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Erbium nano particles (NPs) doped tellurite glasses were prepared via melt-quenched technique and their
chemical composition are as follows; {[(TeO,)y70(B,03)g30107(Zn0)y 3}, (EryO;NPs),_,, y = 0.005, 0.01, 0.02,
0.03, 0.04 and 0.05. The amorphous state of the glass system was revealed and the structural parameters
indicating the formation of non-bridging oxygen was shown. The current work underlines the spectral

parameters from Judd-Ofelt (JO) studies, and upconversion spectra. The existence of erbium NPs was found
experimentally using transmission electron microscopy (TEM). The Judd-Ofelt analysis suggests that the
radiative probability, A, is strong at®H,,,, —>*I,5,, and a longer lifetime at*l,; , —>*I,5,. The Argon laser
beam was used to determine the upconversion emission peaks. The upconversion radiation emission excited
at 800 nm was found in the range 390 nm.

1. Introduction

The extensive research on glass science and technology that explore
the new findings on photonic and optical applications is undeniable.
The novel findings on glass applications are reported continuously [1,
2]. The high demand on communication system increase the develop-
ment of potential glass materials for optical communications. There
are various kind of glass materials which are beneficial for optical
applications. The silicate glass is currently used as the main core
in fiber optics. Besides that, silicate glass has high melting point,
weak absorbance, and weak nonlinearity [3]. Research on alternative
materials with high optical performance and stability are essential
to replace the current optical materials. Besides that, the previous
research on tellurite glasses found that there are extensive of optical
applications such as yellowish green optical devices, laser applications,
visible upconverter and tunable display devises [4-7]. The tellurite
glass appears to be one of the unique and high demand materials for
their interesting physical properties [8-13]. The tellurite glass had been
widely developed in several optical applications such as fiber optics,
optoelectronics, light emitting diode (LED), and glass sensors [14].
Moreover, the improvement of tellurite glass in optical applications
is still in progress. The tellurite glass is compatible with many oxides
materials especially lanthanide oxides. Various oxides are required to
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be added in tellurite glass network to improve their stability and optical
properties.

Rare earth oxides are used to enhance the optical communication,
and one of the applications is Er’*-doped fiber amplifier (EDFA) device.
Erbium oxide had been widely investigated to enhance the optical prop-
erties of tellurite glass [15]. Meanwhile, there are few information on
optical performance of erbium NPs doped tellurite glass. It was reported
that the size of particles affects greatly on optical performance of laser
glass [16]. Metallic nanoparticles are commonly used to enhance the
optical efficiency of laser glass. However, there is still much controversy
about the metallic nanoparticles which is due to the degradation of
emission effect on lanthanide oxide by the metallic materials. Thus,
the lanthanide oxide nanoparticles are alternative materials to enhance
the optical performance of laser glass. Further investigations on optical
performance of erbium NPs doped tellurite glass are essential to design
the photonic materials, which are accessible and understandable. The
aims of this research are to determine the Judd-Ofelt parameters,
emission lifetime and upconversion of erbium NPs doped tellurite glass.

2. Experimental setup

The erbium NPs doped tellurite glasses were prepared via melt-
quenched technique and their chemical composition are as follows;
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{[(Te02)g.70(B203)9.3010.7(Zn0)y 3} y (EryO3NPs);_y, y = 0.005, 0.01,
0.02, 0.03, 0.04 and 0.05. The high purity of chemical powder (99%
purity grade) of erbium (III) oxide nanoparticles, Er,O3 NPs (Reac-
ton, Alfa Aesar, size of particles = 15 nm), tellurium (IV) oxide,
TeO,(Puratronic, Alfa Aesar), ZnO (Assay, Alfa Aesar) and boron oxide,
B,05 (Assay, Alfa Aesar) were commercially obtained and used for
sample preparation.

