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Abstract: Series of glass composition (80,05 -30 ZnO —X) Th,0s; where x= 0.5, 1.0,
1.5, 2.0, 2.5 and 3.0 mol % are prepared by conwaait melt quenching technique. X-Ray
Diffraction (XRD), FTIR, UV-Vis-NIR and the photofinescence (PL) spectroscopy are
used to characterize the physical, structural gptecca behavior of the glass sample. The
XRD pattern confirms the amorphous nature and D€&Afied the thermal stability of all the
glass samples. Glass with 1.5 mol % oft@bpossesses the highest thermal stability. Glass
density is found to increase proportionally witltrieasing amount of Phwhile the molar
volume behaves reversely. Six main IR absorptiomdbacentered at about 540, 748, 891,
1085 and 1294 citare evidenced. The UV-Vis NIR absorption spectexeals the
absorption center band at about 540, 376, 488 888 hm corresponding to the absorption
from “Fs ground state to various excited state ofTibn. The optical band gaps for direct
and indirect transition are in the range 4.53 -%eb7and 4.30 eV-4.56 eV respectively. The
Urbach energy decreases with the increasing comatemt of ThOs;. The PL emission
spectra reveals several prominent peaks at 413,4635 488, 540, 585 and 620 nm due to
electronic transition froniDs— ‘Fs, D3 = 'Fs, °D3— 'F3, Dy — 'Fg, *Ds— 'Fs, Dy — 'Fs

and’D,4 — 'Fs respectively.
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1.0 Introduction

Recently research on glass has potential to dewelopw interest in material engineering.
Choosing appropriate glass host is favorable kéy irothe luminescence properties along
with physical and optical of active ions [1,2]. Bpbate as a glass host creates many
advantages owing to its unique properties [3,4}. iRstance high thermal expansion for
sealing glass purpose, melt at low temperaturesgssshigh ultraviolet (UV) and far infrared
transmissions for optical data transmission appibn [5—7]. Besides that, phosphate glasses
are excellent materials to accommodate with othedifier such as oxide materials and rare
earth ions [8,9]. The of the network modifier’Zaltered the phosphate glass structure by
forming non-bridging oxygen (NBOs) and improved ttteemical durability of phosphate
glass [10].

The photoluminescence characteristics of earéhs doped into various kind of hosts have
been extensively studied in the past due to itsewahge of its application such as optical
data storage and medical treatment [11] .This gkasscognized as fascinating materials due
to the f—f transition lies on the visible and nedrared (NIR) region [12]. The unique
properties of lanthanide ions assigned them as niesecent indicator group for laser
development [13]. Among all lanthanide ion, progres research has been focus on
producing green laser by Erdoped glass pumped with Quén laser diodes [14]. However,
the up-conversion process results in energy lostngn radiative relaxation process and
consequently decrease the efficiency of the sygteésh Trivalent rare earth ions such as
terbium ion, TB* display efficient green emission, when doped wttosphor material [16].
The efficient of green laser of the *Ttare due to transition frofD, and’Ds excited states
with large gap between the energy level assistgdtmtive transition substantially easily
produced laser output [17]. In sequence, optimuntentration are important to emphasized
in order to avoid from quenching and enhanced l&@fl8]. Furthermore the luminescence
enhancement and quenching are crucial to discusdedfly.

Hence, this paper reports the effects ofOglbcomposition variation on the physical,
structural and optical properties of binary zincogbhate glasses. Seven samples of zinc
phosphate glass doped terbium were prepared wiihtien concentration of X3 range
from 0.0 mol % to 3.0 mol %. The functional groyp®sent in the glass system are well
explored. The thermal properties are paramounhdaate the glass stability. Besides that,
the energy band gap and Urbach energy refractideximand polarizability are used to

describe the optical behavior of the glass. Finale radiative properties responsible for



enhancement of Phare briefly discussed.

