the development of various efficient photonic
devices.

2. Experimental procedures

High purity phosphorus pentoxide, magnesium oxide, zinc sulfate, europium oxide and silver
chloride (purchased from Sigma Aldrich) were used as raw chemicals for the glass preparation. The
melt quenching method was used for the glass synthesis. Depending on the nominal glass composition,
these chemicals (without further purification) were weighed and placed in an alumina crucible before
being melted in an electrical furnace at 1100 °C for 90 minutes. Upon achieving the required viscosity,
the melt was dispensed onto metal plate and annealed at 300 °C for 180 minutes before being cooled
down to room temperature. The molar composition of glasses molar composition (65—x) P,Os—20MgO—
15ZnSO4—~xEuw:03 (x = 0.0, 0.5, 1.0, 1.5 and 2.0) were prepared using melt-quenching method. As-
quenched samples were coded as MZSPE(.0, MZSPE(.5, MZSPE1.0, MZSPE1.5 and MZSPE2.0
depending on Eu,O; contents. Synthesized glasses were cut and polished to achieve desired
transparency and uniform thickness for further characterizations.

The amorphous character of the as-quenched samples was confirmed using X-ray diffraction
analyses (Rigaku X-ray Diffractometer that used Cu-Ka radiations of wavelength, A =1.54 A) operated
at 40 kV and 40 mA, scanning angle (20) range of 10-80°, step size of 0.02° and resolution of 0.01°.
Jeol JISMeIT300LV (operated at 30 kV with 10 mm resolution) was used to record elemental maps and
EDX spectra. Absorption spectra of studied glasses in the range of 350-2500 nm (at resolution of £1
nm) were recorded by Shimadzu UVPC-3101 spectrophotometer.

3.0 Result and Discussions

3.1 Structural properties

Figure 1 shows the XRD pattern of two selected as-quenched samples (MZSPEOQ.5 and
MZSPE2.0). Complete absence of any characteristic structural long-range order clearly confirmed their
amorphous nature. It did not show any crystallization peak and revealed a broad hump at 25° which is
the character of glassy or amorphous system [4].
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Figure 1. XRD pattern of MZSPEQ.5 and MZSPE2.0 glasses.

Figure 2 and 3 depicts EDX spectra and EDX maps of the glasses ascertaining the presence of
right elements (Eu, Zn, Mg, O, S and P in Wt%) in the glass system and their regular homogenous
distribution within the disorder network, respectively. Appearance of sharp peak at 1.5 keV indicated
the existence of oxygen in the sample. The EDX maps of MZSPE2.0 glass depicted homogeneous

distribution of elements within glass system [5].
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Figure 2. EDX pattern of MZSPE2.0 glass.
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Figure 3. Elemental composition mapping in the MZSPE2.0 glass.

3.2 Optical properties

Figure 4 (a) and (b) shows the absorption spectra of synthesized glasses in visible and NIR
region, respectively. The former one (Figure 4 (a)) consisted of six peaks and the later (Figure 4 (b))
composed of two peaks which aroused from the ground state to excitation state transitions of Eu*. Six
visible absorption peaks centred at 360, 380, 394, 414, 465, and 531 nm corresponded to "Fo_’Ls,
"FoGa, 'F1-°Le, 'F1-°Ds, "Fo—°D2 and 7F1,°D; transitions in Eu®'. Besides the appearance of two NIR
peaks at 2091 and 2205 nm were allotted to ’F¢-."Foand 'F,-.”Fs transitions in Eu** [6] . Irrespective of
Eu®" concentration variation, the peak positions of all spectral transition remained unchanged which
was attributed to the weak crystal field interaction in the proposed glass system [7]. The occurrence of
inhomogeneous broadening in the absorption peak affirmed the disorder nature of the glass network.
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Figure 4. Absorption spectra of the glasses in the (a) visible region and (b) NIR region.

Table 1 presents the observed band position (cm™), their assignments and the bonding
parameters (B and 8) of studied glasses. By exploring the Eu** ligand bond, the nephelauxetic ratio in
terms of ligand field properties and the bonding parameter yields.

- (D
o= 1-p x100

B

with

b=£ @)

\%

a
where v. and v, denotes the respective energies (in cm™) of glass host for equivalent transition in aquo
and complex ions.

The Eu®* contents dependent variation in the average nephelauxetic ratios and bonding
parameters of glasses. lonic or covalent character among ligand and metal ion were verified using the
bonding parameter (8) demonstrating improve covalency of the synthesized glasses with values range
from (-0.000371 to 0.00726) as shown in table 1.

Table 1. Band locations (cm™), assignments and bonding parameters (B and §) of synthesized glasses.