The raw materials were weighted using electrical balance with
accuracy of +0.0001 g. Subsequently, the raw materials were mixed
thoroughly and transferred in an alumina crucible. The mixture of raw
materials was melted at 900 °C using electrical furnace for 2 h. The
choice of melting temperature was done by several times of fabrications
with different temperature. It is found that the temperature of 900 °C is
the most stable melting temperature to produce high transparency and
low fragility of glass materials. The molten was quenched in cylindrical
stainless-steel mold. The cylindrical stainless-steel mold containing the
glass sample was cooled down at room temperature for 5 h. The glass
sample was cut at a thickness of ~2 mm using high precision Isomet
Buehler low speed saw machine. The glass sample was polished using
sand paper to obtain a smooth surface on both sides. The obtained glass
sample is transparent and bubble free. The structural analysis of erbium
NPs doped tellurite glass was done by using X-ray diffraction method
to confirm the structural arrangement in the glass network. Further-
more, the Mattson 5000 Fourier transform infrared (FTIR) spectrometry
at room temperature was conducted to determine the transmission
band of each elements in the glass system. The transmission electron
microscopy (TEM) technique with the basic principle of the electron
microscope was performed to determine the particle size of erbium
NPs after the glass formation. Shimadzu-1650PCUV-Vis spectropho-
tometer was used to analyze the absorption band of the glass sample.
The upconversion spectra was measured by using Perkin-Elmer LS 55
Luminescence spectrophotometer.

3. Results and discussion
3.1. X-ray diffraction and transmission electron spectra

As displayed in Fig. 1, the XRD spectra of erbium NPs doped tellurite
glass are recorded at room temperature in the range 20°< © < 80°.
The XRD spectra revealed broad diffusion at lower scattering angles
suggesting the existence of long-range structural disorder. The presence
of broad peaks at around 20 = 30° is shown in Fig. 1. The obtained
trend is due to the effect of erbium NPs concentration which contribute
to the strong XRD broad peaks at 30°. The increasing concentration of
erbium NPs results to the narrower of broad peaks. Consequently, the
tendency of the glass system to crystallize is increased with increasing
amount of erbium NPs. However, the broad peaks obtained from the
XRD spectra suggest that erbium NPs doped tellurite glasses are com-
pletely amorphous in nature. The size of erbium NPs was determined
by using transmission electron microscopy (TEM). TEM analysis was
conducted before and after the glass formation to prove the existence
of nanoparticles in the glass sample. The images of nanoparticles before
and after the glass formation are depicted in Figs. 2a and 2b. It can be
seen from Fig. 2a that the size of erbium NPs before the glass formation
is ~18 nm, while the size of particles is found increased after the
glass formation at ~28 nm as shown in Fig. 2b. The three-dimensional
spherical-shape of the particles before and after the glass formation
remain unchanged. The increasing size of particles may be subjected
to the Oswald ripening effect in which the smaller size of particles is
diffused to larger size of particles [17].

3.2. Fourier transform infrared

FTIR spectroscopy is one of the powerful techniques frequently used
to analyze the structural parameter of a glass system. Thus, the FTIR
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Fig. 1. XRD spectra of erbium NPs doped tellurite glasses.
200 nm

Fig. 2a. TEM image of pure erbium nanoparticles before the glass formation.