2.0 Experimental

2.1 Glass preparation

Series of glass composition (&D+,0s -30 ZnO—(x) Th,O3 wherex = 0.0, 0.5, 1.0 1.5, 2.0,
2.5 and 3.0 mol % are prepared using conventior@t quenching method. 15 g of glass
constituents contain analytical grade powder ;R Sigma Aldrich 99.99%), ZnO (Sigma
Aldrich 99.99%), ThO3; (Sigma Aldrich 99.99%) are mixed together in therana crucible
and melted in a furnace at 1100°C for 1 hour 30uteie. Once the required viscosity is
achieved, the melt is poured into a steel plateaamaled at 300 for 4 hours to assure the
release of stress. The transparent glass sampeoied down to room temperature and
polished to a surface with 1 mm x 1 mm dimensiomgi® diamond paste. The nominal

compositions of samples are listed in Table 1.

Table 1: Nominal compositions of s — ZnO - Th,0O3 glass

Sample Glass compositions (mol %) Remarks
P,Os ZnO ThyO3

PZTb 0 60.0 40 0.0 Transparent
PZTb 0.5 59.5 40 0.5 Transparent
PZTb 1.0 59.0 40 1.0 Transparent
PZTb 1.5 58.5 40 1.5 Transparent
PZTb 2.0 58.0 40 2.0 Transparent
PZTb 2.5 57.5 40 2.5 Transparent

PZTb 3.0 57.0 40 3.0 Transparent




2.2 Glass characterization

The XRD spectra are recorded using X-Ray diffragtmn (Model: PAN analytical
X’'PertPro) with Cuk, monochromatic radiation sourck=(1.54187 A) at 40 kV and 30 Ma
in 20 range of 10°C Scanning). The UV —Vis NIR absomptineasurement in the range 200
nm — 2000 nm are carried out using Shimadzu spectropmeter (Model: UV -3101 PC
Scanning). The energy band gap and Urbach enerypesiaare determined by UV-VIS
spectrophotometer. The emission spectra in thetagdan range of 400- 650 nm are
determined using Perkin Elmer LS-5S photolumineseefiL) spectrophotometer. For IR
measurement, the glasses powdered are mixed withakB press under high pressure to
obtain thin pellet. The IR spectra are obtainedPbykin Elmer Spectrum.

The glass density determined by using Archimedexipte as stated in equation

Y (p, ) @)

Wa_WL

p:

wherepy is the density of immersion liquid. ¥i6 the weight of the glass in air and W the
weight of the sample when immersed in immersiouitlg The molar volumes Y is

calculated by using the obtained density and wesfibne mole of sample by using equation

Vi =X 1 2 2
P

wherex; andM; refers to the molar fraction and molecular weigtthe componenith

respectively.

The ionic packing density; in (m* mol %) calculated by the equations
Ve=(7) ZWVm *m) 3

where \f,is the molar volume and is the molar fraction (in mol %) as in equations

41N 4

Vi = 3

[Xrm3 Y17 (4)

where N is the Avogadro’s number (in md) rnandr, are the shanon’s ionic radius of
metal and oxygen

Mott and Davis proposed that the absorption cdefitax(v) as a function of photon energy
can be written as equation

B(hv—Eopt)

a(v) =B (5)
whereB is a constant & is the optical energy band gap. For direct tramsin=1/2 or 3/2

and for indirect transition, m=2 or depends orethbr the transition is forbidden or
allowed [19] . The optical absorption edge of anhoys determined by the band tail where



the exponential curve of absorption coefficientsusr photon energy was described by the
Urbach as equation

a(hv)=B expz2) (6)
whereB is constant andE is the Urbach energy which indicated the widthhef band tail

of localized states in the band gap.

The refractive index can be calculated by the eqnat

n2+1 _ @
n2—-1 =1 \/ 20 (7)

The Lorentz Lorents equation are used to calctifeenolar refractivity R and electronic

polarizabilitya,, as follows

_n?-1

Rin=—— (Vm) (8)
@m =) Ro ©)

3.0 Result & Discussion

This section will focus on the results that haverbebtained throughout the experimental

work followed by some discussions related to tlsilts.

