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A glass composed of 20LizO-xBizOs3-(78-x)TeO2-1EryO3-1Ag was fabricated by melt-quenching method to
examine the influence of mixed ionic—electronic (MIE) effect on AC conductivity (cac) and photoluminescence
properties. The oac decreased as the BioO3 content increased, until a minimum ¢ at x=11 mol% attributable to
the MIE effect was achieved. The photoluminescence intensity and lifetime (zyes) of the *I13/2—*I15,2 transition

were reported with a drop at x=11 mol%, coincided with the minimum o6ac. Results on the analysis of the
multiphonon relaxation rate (Wypr) revealed that adding low-phonon BizO3 concentration promoted higher
photoluminescence intensity and longer 7me due to the reduction in Wypr, However, the drop in photo-
luminescence intensity and 7 at x=11 mol% may be due to a blocking effect. The blocking effect may have
induced nonradiative phonon-assisted S,p and cross-relaxation ye energy transfer, leading to a maximum Wypg

and energy transfer parameter.

1. Introduction

Oxide glasses have received a lot of attention due to their unique
properties and potential applications in a variety of industries, especially
in the fields of optics, photonics, and lasers. Tellurium oxide-based
glasses, which have a high glass forming capability [1,2] and a low
freezing point [3-5], have intrigued technical interest among oxide
glasses. Apart from its high transparency, TeO, based glasses are
non-hygroscopic, unlike P,Os and B,Os glasses [6]. These tellurite
glasses have a high dielectric constant [7], high index of refraction [8,9],
and major third-order nonlinear optical susceptibility [10,11] making
them a potential optical device material. In addition, low maximum
phonon energy glasses such as Bi;O3 and TeO; doped with rare earth
ions (RE) ions had been received a lot of attention due to its potential for
optical and laser technologies due to their capability in reducing
non-radiative emission [12,13]. A TeOg4 trigonal bipyramid (tbp) and
TeOs3 trigonal pyramid (tp) unit structure with a lone pair at the equa-
torial position characterize the TeO, glass fundamental structure [14].
Hence, TeO, is an interesting conditional glass former that may change
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in structure from TeO4 unit to TeO3 unit with the addition of a modifier
oxide, such as alkali metal oxides and transition metal oxides. Interest-
ingly, the changes of glass former structure may induce changes in
maximum lower phonon of the glasses that lead to changes in photo-
luminescence intensity and lifetime of rare earth doped glasses.

Er3" is the most effective of the RE ions, emitting blue, green, and red
emission bands in the visible field, as well as green upconversion
luminescence when excited at 980 nm. Then, the fabrication of photonic
devices for 1.55 pm amplifications, frequency upconverting blue green
lasers, planar waveguides, and temperature sensors has proved to be an
excellent application for Er>* doped glasses [15-17]. For green laser
applications, the Er’t with 2H11 ,2 (550 nm) emission transition has been
extensively studied via upconversion emission [18,19]. On the other
hand, recent research has also focused on the NIR spectral emission band
originating from the 413/2 1159, 4111/2q 4115/2, and 4113/2 - 4115/2
transitions between 800 and 1550 nm due to their emission properties
that have broader fluorescence bandwidth and large stimulated emis-
sion cross-section [20-22]. The Er®t ion concentration, ion-ion inter-
action, absorption and emission cross sections, radiative and
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non-radiative lifetimes are all relevant parameters to investigate in order
to improve Ertt doped optical amplifiers [23]. Generally, higher Ertt
ion concentration leads to higher gain, but cluster forming in the form of
an Er**-Er®" ion pair may occur, causing luminescence quenching and
energy dissipation, which affects the optical gain of Er>* doped glasses
[24]. The basic characterization peak values of the absorption and
emission cross-section spectra that can be improved by changing the
local electric field around the Er>* ion site may contribute to advance-
ment in EDFA applications. Zavadil et.al recently investigated the
composition-dependent spectroscopic properties and Stark level split-
ting of Er®" ions in the zinc-sodium-antimonite glasses [23]. Further-
more, Kesavulu et al. investigated the structural, thermal, and optical
properties of Er>* ions in SiO—-Al,03— LiF-SrF, oxyfluoride glasses and
found that the higher Er®* ion concentration will result to higher gain
and broad emission at 1.5 pm [13]. Hence, it is interesting to study the
effect heavy metal oxides addition such as BiyOs to Er>" doped glasses to
emission and lifetime properties stated above.

As heavy metal oxides (HMO) such as PbO, BiyO3, and V.05 are
incorporated into the glass network, they act as both network formers
and modifiers, depending on their concentration, and have a lower
melting temperature, higher stability, and stable optical properties, as
well had low phonon energy. Tellurite glasses have phonon energies in
the order of 750 cm™!, whereas other heavy metal oxide containing
glasses, such as PbO and Bi;O3 have phonon energies around 750-850
cm ™! which contribute to the enhancement of luminescence properties
of Er®* doped glasses. Furthermore, the addition of heavy metals such as
BiyO3 to the tellurite network causes structural changes due to the
conversion of TeO4 to TeOs units is closely related to mixed ionic-
electronic effect. Mixed ionic-electronic glass is a glass with mixed
ionic and electronic conductivity properties, can be made by combining
glass networks (i.e. TeOy) with alkali metal oxides (i.e. LipO), and
transition metal oxides such as (i.e. BipO3) [25]. Ionic conductivity in
mixed ionic-electronic glass is provided by alkali ions from alkali metal
oxide, while electronic conductivity is provided by transition metal ions
from transition metal oxide. Previous research on several mixed ionic
electronic glasses such as 30Li;0-20Zn0O-xBiy03-(50-x)SiO2 [26] and
10ZnO-xBiz03—(90-x)B203 [27] reported the anomalous trends on
conductivity and dielectric parameters with increasing transition metal
oxide. As a result, it was proposed that mixed ionic-electronic glasses are
caused by interaction between ionic and electronic carriers in the glass
network, either by blocking effect or ion-polaron binding, which con-
tributes to anomalous pattern on conductivity and dielectric properties
which named as mixed ionic-electronic effect. Hence, it had been
interesting to study the effect of mixed ionic-electronic effect on pho-
toluminescence properties of rare earth doped glasses.