spectra of different erbium NPs concentrations are recorded to inves-
tigate their internal structure. The transmission spectra of erbium NPs
doped tellurite glass are recorded in Fig. 3. It is shown that the erbium
NPs doped tellurite glasses consist of several peaks which correspond to
the local structure of the glass system. The transmission spectra of er-
bium NPs doped tellurite glasses consist of three wide absorption bands
in the range 656-664 cm~! , 1233-1252 cm~! and 1327-1343 cm~!.
In addition, some shoulders are recorded at 414 cm™!- 421 cm™1.
Tellurite oxide consists two types of structural configuration units,
i.e., trigonal bipyramid TeO, and trigonal pyramid TeO3 [18]. The
presence of transmission band at 656-664 cm~! indicates the infor-
mation of stretching vibrational modes of Te-O bands in Te-bridging
oxygen and Te-nonbridging oxygen respectively. Te-bridging oxygen
is attributed to the trigonal bipyramid, TeO, structural unit. Mean-
while Te-nonbridging oxygen corresponds to the trigonal pyramid,
TeO3 structural unit. The transmission band in the range of 600-
650 cm~!corresponds to the TeO, group, and the transmission band
in the range of 650-700 cm~! corresponds to the TeO5 group. Hence,
the transmission band shown at 656-664 cm™! in Fig. 3 indicates that
the glass system consists of Te-nonbridging oxygen, TeO3. These bands
are broadened with respect to the crystalline TeO,, which is due to the
distribution of bond angles and lengths in the amorphous matrix [19].
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Fig. 2b. TEM image of erbium nanoparticles after the glass formation.
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Fig. 3. FTIR spectra of erbium NPs doped tellurite glasses.

The transmission bands of BO, and BO; are introduced after the
glass formation which is due to the substitutions of boroxyl ring. The
vibrational modes of borate glass are active in three spectral regions
according to the work of Krogh-Moe [20]. The first group of the band
around 600-800 cm~! corresponds to the bending vibrations of various
borate arrangements B-O-B. The second group of the band located at
around 800-1200 cm™! corresponds to the B-O stretching vibrations
of tetrahedral BO,- units. The third region around 1200-1800 cm~!
corresponds to the B-O stretching of trigonal BO5; units. The band
spectra observed at 1233-1253 cm™! is due to B-O-B stretching vibra-
tions of polymerized BO5 groups [21]. The transmission band around
1327-1343 cm™! is associated with the trigonal B-O bond stretching
vibrations in isolated trigonal BO5; units. Moreover, the transmission
band at around 1388-1410 cm™! is ascribed to the trigonal B-O bond
stretching vibrations of BO3 units from various types of borate groups.
The erbium NPs is not detected by FTIR transmission spectra due to the
low concentration.

3.3. Absorption spectra

The optical absorption spectra for the erbium NPs doped tellurite
glass are depicted in Fig. 4. It can be seen that the absorption spectra
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Fig. 4. UV-Vis absorption spectra of erbium NPs doped tellurite glasses.

consist of several sharp peaks indicating the excitation of electrons
in 4-f transitions from the ground state, *I;s /> to several excitation
levels 4Gy, + 2Hgyy + *Fsjy + *Fy 0 + 2Hyyjp + #8350 + *Fopp + Yy
+ 41, /2 correspond to the excitation energy at 383.5 nm, 408.5 nm,
452.0 nm, 489.0 nm, 525.5 nm, 545.5 nm, 654.5 nm, 800.0 nm and
979.0 nm respectively. The transition levels were confirmed from the
previous work of Carnall et al. which study the spectral intensities
of the trivalent lanthanides and actinides [22]. It can be seen from
the figure that the absorption coefficient decreases with an increase
of wavelength. The optical absorption edge is not sharply defined
in the present glass samples which are due to their characteristic of
amorphous nature [23]. From the figure, it can be seen that the
absorption edge is shifted to the longer wavelength with increasing
concentration of erbium NPs. Such trend is due to the less rigidity in
the glass system [18].

3.4. Extinction coefficient

The extinction coefficient (k) of the glass system is determined by

al
k=-=. 1
4z M
The value of k is used to calculate the Fermi energy (Eg). The
extinction coefficient obeys Fermi-Dirac distribution function for all

glass samples.

k) = !
1 + exp(

(2)

E—Ep
KT

where E is the photon energy, E; represents Fermi energy, Ky is the
Boltzmann constant and T is the temperature. The plotted graph of
extinction coefficient of the glass series is shown in Fig. 5. It can be
seen from the figure that the extinction coefficient, k for the glass series
decreases with an increase in wavelength. This trend is due to the
decreasing value of absorption coefficient with increasing wavelength.
It is known that the extinction coefficient, k depends on the wave-
length of light propagation through the materials. Hence, the change
of wavelength may result in the change of extinction coefficient.