3.1 XRD analysis

The typical X-ray diffraction of terbium doped ziphosphate glass shown in Fig.The

presence of broad hump at 20 3Findicates the amorphous nature of the prepared glas
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Figure 1: XRD pattern for glass sample containing@p



3.2 EDX analysis

Figure 2 illustrateEDX spectrum for glass sample PZTb 3.0.The sesratp peaks reveal
the presence of elements such as P, Zn, O andhEbafialysis on the composition has been
done and the results are tabulatedrable 2. The differences between the nominal and actual
percentage of elements is owing to EDX analysiscvigjuantifies elements by calculating the area
under the peak of each identified element. The EDXlysis depends on the accelerating voltage of
the beam to produce the spectrum and performs latitms to create sensitivity factors that will
transform the area under the peak into weight@mat percent. The probability of an X-ray escaping
the sample for detection and measurement is goddmgethe energy of the X-ray and density of
material it has to pass through. Nevertheless Xtnays which are generated by any atom in the
sample are emitted in any direction where soméefmtmay be absorbed by the sample. Thus this

effects will reduced the accuracy of the elemetngades in inhomogeneous and rough samples [20].
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Figure 2: EDX spectrum of glass sample PZTb 3.0



Table 2 The actual and nominal composition glass sample

Sample FO5 ZnO Th,03
PZTbO0.0 Nominal (mol%) 60.0 40.0 -
Actual (mol%) 70.13 29.77 -
PZTb0.5 Nominal (mol%) 59.5 40.0 0.5
Actual (mol%) 69.44 29.64 0.92
PZTb1.0 Nominal (mol%) 59 40 1.0
Actual (mol%) 69.00 29.50 1.61
PZTb1.5 Nominal (mol%) 58.5 40 15
Actual (mol%) 68.20 30.08 1.72
PZTb2.0 Nominal (mol%) 58.0 40.0 2.0
Actual (mol%) 66.65 30.44 291
PZTb2.5 Nominal (mol%) 57.5 40.0 2.5
Actual (mol%) 66.55 30.35 3.10
PZTb3.0 Nominal (mol%) 57.0 40.0 3.0
Actual (mol%) 65.04 30.28 4.67




3.1.4 IR Spectra
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Figure 3: IR Spectra of zinc phosphate glass at variousaanation of ThO;

The FTIR spectra of the proposed glass are showhreiRigure 3 and their corresponding IR
bands and the assignments of vibrational bandsahrdated inTable 3. The present results
displays are in the same manner with previous ssudbix significance bands are observed.
Hence the IR absorption spectra are as follows cHagacteristic IR bands center at 550'cm
ascribed to the distortion of P-O-P glass netwaltk The peaks observed in the of range
720cm® to 748cmfare associated with the stretching vibration ofdding oxygen
[17,21].The bands at around 790-815 tare due to symmetric stretching vibrations of P—
O-P rings [22] .The bands lie around at 1000'cm 1012crit are attributed to the
asymmetric stretching vibration in P-O-P linkagé® Bbsorption bands lie within this range
1119cm* to 1126¢n is due to the asymmetric stretching vibration #®Bn Q units. The
band appeared at 1170 ¢ris assigned to the B@ymmetric stretching mode, (P© [23].
The observed increment in the intensity of IR barelind 1264—1345c¢n is assigned to the
symmetric stretching vibration in P-O bond attrémitto the addition of TAD; bond. It is
observed that gspecies vibration give rise to sufficiently interl® features compares to the



vitreous network of $Os which mainly made up of QThis indicates that incorporation of

zinc oxide to phosphate network causes the replaceai Q to  sites [24].

Table 3: IR bands and their assignments for all stdied glass samples

Characteristic band (cf Band assignment

550 Distortion of P-O-bond

720-748 Stretching vibration of bridging oxygen
790-815 Symmetric stretching vibrations of P—O-Hgsi
1000-1012 Asymmetric stretching vibration in P-QrfRages.
1119-1026 Asymmetric stretching vibration in P-@dhd
1169-1174 Symmetric stretching mode,PO