Radiative transfer to another ion and non-radiative transfers, such as
multiphonon relaxation, cross relaxation, and energy transfer to impu-
rities, are processes that compete with luminescence. In these cases,
energy is lost to the local vibrations of surrounding atoms (phonons) and
to electronic states of atoms in the vicinity. As a result, multiphonon
relaxations become the primary major obstacle to high quantum effi-
ciency [22,23]. Previous research showed the effect of Bi,O3 addition on
enhancement of luminescence intensity properties in glasses doped with
rare-earth ions due to its low phonon energy such as in (99.5-x)
[(4Zn0-3B203)]-0.5Nd,03-xBiO3 [28], 20CdO-xBiz03-(79.5-x)
B203-0.5 Sm203 [29], and ZOZnO-xBi203(79-x)B203-1Sm203 [30]
glasses. A strong increase was observed in luminescence quantum yield
attributed to the reduction in phonon energy of the host glass which then
reduces the non-radiative multiphonon relaxation rates of excited states
thereby enhance emission intensity as on “Fsy—*g/, transition in
[(99.5-x) {4Zn0-3B303}-0.5Nd203-xBisO3 [28]. Interestingly, lumines-
cence study had been done in 75TeO2-(25-x)Zn0-xBiz03-0.5Er;03 [31]
that showed lower probability for a nonradiative transition rate with the
addition of Bi;O3 Substitution of BixO3 in glass induces reduction on
phonon energy of glass host due to lower phonon energy of BixOs
compared to TeOy which then decrease the probability for nonradiative
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transition rate. However, quenching in emission intensity was observed
in BipO3 glasses such as on 51¢ —>°Ig transition at 1.20 mm in Ho®"
/Yb3*-co-doped 57PbO-25Biy03-18Gay05 glasses due to rapid multi-
phonon deexcitation attributed from small energy gap from °Is level to
the next lower level 517 [32]. Hence, those contrasting emission
behaviour between glass samples above showed that the effect of lower
phonon BiyO3 to emission behaviour of rare earth doped glasses may still
not properly understood.

The fluorescence features of such samples were examined in this
article in terms of emission spectra, quantum efficiency, multiphonon
relaxation rates, and phonon energy. In this study, the dominant factor
for high nonradiative transition rates and decreased quantum efficiency
for glass samples was determined. The present work intends to discuss
the role of lower phonon BiyO3 on tailoring the multiphonon relaxation
and cross relaxation process which induce changes in photo-
luminescence properties of mixed ionic-electronic 20LizO-xBizO3-(78-x)
TeO2-1Ery,03-1Ag glasses.

2. Materials and methods
2.1. Preparation of the glasses

The raw materials for making 20Li»O-xBix03-(78-x)TeO2-1Er,03-
1Ag are available as chemical powders. The chemicals utilized in this
study are analytical grade TeO,, BizO3, Li2COs, EryOs, and AgCl. The
glass samples are fabricated using the melt-quenching technique and
have a nominal composition of 20LiO-xBizO3-(78-x)TeO2-1EryO3-1Ag
where x= 3,5,7,11, and 13 mol%. A sensitive weighing equipment is
used to weigh the raw materials in the proper proportions with each
batch of glass has a total weight of 6.0 g. The mixture was then ho-
mogenized in an agate mortar for an hour before being loaded in an
alumina crucible. The mixture is placed in a porcelain crucible and
melted for 1 h at 1173 K in an electrical furnace. The glass samples are
next quenched and annealed at 623 K for 2 h 30 min to decrease thermal
and mechanical stresses. The furnace is turned off after 2 hours 30 min,
and the samples are allowed to cool to room temperature. Finally, the
samples are polished in preparation for structural and optical analysis.

2.2. Sample characterization

The impedance properties of glass samples were determined by
attaching the Solartron Impedance Analyzer 1255/1287 to a sample
holder with a 500 mV potential at room temperature and a frequency
range of 103 to 10° Hz. The obtained impedance data was fitted to an
equivalent circuit for all glass samples using Zview software and fitted
Nyquist plot data was used to calculate dielectric constant ¢’, tan 5, and
AC conductivity oa¢ using relations shown below:

& = Cd/eA @
e/l = €'tand 2
Oac = WEHEN 3)

where ¢ is the permittivity constant of free space of dielectric glass
sample media, C is the capacitance, d is the thickness of the glass sample,
o is the frequency of the input current signal and A is the cross-sectional
area of the glass sample. The sample then analyzed for Raman spec-
troscopy using ACRON, Confocal Micro Raman at range 115 cm™! to
1200 cm ™. After that, a Shimadzu UV-VIS spectrophotometer with a
double-beam for wavelengths of 200 nm to 2500 nm was used to mea-
sure the optical absorption of the glass samples. In addition, the pho-
toluminescence spectra and decay rates spectra of the glass samples
were measured using a PTI QuantaMaster™ 60 Fluorescence Spectro-
photometer in the wavelength range of 200-1700 nm. The fitting of
parameters had been done by using Origin 2019 software and the
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precision of measurements and calculations had been evaluated by error
analysis as displayed by error bars in figures and uncertainty values in
tables.

3. Results and analysis
3.1. AC conductivity and dielectric properties

The oa¢ with increasing BizO3 concentration at 102 Hz and room
temperature had a nonlinear decrease at x<11 mol% before a consid-
erable increase at x>11 mol% (Fig. 1). Meanwhile, as the Bi»O3 con-
centration increased, the dielectric constant ¢’ had an initial large
decrease for x<5 mol% and subsequent off-trend increase at x=7 mol%
before a large decrease at x>7 mol% at room temperature and 10? Hz
(Fig. 2). The loss tangent tan & decreased at x=5 mol% before a slight
increase at x=7 mol%, followed by a large decrease at x=11 mol%
before increasing again at x>11 mol% (Fig. 3).