The obtained values of Fermi energy for the two glass series are
tabulated in Table 1. It can be observed from the table that the value
of Fermi energy decreases with increasing amount of erbium NPs. This
result indicates that the glass system tends to be more conductive with
increasing quantity of the erbium NPs. The addition of Er’* ions in
the glass matrix leads to the increasing number of BO; units. The
higher number of BO; units will cause to the decrease in the degree of
delocalization of electrons which increases donor centers in the glass
matrix [24]. Thus, the Fermi energy is decreased. The higher value of
Fermi energy than kT indicates the insulation nature of the materials.
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Fig. 5. Extinction coefficient versus wavelength of erbium NPs doped zinc tellurite
glasses.
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Fig. 6. Judd-ofelt parameter, ©2,(r = 2,4,6) versus concentrations of erbium NPs doped
zinc tellurite glasses.

Table 1
Fermi Energy of erbium NPs doped tellurite glasses.

Mol fraction Fermi Energy, Ep (eV)

Erbium nanoparticles

0.005 4.414
0.01 4.390
0.02 4.372
0.03 4.366
0.04 4.308
0.05 4.304

3.5. Judd-Ofelt analysis

The theoretical estimation of spectroscopic and laser parameters of
erbium NPs doped tellurite glass can be investigated by way of Judd—
Ofelt (J-O) theory from the absorption spectra. The calculation method
to compute J-O theory can be found in previous research [25,26].
Hence, we only focus on the results of spectral parameters. J-O theory
provides information of spectral parameters, Q. (t = 2, 4, 6), oscillation
strength, radiative transitions within 4f" configuration and emission
lifetime. The validity of results and reliable calculations have been
obtained by comparing the experimental and calculated line strength
and oscillation strength which are listed in Table 2. Based on the least-
square fitting method, the spectral parameters £, (t = 2, 4, 6) of erbium
NPs doped tellurite glass have been obtained and listed in Table 3. The
trend of spectral parameters along with erbium NPs concentration is
depicted in Fig. 6.

It has been established that the 2, and £, parameters are strongly
affected by the local environment of erbium ions, Er’*. Moreover,
the values of 2, and @, parameters correspond to the symmetry and
polarization of local structure and the bonds of Er’* to the ligands. It
can be seen from Fig. 6 that the 2, parameter is higher at 0.005 mol
fraction of erbium NPs which indicates the high polarization of Er’+
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ions and asymmetry around Er3t [27]. Moreover, the maximum point
of Er** NPs ions at 0.005 is due to the large polarization of Te** and
asymmetry of tellurite glasses (Jlassi et al. 2011). Hence, the chemical
bonds of Er’* possess strong covalency at 0.005 mol fraction. The
growing covalency of materials will increase the value of optical band
gap which is due to the lower ionicity of materials [28]. Moreover, the
effect of covalency between the Er** ions and ligand bonds will reduce
the electron donor power and result to the decreasing value of optical
basicity.

Fig. 6 shows that the value of £, parameter starts to decrease
with an increase of erbium NPs concentration. Such trend indicates
that the covalency of Er’* decreases and the reduction of asymmetry
around Er’*. The reduction of covalency in Er’* ions to the ligands
is related to the degree of rigidity which reflect the amorphous na-
ture in the glass system [29]. Decrease in covalency indicates an
increase of electron donor power which leads to the decrease of optical
band gap and optical basicity. This trend corresponds to the previous
value of optical band gap which decreases along with erbium NPs
concentration. However, at 0.05 mol fraction of erbium NPs, the ©,
parameter increases. This trend is due to the nephelauxetic effect and
a shift of the barycenter of the absorption bands along with erbium NPs
concentration [30].