1264-1345 Asymmetric stretching vibration in P-h8o

3.2 DTA analysis
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Figure 4 Typical DTA curve of zinc phosphate glass at vasiconcentration of s
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Figure 4 illustrates the typical DTA curve in the range 20@o 1000C of zinc phosphate
glass doped with varying content of*fbThe values of J( crystallization temperature); T
glass transition ) and I (melting temperature) are tabulated Tiable 4. The T, and T
values are observed to increase with the increasebiOs; up to 3.0 mol %The results
presented are in good agreement with the previmuay sglone by Doustt al.[25]. Increase
in the Ty governed by the properties of anisotropies of &d G sites [26] .The thermal
stability calculated by the difference 3 T, - Tq reflect the glass formation ability .Previous
literature stated that the glass considered stabn the Tis greater than 106G [27]. The
stability of the glass Jincreases with increase of ¥ftup to 1.5 mol% from 175 to 23%
reflect improvement against crystallization [28ptably, this is due to the higher volume of
Tb** prone to dominate in the glass structure comparB®s [29]. However beyond 1.5
mol% of TB", the glass stability decreases. The unusual behtreinds describe by Ahmina
et al. as discrete alterations in the glass networkhagytass unit tends to restructure when
beyond T, [30].

Table 4: Thermal properties of zinc phosphate glass dopéu T

Glass code Tc (°C) Tg (C) Tm (C) Ts (C)
PZTb 0.5 324 499 809 175
PZTb 1.0 334 558 814 224
PZTb 1.5 344 579 812 235
PZTb 2.0 357 524 818 167
PZTb 2.5 365 501 808 136
PZTb 3.0 380 514 816 134

3.3 Density, molar volume and ionic packing density

The introduction of T# into the glass network increases the glass defrsity 2.86 gcrt to
3.24 gentand reduce the molar volume from 40.08 amol™ to 37.71 criimol™ as depicted

in Figure 5 and tabulated inTable 5 The larger molar mass of Xb; (365.85 gmot)
compared to the molar mass of0B (94.97 gmol) are responsible for this increment [25].
The addition of more T ions develops the non-bridging oxygen and chamhgeglass
structure. Thus, the molecules become more congmattenser as the ¥hon occupied the
interstitial within the glass network. The moladwoes tends to reduce with the increase of

Tb**.The reduction of molar volume due to the replageneé larger TB* (0.92A) ion with



smaller P* ion (0.31A) thus alter the network bonding [26]. The ionic gagkdensity is

increasing with increasing concentration of@pup to 0.671.The increment of ionic packing
density mainly due to the inclusion of higher densf Th,Os (8.27 gcrit) at the expense of
lower density of FOs (2.31 ger?) [19].

Table 5: Physical properties of zinc phosphate glagdoped with varying content of TH*

Physical PZTb0.0 PZTb0.5 PZTb1l.0 PZTbl.5 PZTb2.0 PZTb2.5 PZTb3.0
Properties
Densityp 2.86 3.01 3.16 3.20 3.24 3.20 3.24
(g/cn)
Molar Volume 40.08 39.87 39.85 38.31 38.30 37.83 37.71
(cm’mol™)
lonic packing 0.741 0.641 0.643 0.664 0.665 0.670 0.671
density
Concentration 0.00 0.76 1.58 2.38 3.19 3.87 4.74
of Tb ion
(cm®) x 10'®
ions
3 25 ; ; -40.5
3.20—_ *\*ﬁ /i/ \i/ -40.0
317 3050
T30 78
5 3.05] «—— 39.0%
:3'00- -38.5%
2.95] — Vi L >
2.90] —> £38.0
—I |
2.85] * 37.5

00 05 1.0 15 20 25 3.0
Concentration of Th-0s (mol%)
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Figure 5: Th,O3 concentration dependent density and molar volume