3.2. Raman analysis

The Raman spectra of the tetrahedral glass structure, such as the
TeOj glass in the 10-1200 cm™ range could be separated into four areas:
the boson area (10-250 cm’l), low-frequency region (250-700 cm’l),
medium-frequency region (700-850 cm™), and high-frequency region
(850-1300 cm™!) [33]. As shown in Fig. 4, the Raman spectra of the
examined glasses in the 115-1200 cm™ range included five main bands
at 165-167, 368-374, 670-676, 747-754, and 825-827 cm ™. The band
at 165-167 cm™* was assigned to the boson peak [34,35]. The absorp-
tion band at 368-374 cm™! range could be attributed to the Bi-O-Bi
stretching vibrations in the distorted BiOg octahedral units [36]. The
Raman band at 670-676 cm™ range could be assigned to the axially
symmetric Te,—O-Teyy stretching vibrations in the TeOy4 trigonal bi-
pyramids (tbps) unit (where eq and ax refer to equatorial and axial,
respectively) [37,38]. The band at 747-754 cm™ could be assigned to
the vibrational modes of Teeq—O-Teeq, Which is a TeO4 unit with the
axial bond length of deformed TeOs,; polyhedra or Teeq-O in TeOs
trigonal pyramids (tps), which is one oxygen larger than Teeq—O-Teeq.
These vibrational modes were correlated to the Te=0 bond stretching in
the O=TeO, unit [37,38]. Meanwhile, the 825-827 em™! band may be
assigned to the BiOs unit. The boson peak, which is a combination of
acoustic phonons and rotational molecular modes, provides additional
information on the glass structure. Changes in the chemical composition
due to the addition of a glass modifier have a significant impact on the
elastic constant. The results showed that the peak position shifted,
indicating structural changes in the glass network [48]. The shift of the
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Fig. 1. AC conductivity oac pattern of 20LioO-xBiz03-(78-x)TeO,-1Er,03-1Ag
glass system with increasing Bi,O3 concentration at frequency of 10 Hz.
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Fig. 2. Dielectric constant € of 20Li;O-xBizO3-(78-x)TeO2-1Er,03-1Ag glass
system with increasing Bi,O3 concentration at frequency of 102 Hz.
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Fig. 3. Dielectric loss &” of 20Liy0-xBiz03-(78-x)TeO2-1Er,03-1Ag glass system
with increasing frequency. Inset shows loss tangent tan 8 of 20Li»O-xBi>03-(78-
x)TeO,-1Er,03-1Ag glass system with increasing Bi,O3 concentration at fre-
quency of 102 Hz.

boson peak to higher Raman shift from x=3 mol% (165.60 cm’l) to x=5
mol% (167.47 cm™) indicated the opening of the glass network by the
glass modifier [39,40]. In addition, the TeO4 band shifted to higher
Raman shift from x=3 mol% (670.65 cm ™) to x=5 mol% (675.92 cm’l),
indicating the depolymerization from the TeO4 unit to the TeOs 1/ TeOs
unit. This phenomenon contributed to the formation of the nonbridging
oxygen (NBO) unit. However, the TeO4 band shifted to lower wave-
number at x=11 mol% (674.16 cm™), implying the decrease in the
formation of NBOs [37,38]. The increase in relative intensity of the BiOg
and TeO3 band peaks from x=3 mol% to x=7 mol% also signified the
role of Bi;O3 in the formation of the NBO TeOs unit before the relative
intensity drop at x=11 mol%. This result showed the reduced role of
Bi;O3 in formation of TeOs unit [38]. The deconvolution of the Raman
spectrum for x=3 mol% is shown in Fig. 5, and its characteristics are
listed in Table 1.

Smaller nonradiative rates and better radiative efficiencies or emis-
sion intensities are affected by the lower maximum phonon energy of the
glass matrix. The phonon energies related to the last peak in the Raman
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Fig. 4. Raman spectra from 100 to 1200 cm ™! of 20Li;0-xBiz03-(78-x)TeOy-
1Er,03-1Ag glass system with different Bi;O3 concentration.
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Fig. 5. Raman spectra deconvolution of 20Li30-3BipO3-75TeO2-1Er,03-1Ag
glass system

spectra showed a slight shift across the different modified samples
(Fig. 4) that would affect the emission intensity. Hence, multiphonon
relaxation (MPR), which is mainly influenced by the maximum phonon
energy of the glass, is considered to have a major effect on emission
intensity. In the weak-coupling scenario of RE luminescent centers, the

Table 1
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MPR rate Wypg follows an exponential gap rule as follows:

P
aw, /KT

Wypr = C 7@(1’( ,,v:/)/ ) e (C))

exp(K—T’) —1

where P = ;‘—vi is the phonon order, AE is the energy gap, Aw, is the
maximum phonon energy of the host glass, K is Boltzmann’s constant,
a = ’,II"T(;), and C is dependent on the host. From Eq. (4), the multiphonon

decay of the RE ions in the glass is generally dependent on the maximum
phonon energy of the host glass. Nevertheless, the constant C may also
be a key element in determining Wyppr based on the Debye approxi-
mations, in which

C xpw’’, (5)

where p(w) is the phonon density of state of the glass matrix. As a result
of the decreased phonon density, C will be smaller, indicating a weaker
MPR and more intense luminescence. The maximum phonon energy,
nw, from the Raman peaks showed an initial shift to higher wavenumber
at x=5 mol% (827.03 cm’l) before it shifted to a lower wavenumber at
x=7 mol% and x=11 mol% (825.31 cm™}) and then shifted to a higher
wavenumber at x=13 mol% (827.03 cm ™). Fig. 4 shows that the in-
tensity of the Raman peaks for these tellurite glasses decrease at x=5 mol
%, suggesting the role of BizO3 in reducing the phonon density p(w) of
the glass that led to the weaker MPR. The phonon density p(w) may
induce changes in the MPR rate, leading to changes in the Er>* emission
intensity [41-43]. Meanwhile, the overall increase in the width peak
(FWHM) (Table 1) with increasing BipO3 may indicate the increase in
the disorderliness of the glass network probably due to depolymeriza-
tion caused by BipO3 [44].