Transitions MZSPE(0.5 MZSPEL1.0 MZSPEL1.5 MZSPE2.0  Aquo
"Fo—Ls 27777.8 27777.8 27472.5 276243 27670
"Fo—>Gy4 263159 26525.2 26246.7 26109.7 26620
"Fo—Ls 25380.7 254453 25316.5 25000 25400
F1—°Ds 24154.6 24178.6 24200.4 24120.7 24038
"Fo—°D2 21505.4 21551.7 21598.3 215054 21519
Fi—°Dy 18832.4 18761.7 18726.6 18761.7 19028
"Fo—"Fs 17006.8 16666.7 16611.2 16583.5 16638.9
p 1.000371  0.999957 0.995390 0.99274 1

8 -0.00371  0.000043 0.00461 0.00726 0
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Figure 5 displays the excitation spectra of a selected glass obtained at 613 nm. It consisted of
eight excitation peaks positioned at 364, 376, 381, 433, 463, 533, 593 and 613 nm assigned to the
transitions of 7F0—>5L10, 7F0—>5Lg, 7F0—>5L7 at 381, 7F0—>5L6, 7F0—>5D2, 7F1—>5D1, 7F1—>5D0 and 5D0—>7F2A
The peak appeared at 613 nm was more pronounced and hence selected for recording emission spectra
of prepared glasses ranged from of 550-720 nm [8].
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Figure 5 :Excitation spectra of MZSPE2.0.

3.3 Photoluminescence spectra

Figure 6 depicts the PL emission spectra of studied glasses which exhibited four significant
peaks centred at 593, 613, 654, and 701 nm. The most intense PL peak appeared at 613 nm (red) clearly
showed the potential of the proposed glass system towards solid state laser development provided the
stimulated emission cross-section of this transition is high [9]. To verify this argument, the oscillator
strength, J-O intensity and radiative parameter, stimulated emission cross-section and quality factor of
this emission transition was further calculated. Additionally, the band at 593 nm was allotted to the
magnetic dipole (MD) transition (*Dy—'F;) and the one at 613 nm was endorsed to the electric dipole
(ED) transition (*Do—"F) of Eu**[10]. The revelation of these two emission spectral transition in Eu*
was attributed to their separation into low phonon energy [11].
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Figure 6. Room temperature PL emission spectra of synthesized glasses.

3.4 Judd-Ofelt intensity and radiative parameters
This theory provides a way of ascertaining the spectral line of transition, fundamentally Judd-

Ofelt theory govern a set of parameters (t = 2, 4, 6), using absorption or emission spectra, in a least of
square fit difference. The limited transitions of "Fo and "F ground state to various excited state such as
5Dy, °D; and L of the transitions of europium ion in absorption spectra necessitated the use of emission
spectra for Judd-Ofelt analysis. The most important factor in J-O parameters is stimulated emission
cross section as a significant lasing material[13]. The higher simulated emission cross section makes
the material good potential for solid state laser application [14]. Intensity parameter ., are linked to
ligand field asymmetry around rare earth ion while Q4 are connected to rigidity and bulk properties of
ions medium. The nonexistence of Dy—"Fg transition disallowed omega 6 ( Q) to be found as such it
is taken as zero [15]. The intensity ratio (R) value of *Do—"F, and *Do—F decrease with proportional
europium ions concentration increase signifying high asymmetry and covalent bond atmosphere among
REI and ligands of oxygen.

s o) (3)
_[de‘/ _A4, ev; y n(n +2) o ”Ufnz
j ILdv 4, S,v. o’ '
where parameters Q are evaluated from the intensity ratios of transitions and vj wavenumber of
transitions
n (n2 +2 ) ’ )

9n’
where n is refractive index.

The intensity ratio is often used in determining the host material quality providing symmetry
information around Eu** covalency, higher R (R > 1) signifies lower symmetry while (0 <R < 1)
characterize higher symmetry. Table 3 shows the R rate of MZSPE glasses where R values decrease
and then subsequently increase from 4.012 to 2.96 but the R value of 4.012 shows high laser potential
of the glass material [16]. Table 2 compares linear trend of Judd Ofelt parameter values with that of
existing literature where The MZSPEOQ.5 glass exhibited highest value of €. The Q; values decline
from 14.4 x10° cm? to 10.7x10"% cm? with RE increase from 0.5 mol% to 2.0 mol% largely
attributed to generation of bridging oxygen. The reduced Q, values increases the ionicity of the glass
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system thus having more network symmetric structure in relation to others reported but MZSPE2.0
increases showing high covalency totally incoherent with nephelauxetic ratio.

Table 2. The Judd-Ofelt intensity parameters comparison with different glasses.