3.4 Absorption properties

The absorption spectra are used to figure outldetrenic transition and energy band gap of
the amorphous semiconductor [31]. The optical giigmr spectra in the range of 262500
nm is shown inFigure 6. All bands are lies in the visible and near irddaregion. Sharp
absorption peak observed at 248 nm is due to 4fébition [32]. Other bands are observed
at wavelength 318 nm 350 nm 378 nm 484 nm 1894 nch 2224 nm are due to the
transition from ground statés to several transitiofFs — "Dy 'Fg — D1 'Fs — "Dy 'Fg —
D3, 'Fg - D4 and'Fg - "Fo12'Fs — 'Fsrespectively [12,25,33]lt is noticeable that the
wider peak at 2224 nm are due to the overlappinsewéral transition from ground stafe

to 'Fo, 'F1 and 'F» [17]. Noteworthy that all the transition present in thsarption bands are
accordance with the selection rultS = 0, L< 6 andAJ, < 6 [34]. The absorption band at
transition (Fs — > D4) displays weakest intensity comparable to otherdition showing fair
intensity. It is also observed that the absorpiioi@nsity increasing monotonically with
increasing concentration of 7@ Furthermore, the cut off wavelength is shiftechigher
wavelength from 269 nm to 286 nm with increasingaamtration of ThOs;. The observed
shifting to higher wavelength is due to more formatof non-bridging oxygen as more
Th,O3 added in the glass system.[35] The distributioelettron in non- bridging oxygen is
more polarizable then the bridging oxygen[36].
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Figure 6: Absorption spectra of zinc phosphate glass at uaramncentration of s



3.4 Energy band gap and Urbach energy

Figure 7 shows that the optical energy band gap decrealesnereasing concentration of
Th,03. Both the direct and indirect energy band gapddndiecrease from 4.77 eV and 4.57
eV to 4.56 eV and 4.50 eV respectively. The resulesents are in the same order as those
reported in the previous literature for aluminuricate doped terbium glasses [37]. They
found out that the energy band gap lies in theeahd8 -4.41 eV. The decrease in energy
band gap is attributed to the decrease in averaged bnergy. This is as more *flis added

up to 3.0 mol % the compactness of the glass n&tdecrease due to the formation of non-
bridging oxygen (NBO). However, as we compare thergy band gap of glass PZTb0 and
PZTb0.5 the energy band gap seems to increase 3rémeV to 4.59 eV. The increase in
energy band gap correlates with the facts of reoluadf non-bridging oxygen due to the
introduction of ThO; into the glass system.

Besides that, the value of Urbach energyedses with introducing Thion into the
glass network. Adding more Ttion into the matrix of glass host will create marenber of
non-bridging oxygen (NBOs) [26]. On the other hatiy decrease in the value of Urbach
energy indicates that the degree of disordernesgedse with increasing concentration of

Tb** as reported from the previous workers [7,36,38]

3.5 Refractive index and polarizability

The refractive index with different concentratioh Th,O; is tabulated inTable 6 and
depicted inFigure 7. At lower concentration of B3 from ie: 0.5 % up to 1.0 mol%, the
refractive index is kept constant at 2.07. Howewenen the concentration of 7®; is
increase up to 3.0 mol %, the refractive indexeases. The increment is due to the highly
polarize of non-bridging oxygen in the glass netwdesides that, the gradual increment of
refractive index might also due to the structuiabrtered in the glass network. As the**Tb
ions are introduced at the interstitial site of tlass network the P-O-P bond is shortened
then results in the disorderness of the glass m&two

From Table 5, it can be seen that the electronic polarizabdiégreases with the increasing
concentration of TiDs; The electronic polarizability decrease as thedfistrength is
increased. A similar results have also been regatgewhere [39]. However in this case, the
electronic polarizability tends to decrease. Tloslld be due to the low concentration of

modifier.
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Table 6: ThO;concentration dependent optical properties

Optical PZTbO0 PZTb0.5 PZTb1.0 PZTbl.5 PZTb2.0 PZTb2.5 PZTb3
Properties

Phonon cut off 316 269 273 278 282 285 286
wavelengthA

(nm)

Refractive index  2.20 2.07 2.07 2.07 2.08 2.08 2.08
n

Molar 19.44 24.78 24.76 23.81 23.91 23.62 23.62
refractivity , Ry

Electronic 0.77 0.98 0.98 0.94 0.94 0.93 0.93
polarizabilitya

x 10~2* (cnT)

Direct band gap  4.50 4.77 4.72 4.68 4.66 4.65 4.64
(eV)

Indirect band 3.84 4.55 4.52 4.50 4.47 4.46 4.45
gap (eV)