3.3. Decay rates and multiphonon relaxation parameter

The experimental decays of the Er®t: ;5,5 level in the prepared
samples at room temperature are shown in Fig. 6. The PL decay curves
did not follow a single exponential decay pattern, indicating that the
energy transfer mechanism from Er®* ions to Er®* ions and silver NPs to
Er’* ions was effective [45]. Deviations from a single exponential decay
curve could indicate the presence of nonradiative excitation transfer
from rare-earth (RE) interactions [46]. The long lifetime of materials is
an essential consideration for a good Er>*-doped fiber laser. In general,
the increase in measured fluorescence lifetime is due to an improved
local electric field from energy transfer from silver NPs to Er®", energy
transfer from Er®' ions to Er’" ions, and a decrease in the phonon
density p(w) of glass [41,45]. The measured lifetime can be calculated as
follows:

Tones = 1 /1 (t)dt, (6)

Raman Spectra assignments and Centre peak, C, Integrated area, A, FWHM and maximum intensity, I, with respects to their wavenumbers for 20Li,O-xBi»O3-(78-x)

TeO2-1Er,03-1Ag glass samples

x=3 mol% x=5 mol% x=7 mol% x=11 mol% x=13 mol% Assignments
FWHM (cm ™) I, (a.u) FWHM (cm™) I, (a.u) FWHM(cm 1) I, (a.u) FWHM (cm™) I, (%) FWHM(cm 1) I, (%)

327.96 138930 331.31 127844 332.23 141121 328.66 100230 335.04 170497 (BiOg)
621.36 175313 675.91 158467 621.36 177095 616.06 127335 624.89 213879 [TeO4]
111.52 184930 113.17 166331 88.93 185969 48.68 134719 104.52 223770 [TeOs]
54.86 157416 66.80 140449 58.28 158940 77.62 115541 78.38 195547 [BiO3]

x=3 mol% x=5 mol% x=7 mol% x=11 mol% x=13 mol% Assignments
Cp (em™) A, (%) Cp (em™) A, (%) C, (em™) A, (%) C, (em™) Ay (%) Cp (em™) Ay (%)

368.466 6.6628 372.109 6.8130 372.109 6.6784 368.466 6.4596 373.929 6.8291 [BiOs]
670.654 7.2907 675.916 8.0495 675.916 8.1181 674.163 8.45859 675.916 7.8698 [TeO4]
749.231 18.6008 754.441 18.8291 759.649 14.9930 747.493 8.3372 747.493 18.1724 [TeOs3]
825.31 6.5613 827.03 7.4083 825.31 6.9267 825.31 9.8265 827.03 9.7116 [BiO3]
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Fig. 6. Room temperature PL decay curves of *I;3/,—l;5/, transition, under
excitation wavelength =980 nm of 20Li;O-xBi,O03-(78-x)TeO,-1Er,03-1Ag
glass system increasing Bi,O3 concentration.

where I(t) and I, are the PL intensities at time t and at t=0, respectively.
The 7,5 can be determined by fitting Eq. (6) to decay rates data for all
glass samples in Fig. 6. The measured lifetime 7,,,s (Fig. 7) showed an
initial increase before it dropped at x=11 mol% followed by a large
increase at x>11 mol%.

Information regarding the rates of various nonradiative processes is
required for accurate laser design calculations for a lasing medium.
Ion-ion energy transfer, concentration quenching, nonexponential
decay, and relaxation by multiphonon emission can affect the quantum
efficiency of the laser emission. Multiphonon emission is the primary
nonradiative decay mechanism for low concentrations of rare-earth
dopant ions [47]. The MPR rate in an excited state is determined by
the level energy separation from the next lower lying level that was
influenced by the host material, which may be analyzed by its maximum
phonon energy 7w, and phonon density p(®) as reported in the Raman
analysis above based on Eq. (4). However, the MPR rate Wypg may also
be calculated as follows [47]:

1340
(2]
3 1320
£

1300 - /

1280

1260 /

1240

Measured lifetime 1

T T T T T 1
2 4 6 8 10 12 14

Bi,O; concentration (mol%)
Fig. 7. Measured lifetime 7, of 4113/2—>4115/2 transition, under excitation

wavelength 2=980 nm of 20Li,O-xBi»03-(78-x)Te0,-1Er,03-1Ag glass system
increasing BiO3 concentration.
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Wpr = = Avaa, )

Tines

where 7, is the measured lifetime, and A,4q is the spontaneous emission
probability from the Judd-Ofelt calculation. In general, a low maximum
phonon energy 7w, and phonon density p(») may result in a low non-
radiative rate, which enhances the quantum efficiency or emission in-
tensity [41]. The large decrease in the MPR rate Wypr (Fig. 8) at x<7
mol% was followed by an increase at x>11 mol% with the addition of
BiO3. A high fluorescence efficiency of rare-earth ions, which was
evaluated by the value of their quantum efficiency n, i.e., the distribu-
tion of lifetime between the radiative and nonradiative transitions, is
another crucial criterion for a viable host material. The quantum effi-
ciency n was computed using the radiative lifetime 7,,4 from the
Judd-Ofelt theory and the measured experimental lifetime 7,5 as fol-
lows[45]:

n (%) =, ®)
Trad

The quantum efficiency n (Fig. 8) initially increased until it reached a
maximum at x=7 mol% and then dropped at x> 11 mol%. The
maximum 1 at x=7 mol% indicated a large stimulated emission cross-
section (ECS), making it a good option for 1.532 pm amplification.
The measured lifetime 7,,;, MPR rate Wypg, and quantum efficiency n
are listed in Table 2.