Glass code Q, Q4 Trend Ref.
MZSPEu0.0 144 1.26 Q> Qu Present work
MZSPEul.0 107 2.52 Q> Qy Present work
MZSPEul.5 11.3  2.23 Q> Qy Present work

MZSPEul.75 11.2 1.83 Q> Qy Present work

MZSPEu2.0 126 2.10 Q> Qu Present work
Lithium fluoroborate  6.60  3.50 Q> Qy [17]
Oxyfluoroborate 345 2093 Q> Qy [18]
telluroborate 554 109 Q> [19]
Silicate 423 1.04 Q> Qy [20]
phosphate 119 3.8 Q> Qy [21]
Germanate 481 141 Q> Q4 [47]

Table 3. Compared transition ratio intensity (R) of >Do—"F to *Do—'F; of MZSPE glasses.

Glass composition R=Dy—'F, Ref.
5D0—>7F1
MZSPEO0.5 4.01 Present work
MZSPE1.0 2.98 Present work

MZSPEL1.5 2.96 Present work

MZSPE2.0 3.15 Present work
PKSAEU10 4.43 [15]
PAZE20 2.55 [16]
KBZFB 2.7 [22]
EFBA 0.7 [23]
KLA(POs)4 1.659 [24]

Table 4 depicts results of transition probabilities (Ara), branching ratios (Br), stimulated emission cross
section of excited state, optical band width and optical gain width of Dy—’F, for Eu** in various
concentrations. The important parameter for laser design that characterize prospect of achieving
stimulated emission in all the transitions[25]The above 0.5 value of branching ratio symbolises potential
laser transition within the glass medium, cross section informs a possible laser potential which shows
energy excitation rate from the lasing material estimated from emission spectrum [26]. Intensity
parameters follow trend which indicates structural changes in europium (III) ion surrounding (short
range effects) and covalent nature dominancy, whereas 4 is correlated to bulk properties like
inflexibility and viscosity[27]. Superior intensity of parameter (), suggest hypersensitive transition
SDy—’F, transition indicating Eu’" ions are situated around extremely polarizable chemical
environment around the REIs [28]. High numerical value of Q; signifies great symmetry and covalency
character of Eu** ions ligand bond which shows improved homogeneity of converse parity electronic
composition liable for spectral intensity discrepancy [29].
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641"’ n(n2 + 2) ©)
Aed = Sed
3h(2J +1) 9

From equation 5, where (Aed) represent electric dipole and ( A”d) represent magnetic dipole

transition probabilities
ﬂ — Arad (6)
Z Arad

ﬁ,is the fluorescence branching being the ratio of radiative transition probability to total radiative

transition probability to all levels.
1 (7N

2 A

the calculated radiative lifetime, 7.,; of an emitting state is related to its total radiative transition

2—cal =

probability to all sublevels

Table 4. Fluorescence branching ratio (Br,), Radiative transition probability (Arad,s™),
emission band position (Ap,nm), total radiative transition probability (Ats™), calculated
lifetime (Tca,ms), emission cross section (6x102? cm?) emission cross section (6x1072% cm?),
gain bandwidth (cxFWHMx10"2° cm?) and optical gain (6XTcax10% cm? s™!) for (65 —
x)P205 20MgO 15ZnSO4—x Euz03

Transition Parameter MZSPEu0.5 MZSPEul.0 MZSPEul.5 MZSPEu2.0

SDo —7Fy Ap 591 591 591 591
Araa 181.76 181.634 179.994 178.30
Br 0.196 0.235 0.228 0.212
c 4.78 4.765 3.81 3.78
oxFWHM 0.613 0.613 0.607 0.602
X Teal 5.154 6.16 4.84 4.49

SDo —7F, Ap 615 615 615 615
A 715.74 531.417 437.66 612.709
Br 0.771 0.687 0.687 0.729
c 18.64 13.860 0.15 16.9
oxFWHM 2.815 2.09 2.18 241
X Teal 20.09 17.9 19.1 20.2

Do —7F4 Ap 701 701 701 701
Anrad 30.39 60.74 373.47 49.562
Br 0.033 0.079 0.079 0.59
c 2.04 40.2 3.25 3.03
oxFWHM 0.202 0.404 0.354 0.33
GXTeal 2.20 5.20 4.25 3.6
Ar(s™h) 927.89 773.795 788.629 840.57
Teal (MS) 1.077 1.292 1.268 1.189
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4.0 Conclusion

For the first-time optical properties of Eu*" doped magnesium-zinc-sulfophosphate glasses
were experimentally measured and then analysed using J-O theory. Photoluminescence emission
spectra were used to evaluate the J-O intensity and radiative parameters. The ligand interaction in the
glasses exhibited strong ionic character regardless of Eu** contents from (-0.000371 to 0.00726). REIs
clustering induced PL intensity quenching was evidenced in MZSPE2.0. Excellent radiative properties
such as branching ratio in the range of 0.687 to 0.771 and emission cross section ranging from (0.15x10
22 cm? — 40.2x10% cm?) shown by the proposed glasses confirmed their effectiveness as laser active
medium. Coherent trends in the J-O intensity parameters ({>€) indicate its potential for laser
applications.
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