Urbach energy 0.23 0.28 0.26 0.23 0.21 0.19 0.19

(eV)




3.6 Luminescent properties

Generally, the TB*has interesting luminescent performance. Emisgiectsa of TB" doped
zinc phosphate glasses in various composition &f (b5, 1.0, 1.5, 2.0, 2.5 and 3.0 mol%)
shown inFigure 8. The emission peak signify two color region whexte blue lies in the
wavelength 400-460 nm and strong green emissignidiehe wavelength 460 nm -650 nm.
All these peaks do not shows any shifting peakesithe ZnO does not play any role in
radiative relaxation as discuss by Hsu and co-wsrk&0]. From all these bands the band
°D, - 'Fs which in green spectral region transition remaHeshighest intensity compared to
the other peaks as observedrigure 9(a) and these results are in same manner reported in
the previous literature [41]. The emission frénD, to 7F,- increases with the increment of
Tb**. Meanwhile fromFigure 9(b), it can be seen that the fluorescent intensitypford®Ds
transition are present and gradually increases fédBnmol % to 1.0 mol% of b but
decrease significantly up to 3.0 mol% .Notably frim previous study done by N.S Husain
et al, incorporation of T# in silicate glass, ion in pair causes absencdusf émission [42].
This signify that our PZTb glass possible producsigong green emission compare to

terbium doped silicate glass since our glass hdisdisribution of T [43]

The significance observed in quenching of emisSibgand enhancement 6D, can be
discussed elaborately through the interaction ghtliwith TB™*. Figure 10 depicts the
schematic energy level diagram of*Tl zinc phosphate glass. Upon the excitation of Tb
at wavelength 378 nm, the electron are excited fitrenground staté=, to the higher energy
state®D3 then relaxed radiative and non radiatively. Théiative decay froftDs to lower
level 'Fs, 'F4 and ‘Fs produce several emission bands at 413 nm, 435 min4&8 nm.
Furthermore, the cross relaxation process deschped

D3+ 'Fs - Ds+'Fy

radiates théD, state and produce several emissions at 488 nmnB4&88 nm and 620 nm
to ‘'Fe, 'Fs, ‘Fsand ‘Fs The cross relaxation phenomenon is due to the aes@mergy transfer
since the energy difference between and®D, are same with the energy level betwéen
and ‘Fy The cross relaxation process are more prominehigher concentration of Fhion
due to reduction of interionic distance [44].
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Conclusion

Zinc phosphate glasses with various*Tboncentration (0-3.0 mol %) are successfully
prepared using melt quenching technique. The terl@ancentration- dependents physicals,
structural, optical and luminescent propertiesdatermined. The introduction of $hin the
glass increases the glass transition temperatuass ®ith 1.5 mol % of TH possesses the
highest stability. The increase in the densityin€ phosphate glass is due to the substitution
of Thy,O3 (high molar mass) by.Ps (lower molar mass). The direct and indirect endrgyd
gap decrease with increasing concentration 6f. Tthe decrease in Urbach energy withTh
content is due to disorderness in the glass steicline quenching of fluorescence intensity
of °Ds states at concentration of more than 1.0 mol %5t is due to the cross relaxation
mechanism. The fluorescence intensityd$ states increases as the*‘Tincrease up to 3.0
mol % owing to non-radiative fronDs to °D,states producing intense green emission for the



laser. Hence these glasses are potential candid@enedium for green solid-state lasers.
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Highlight

« The new compositions of Th*" doped P,Os -ZnO glasses are prepared using melt-
guenching technique.

e The influence of Tb,Os; concentration on physical, structura, therma and
photoluminescence behaviour are evaluated

» These glasses possess good chemical durability and rare earth solubility.

o Samplewith 1.5 % possess highest thermal stability

* Enhanced intense green and mild blue emissions are observed with increment of
Th,O3 concentration in the glass system.

» Sample with 3.0 mol% Th,O3 emit the most intense green colour and sample with 1.0
mol % Th,O3 emit the most intense blue colour.

» These glasses display good optical characteristic and promising materials for green
solid-state lasers.