The maximum phonon energy 7w, (Fig. 9) initially increased before
a large minimum at x=11 mol%, after which it increased sharply at
x>11 mol%. Although the MPR rate Wypr was dependent on the
maximum phonon energy zw, of the glass, the logarithm of the MPR rate
Wnpr also depended on the energy gap AE. In general, the phonon
number P should be larger than two to bridge the energy gap AE [49].
The required phonon number P to bridge the energy gap AE of s /2
“Is /2 of Er’* ionsin the glass samples was calculated to be between 7.52
and 7.97 (Table 2), implying that the samples could have a low quantum
efficiency [50]. Furthermore, phonon number P (Fig. 9) was initially
decreased before a maximum at x=11 mol%, after which it decreased at
x>11 mol%. This phenomenon indicates that the largest phonon num-
ber required to bridge the energy gap AE was at x=11 mol%. Table 2
shows the energy gap AE, maximum phonon energy #w, and phonon
number P of 4113/2—>4115/2 transition, under excitation wavelength
2=980 nm with increasing Bi»O3 concentration.
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Fig. 8. Multiphonon relaxation rate Wypg and quantum efficiency n of “I;3,
2—»4115/2 transition, under excitation wavelength =980 nm of 20Li,O-xBi>O3-
(78-x)TeO5-1Er,03-1Ag glass system increasing Bi,O3 concentration.
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Table 2
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Measured lifetime 7., multiphonon relaxation rate Wypg, quantum efficiency n, energy gap AE, maximum phonon energy #w,, phonon number P of “Tiz/2—*115/2
transition, under excitation wavelength 2=980 nm of 20Li>0-xBi»03-(78-x)TeO»-1Er,03-1Ag glass system.

Bi,O3 concentrations Measured lifetime 7;es Multiphonon relaxation rate

Quantum efficiency

Energy gap (cm™')  Maximum Phonon Energy ~ Phonon number

(mol%) (ps) + 30.634 Whpr (ts™1) + 19.134 N (%)+ 2.431 AE + 1.851 Aw, (cm™) + 0.84 P + 0.009
3 1275.932 596.581 24.074 6508.368 825.31 7.886
5 1303.068 564.630 26.593 6504.452 827.03 7.865
7 1304.205 537.761 29.641 6503.535 825.31 7.880
11 1248.445 576.066 27.992 6507.325 825.31 7.885
13 1339.875 574.378 23.062 6507.202 827.03 7.868
- o0 of the “I3/5 — “I15/, emission transition of the 20Liz0-xBiy03-(78-x)
' ' ' ' ' ' TeOy-1Ery03-1Ag glass system, the Gaussian deconvolution for the *I13/5
— 827.0+ + —— 5/2 emission transition showed three deconvoluted peaks (Fig. 11).
' [ ] . Py e . .
g 826.8 s I 7.885 For the various emitting levels, the deconvoluted peak positions indi-
2 o6 S cated all potential transitions between these subcomponents and an
< ' . \ - ss0 e equivalent model for the three Stark level systems as shown in the inset
g 826.4 1 \ e in Fig. 11. From the Er>" Stark level diagram (Fig. 11), the excited level
S 8262 % 4113/2 populated the three sublevels of ground state 4115/2 (0, 174, 253
S 7 . . :
§ 826.0 7875 ¢ em™!) that contributed to the inhomogeneous broadening of *I;3/5 —
o 5 *15, emission transition peak in Fig. 10. Hence, the broadening of the
g' 8258 1 . | . ol peak may lead to overlap between the absorption and fluorescence
2 82561 / . ) spectra due to a significant overlap of light waves generated by ions from
% 82544 / different Er®* ion sites. The effect of this overlap to the quenching of
= b4 ; ¥ I 7.865 radiative *I;5 /o — “Iis /2 emission will be further discussed in the energy
82521 : : : : : transfer section [53].
2 4 6 8 10 12 14 Fig. 12 shows the values of the FWHM, which is an important

Bi, O, concentration (mol%)

Fig. 9. Maximum phonon energy #w, of 20Li;O-xBi;03-(78-x)TeO,-1Er;03-
1Ag glass system.and phonon number P bridging *I;3/5—*I;5,- transition of the
glass samples under excitation wavelength 1=980 nm increasing Bi;O3
concentration.

3.4. Photoluminescence and energy level analysis

Fig. 10 shows the NIR down-shifting emission spectra. The spectra
were within the broad band range from 1450 nm to 1650 nm, which
could be attributed to the Er®* transition from the excited state 4113 /o to
the ground state 4115/2. The intensity of the 4113/2 - 4115/2 transition
showed an initial increase before a large drop at x=11 mol%, as shown
in the inset in Fig. 10. To comprehend the Stark level in the band profile
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Fig. 10. NIR down conversion emission spectra of 4113/2—>4115/2 transition,
under excitation wavelength /=980 nm for 20Li>O-xBi>03-(78-x)TeO2-1Er,03-
1Ag glass system with different amounts of Bi,O3 concentration. The inset
displays the integrated emission intensities with increasing BiyO3
concentration.

characteristic for laser activity, for the prepared glasses. The broad
emission bands with high FWHM values were favorable for a tunable
laser medium and could be utilized as a solution for small and efficient
eye-safe NIR lasers. The FWHM increased at x<7 mol% before it drop-
ped at x=11 mol%. Furthermore, to determine the rate of energy ejected
from the lasing material, the stimulated ECS o% can be calculated as
follows:

p_ KA
%= 8mcn?Ad 10)
where Ap is the peak wavelength for the emission transition band of the
material. In this work, the glass sample with x=11 mol% (Fig. 12)
exhibited the maximum cross section stimulated emission % than the
other glasses. A large ECS value may indicate an effective laser transi-
tion, which is suitable for photonic applications, such as solid-state la-
sers [45].
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Fig. 11. Gaussian deconvolution of NIR emission spectra of *I;3/2—%5/2
transition, under excitation wavelength 1=980 nm for 20Li;0-3Bi»03-75TeO,-
1Er,03-1Ag glass system. Inset shows the Stark splitting of *I;3,,—%1;5,, tran-
sition and their energy level diagram.
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3.5. Energy transfer between Er*" ions

As shown in Fig. 6, the energy transfer mechanism occurred from
donors (excited ions) to acceptors (unexcited ions) by cross-relaxation at
increasing concentrations, resulting in nonexponential behavior of PL
decay curves of 4113/2—>4115/2 transition [54]. In general, at lower con-
centrations of acceptor ions, only a small fraction of the total number of
excited donor ions is expected to be within the critical distance of the
acceptor ions. Meanwhile, a larger fraction of the donor ions is expected
to be within the critical interaction range of the acceptors ions as the
concentration of the acceptor ions increases [55]. Hence, the interaction
between donor and acceptor ions can be represented by the Forster rate
of resonance energy transfer kt as follows [56]:

kr = (1/2%)(Ry/R)°, @an

where 72 is the donor fluorescence lifetime in the absence of acceptor, R
is the actual donor-acceptor distance, and Ry is critical transfer distance
(Forster distance) in angstrom. The Forster distance is a distance when
the rate of transfer is equal to the fluorescence decay rate that may be
calculated as follows:

RS =8.785 x 107 *Q%J /n*, 12)

where «? is the interaction between the donor and acceptor molecules,
Q% is the quantum yield, and n is the refractive index of the glass sam-
ples. Meanwhile, J is the absorbance acceptor and fluorescence donor
emission spectra (M’lcm’l), where 1is in nanometer that can be
analyzed by the following equation and depicted in the inset in Fig. 15:

J= / Fp(L)ea(1)A'da, 13)

where Fp is the peak normalized fluorescence spectrum, and e, is the
absorption spectrum of the acceptor (Fig. 13). Then, Ry was used to
calculate the donor-acceptor interaction parameter as follows [52]:

Cpa = Rty ', 14)

where 75! is the intrinsic decay rate of the donors, in which zg is the
intrinsic fluorescence lifetime. In addition, the energy transfer between
the donor and acceptor ions may be analyzed using the Inokuti-
Hirayama model as follows [51]:
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Fig. 13. Absorbance acceptor and fluorescence donor emission spectra of under
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t £\
1(t) = Ipexp L (T_o) ) 15)

where Iy denotes the decay intensity at time t=0, 7o denotes the intrinsic
lifetime, and y, denotes the direct energy transfer from the donors to the
acceptors. For the electric dipole-dipole, electric dipole—quadrupole,
and electric quadrupole-quadrupole interactions, S can take values of 6,
8, and 10. Previous research on Er®" glass has shown that S=6 provides
the best match that fit the decay curve rates, indicating that the energy
transfer between Er>* ions may be dominated by an electric dipole-di-
pole interaction. Such phenomenon was carried out via cross relaxations
between the 4113/2 and 4115/2 energy levels. Furthermore, y, parameter
could be calculated as follows by considering the S=6 interaction:

Ve = %’z L7IN,4R}, (16)
where N, is the number density of Er®* ions. In our work, Cps and
¢ generally increased with a large maximum at x=11 mol% before they
dropped at x>11 mol% (Fig. 14). Meanwhile, to verify whether the
energy transfer was mainly due to the donor-acceptor clusters or two
randomly distributed ions, the shortest distance between two ions
Drandom Was calculated as follows [57]:

3\
Dyandomn =2\ 7] 17
“ (47[NA> ( )

where N, is the number density of Er®" ions. From Table 3, the Drandom
range values were found to be higher than the Ry range values. Hence,
the energy transfer at 4113 /2—>4115/2 Er®" transition could be inferred to
be mainly due to the Er®* ion donor—Er®* ion acceptor clusters instead of
from two randomly distributed ions.

4. Discussion
4.1. AC conductivity and dielectric properties

The variations in cac (Fig. 1) can be explained in terms of glass
network modification, which occurred when Bi;O3 was added to the
predominantly ionic tellurite glasses. Given the role of BiyOg3 as a glass
modifier, at x< 11 mol%, the presence of a substantial fraction of larger
Bi®" ions outside the glass network impeded the migration of smaller Li*
ions as the major charge carriers for ionic conductivity of the glass
sample. Hence, further addition of Bi;O3 induced a large drop in cac at
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Table 3

Critical distance Ry (A), donor-acceptor interaction parameter (S=6) Cpa
(x107% cm® s71), energy transfer parameter (S=6) y¢ and shortest distance
Dyandom (A) of *I13 /2—>4115 /o transition under excitation wavelength 2=980 nm
for 20Li,0-3Biy03-75Te0,-1Er,03-1Ag glass system.

BiyO3 Critical Donor-acceptor Energy Shortest
concentrations distance interaction transfer distance
(mol%) Ro (A) parameter parameter Drandom (A)
+0.089 (8=6) Cpa (x (5=6) 16 + 0.2986
107 *em®s) +1.765
+5.819
3 1.267 7.793 7.883 15.3977
5 1.352 12.478 10.318 15.0274
7 1.312 11.583 9.688 14.8877
11 1.465 22.176 12.675 15.2024
13 1.198 5.087 7.957 14.5167

x=11 mol%, which could be attributed to the MIE effect. This phe-
nomenon may be related to the blocking effect caused by Bi;O3 and, in
turn, restricted the mobility of the ionic charge carriers (Fig. 1). In
addition, the BiOg units accumulated in the interstitial sites of the glass
network, impeding the movement of the smaller Li* ions. Given its high
additional electronic contribution to the total conductivity, the inclusion
of BizO3 was expected to increase the oac. However, the c5¢ unexpect-
edly decreased as Bi;O3 was increased up to x=11 mol% [58]. The cac
increased with further addition of BizO3 at x>11 mol%. This result may
due to the role of Bi»Og as a glass former, which induced the formation of
large BiOg units. Hence, this process may increase the number of
acceptor levels and promote polaron hopping, which enhanced the
electronic conductivity. Hence, the blocking effect was suggested to be
responsible for the alteration in the conduction mechanism from pre-
dominantly ionic to predominantly electronic. This inference had been
supported by the previous literature, in which the blocking effect was
indicated to be responsible for the alteration from predominantly ionic
to electronic conductivity in 98[20Li»O-xBiz03-(80-x)TeO3]-2Ag glass
system [59]. Moreover, addition of BiO3 at x>11 mol% may reduce the
polaron hopping distance, enhancing the polaron hopping between
transition metal sites and the glass electronic conductivity [59]. Mean-
while, the slight increase in csc at x=7 mol% may be due to the
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formation of NBOs, as shown in the Raman spectra, that promoted the
movement of Li* ions across the glass network by opening up the glass
structure. Two conducting phases may have occurred in the current glass
samples, because they were predominantly ionic due to the glass
structure Li;O-TeO,, until the addition of Bi,O3 converted some of the
ionic glass structure to BipO3-TeO3 electronic glass structure. This phe-
nomenon explain the decreased ionic conductivity and alteration by the
emergence of electronic conductivity.

The mechanisms of electronic, ionic, orientational, and space charge
polarization generally comprehensively contribute to the dielectric
constant of glasses [60]. The nonlinear decrease in the dielectric con-
stant ¢ for the glass samples at 10? Hz frequency (Fig. 2) with the
addition of Bi,O3 may be due to the presence of the Bi>* ions outside the
glass network. Such characteristic impeded the charge carrier move-
ment and formed a short-range pathway for carriers involved in the
formation of medium-sized space charge dipoles, resulting in a slower
reduction in € [58]. By contrast, the slight increase in £ at x=7 mol% may
be due to the contribution from the formation of NBOs as indicated in
the Raman spectra. The formation of NBOs opened the glass network,
creating suitable pathways for free Li*™ ions to migrate toward the
electrode. This process then contributed to the space charge
polarization.

Dielectric loss within the glasses at a specific frequency is described
by the loss tangent tan 8. DC conduction losses have been suggested to
contribute to tan § at low frequencies for all glass samples. At low fre-
quencies, charge carriers, such as Li* ions, may have hopped repeatedly
over a long distance, causing DC conductivity loss. This phenomenon
was proven by the 1/w slope value from the low-frequency dispersion of
dielectric loss ¢” with increasing frequencies, with values between
-0.9516 and -1.3047 (Fig. 3). The slope range showed that the DC
conduction loss existed in all glass samples. Interestingly, the decrease in
tan & up to x=11 mol% at 10? Hz frequency (Fig. 3) could be attributed
to the MIE effect, which reduced the DC conduction losses by impeding
the migration of the Li* ions in the glass network [59]. Meanwhile, the
increase in tan § at x>11 mol% may be due to the excess free volume
formed with further addition of Bi;O3 because of the bigger radius of
BiyO3 than that of TeO2, As a result, the glass molar volume increased,
thereby facilitating the movement of the charge carrier, resulting an
increase in tan .

4.2. Decay rates and multiphonon relaxation parameter

The increase in 7, of up to x=7 mol% (Fig. 7) may be due to the
addition of lower phonon Bi»O3 that contributed to a decrease in the
phonon energy of the glass samples [52]. Meanwhile, a large drop of
Tmes at x=11 mol%, which coincided with the large drop in 65¢, may be
attributed to the high phonon energy of the glass samples that may
associated with the blocking effect. Accumulation of BiOg unit at the
interstitial sites may have induced thermal vibrations of the glass matrix.
This phenomenon led to the increase in vibrational amplitude and op-
tical phonon frequency, contributing to the high phonon energy of the
glass samples [61]. In addition, the effect of Er’" ions on the energy
transfer process, particularly the high cross-relaxation mechanism yg
between the Er®* ions (Fig. 14) as a quenching center, may be the reason
for the decrease in the 7, in the Er3+—d0ped glasses [62]. Meanwhile,
sharp increase in 7,5 at x>11 mol% may be attributed to the lowering of
the phonon energy of the glass due to further addition of Bi»O3, Such
augmentation increased the mass of the oxygen ligands, resulting in
lower phonon vibration energies [63].

Based on the expression of Wypg in Eq. (4), the MPR rate Wypg was
influenced by the phonon density p(®) and maximum phonon energy
hwy. This rate could be analyzed using the Raman spectra (Fig. 4). In
general, the decrease in p(w) and 7w, led to a weaker Wypr. This result
suggested that the decrease in the Wypr up to x=7 mol% may have been
reasonably caused by the lowering of 7w, (Fig. 9) due to the addition of
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lower phonon BiO3. The reduction in 7w, was due to the decrease in the
resonance energy of the lattice vibrations in the glass. which conse-
quently made Wypr less probable. By contrast, Wypr showed a
maximum at x=11 mol% which was opposite to the minimum of zw,,
indicating that the explanation of Wypr using maximum phonon energy
fw, need to be elucidated [64]. This analysis is consistent with the
previous finding by Reisfeld et al., in which the dependency of Wypg to
fw, was just valid for low energy gap (1000 em™! to 3000 cm™), low
phonon number P (below 5), and high-phonon energy glass, such as
B,03. Hence, such Aw, analysis could not be applied to our glass sample
due to the high range of energy gap (6503 cm™ to 6508 cm™), high
phonon number (7.87-7.89) and low phonon glass network (TeO3) [65].
Interestingly, Miyakawa and Dexter [[66]] had proposed
phonon-assisted energy transfer probabilities S, that may occur, which
may explain the contrast trend between 7w, and Wypr at x=11 mol% in
our glass sample. Phonon-assisted energy transfer S,, may occur if the
phonon emission of donor ions is overlapping with the phonon ab-
sorption of acceptor ions. Such phenomenon can also be supported by
high donor-acceptor interaction parameter Cpy and energy transfer
parameter yg at x=11 mol% (Fig. 14). The number of phonons is
required to be emitted to conserve energy in the MPR process, hence
increasing the Wypr but lowering the Aw, of the glass sample [66]. In
addition, the high overlap between the phonon emission and absorption
between Er®* jons may be explained by the accumulation of BiOg in the
glass host. Such process may induce vibrational amplitude and optical
phonon frequency, contributing to the high phonon-assisted energy
transfer Sy at x=11 mol%. The increase in Wypr has also been sug-
gested to be probably related to the increase in 6a¢ by polaron hopping.
Previous research reported the contribution of multiphonon process
with electron-lattice coupling to polaronic conductivity. Hence, the MIE
effect may have contributed significantly to the multiphonon process,
which was favorable for the polaron hopping process during conduc-
tivity [67].

In addition, emission cross-section, radiative transition probability,
lifetime of the meta stable state, RE ion concentration, and ligand field
effects have major influences on the quantum efficiency n of a particular
emission transition. Based on the factors that may influence 1, the MPR
rate Wypr has been suggested to be the main influencing factor due to
role of Wypr in enhancing nonradiative transition. Such process
decreased the number of photons generated in the radiative transition,
which consequently led to the reduction in n as shown by the opposite
trend between Wypr and 1 in Fig. 8 [52].

4.3. Photoluminescence and energy level analysis

The increase in the luminescence intensity of the 4113 /2—>4115 /2
transition (Fig. 10) at x<7 mol% and at x>11 mol% was attributed to the
addition of lower phonon BiyOs that contributed to the lower probability
for MPR Wypg to occur. Such phenomenon increased the probability for
radiative transition. Meanwhile, the large drop in the luminescence in-
tensity at x=11 mol% may be due to the blocking effect by the BiOg units
at the interstitial sites. Such blockage may cause thermal vibrations in
the glass matrix, increasing the vibrational amplitude and optical
phonon frequency and contributing to the high phonon energy of the
glass samples. This high phonon energy then increased the probability
for MPR Wypr rather than the radiative transition, thereby decreasing
the luminescence intensity. In addition, the energy transfer between
Er®* ions Cpa (Fig. 14) also contributed to a drop in the luminescence
intensity at x=11 mol% due to the increased probability for cross
relaxation rather than radiative transition. Meanwhile, further addition
of BipO3 at x>11 mol% may have promoted lower phonon energy glass
network environment, thereby enhancing the photoluminescence
intensity.

The inhomogeneous broadening of the NIR emission band could be
due to the increased variation in the environment and coordination
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number around the Er** jons. Such phenomenon changed the structure
and local crystal field environment of the glasses [52]. Furthermore, the
bandwidth (FWHM) was also highly dependent on the overall Stark
splitting extent, because the Stark splitting of the ground state was
greater than the emission level [68]. The enhanced luminescence FWHM
(Fig. 12) at x<7 mol% and x>11 mol% was attributed to the formation
of BiOg unit, which had high six coordination number by Bi>O3 [69,70].
Given the high coordination number of Bi®*, the crystal field of the 0?~
around the Er®" site expanded, which led to the strong Stark splitting of
f-f transitions and induced the broadening of the bandwidth of the 1.55
pm band [70]. Meanwhile, the drop in FWHM at x =11 mol% may due to
the role of Bi»Os3 as glass formers that promoted a high number of BiO3
units, which have low three coordination number. The low coordination
number of Bi®>* may have decreased the crystal field of the 0%~ around
the Er®* site, resulting in weak Stark splitting of the f-f transitions and a
small broadening of the bandwidth of the 1.55 pm band [70]. Mean-
while, the ECS ¢f showed a maximum at x=11 mol%, probably due to
addition of high polarizability BipO3 which contributed for stronger
oscillator strength of electric dipole and higher refractive index. Heavy
Bi®* ions also promoted the reduction of vibrational frequencies which
helped in narrowing electric dipole linewidth thereby leading to high ¢£
[71].

4.4. Energy transfer between Er’" ions

The increase in Cpp and yg values with maximum at x =11 mol% as
Biy0j3 increased (Fig. 14) may due to the nonradiative cross relaxation,
which led to the donor-acceptor energy transfer via dipole-dipole
interaction between Er®" ions. This phenomenon caused the non-
exponential behavior of the decay rates 7, and quenching of lumi-
nescence. In addition, the high Cpa and ye values at x =11 mol% may
also indicated the nonradiative behavior of energy transfer as suggested
by Malta (2008) in the following energy transfer rate equation Wgr,
which considered the Franck-Condon factors F [72]:

W _27r‘
F‘Tfh

(DA*|H|D*A)°F, (18)
where |D) and |A) represent the donor and acceptor states, respectively.
Fis directly related to the nonradiative transition rate ky, as described by
Marcantonatos as follows [73]:

knr = ﬂF~ (19)

where B is the electronic pre-exponential factor. Hence, the energy
transfer that occurred at x=11 mol% could be inferred to be non-
radiative in nature. In addition, the F factor is also described to be lin-
early dependent to electron phonon coupling S as follows:

F=exp—(S)S"/(v—1)!, (20)

where v is related to the phonon number P as y=P-1. As a consequence,
the high nonradiative transition rate kj, due to the phonon-assisted Sy},
and cross relaxation energy transfer y¢ may have contributed to the high
electron phonon coupling S. This phenomenon may have contributed to
the polaron formation and facilitated the polaron transport in the glass
matrix at x =11 mol% [74-76].

In addition, the high multiphonon process indicated by the increase
of Wypr at x =11 mol% induced the energy transfer from the optical
phonons to the electron that induced small polaron formation. Hence,
the small polaron formation would contribute to the polaronic con-
ductivity by polaron hopping mechanism as discussed by Mott (1969),
who stated that the frequency of optical phonon y is related to polaron
energy W, as follows [77,78]:

y = W,/ hay, (21)

where 7wy is the energy of the absorbed photon.
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5. Conclusion

Mixed ionic-electronic = 20LiO-xBizO3-(78-x)TeOy-1EryO3-1Ag
glasses had been fabricated. AC conductivity (cac) showed a nonlinear
decrease at x < 11 mol% before a large increase at x>11 mol% ¢ with
increasing BisO3 concentration. A large drop observed in ca¢ at x=11
mol% may be due to the MIE effect, which was attributed to the accu-
mulation of BiOg units in the interstitial sites of the glass network. This
phenomenon impeded the movement of smaller Li* ions. The MIE effect
in oac may have promoted changes in the photoluminescence intensity
and lifetime 7,5 via structural changes as shown by the Raman spectra.
The results from the analysis of nonradiative MPR rate Wypg showed an
initial decrease until x=7 mol%, indicating the role of lower phonon
BiyO3 as glass modifier which promoted higher photoluminescence in-
tensity and lifetime 7,,,s. The accumulation of BiOg units in the inter-
stitial sites of glass network at x=11 mol% may have been responsible
for the drop in the photoluminescence intensity and lifetime zpes by
increasing the vibrational amplitude of glass network. Such increase
contributed to the high phonon energy, which led to the high Wypgr. The
higher probability of nonradiative multiphonon transition Wypgr to
occur rather than radiative transition at x =11 mol% may have pro-
moted the nonradiative energy transfer via Er>*—Er®* ion cross relaxa-
tion ye¢ and phonon-assisted energy transfer S;, at x=11 mol%. The
nonradiative energy transfer at the MIE region may favor the polaron
formation and transport by electron—phonon coupling.
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