Q4 parameter is not dependent on the Er** local environment but
related to the rigidity of Er’* ions bonds to the ligand. Moreover, the £,
parameter is ascribed to the overlap integrals of 4f and 5d orbits [31].
The non-linear trend is found in £4 parameter as shown in Fig. 6. It can
be seen that the lowest point of Q4 parameter is at 0.05 mol fraction
which indicates the reduction of rigidity of Er>* ions to the ligand. The
reduction of ¢ parameter can be explained by comparing the value
of electronegativity between cations and anions in the glass system.
Since the values of electronegativity, for B, Te, Zn, O and Er atoms
are 2.04, 2.10, 1.65, 3.44 and 1.24 respectively, the Er-O bond is
found weaker among the other atoms which leads to the reduction of
Q¢ parameter [32]. It can be seen from Fig. 5 that the Q4 parameter
is slightly increased from 0.01 mol fraction to the highest 0.03 mol
fraction. Such trend indicates that the stark splitting of energy levels
is increased within 0.01-0.03 mol fraction which leads to the widen
of emission band. Moreover, the enhancement of €, parameter is most
probably due to the increasing ionicity and vibrational amplitude of
Er-O bond.

The radiative properties of erbium NPs doped tellurite glass are
calculated and tabulated in Table 4. The strongest radiative probability,
A,,q for the glass sample is located at Er’*: 2H,, Y 415 /> transition
which indicates strong green emission. Furthermore, the branching
ratio,  value at Er**: 2H;;,, — *I;5,, transition is 0.963 which
suggests high possibility of laser application in the glass sample. The
lifetime of the estimated emission is found at 0.322 ms which is lower
than the other transitions. Decrease in radiative lifetime is due to the
increase of non-radiative decay. Moreover, the decrease in particle-
particle distance results in the enhancement of inter-coupling and decay
channels which in turn decrease the lifetime [33]. Meanwhile, the
longer of a lifetime at the transition of *I,, /2 level gives an advantage
to the population inversion between the *I,; /> and ;5 /2 levels [34].
It is observed that the lifetime of erbium NPs doped tellurite glass is
greater at *I;; , - 5, transition level.

3.6. Upconversion spectra

The inset of Fig. 7 shows the upconversion emission band under
excitation of 800 nm. The selection of excitation level is done by using
the previous data of absorption spectra which locates the excitation
level at 800 nm. It can be seen from the figure that the upconversion
emission band is observed at 390 nm which correspond to 2H, 2 =
41,5 /2 transition. The Russell-Saunders coupling explained that the ob-
served emission peak is mainly due to the deviation of 4f configuration
[35-39]. Thus, the emission at ultraviolet and infrared region can be
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Table 2
Dipole line strengths S, oscillator strength, f and calculated JO intensity parameters of erbium NPs doped zinc tellurite glasses.
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Transition Wavelength Line strength, S(x 10~2°cm?) Oscillator strengths, f (x 1072°cm?)
(from*1,5 /2) A (nm) Measured, .. Calculated, S, Measured, f,.. Calculated, f,.
Erbium nanoparticles (0.05 mol fraction)
“F5) 448 0.051 0.051 0.144 0.144
4l""7/2 482 0.108 0.066 0.285 0.173
4H11/2 515 0.191 0.202 0.473 0.500
453/2 647 0.180 1.037 0.354 2.039
4F\)/2 800 0.061 0.075 0.096 0.119
219/2 960 0.069 0.008 0.091 0.011
Table 3
JO intensity parameters 2, = (t = 2, 4, 6) of erbium NPs doped tellurite glasses. 500
Mol fraction Judd-ofelt parameters, 2, (x 1072' cm?) —0.005 —0.01
400 F 0.02 —0.03
Q2 Q4 Q6
0.04 0.05
Erbium nanoparticles >
0.005 2.766 1.403 0.478 g 300 |
0.01 1.276 0.847 0.367 £
0.02 1.033 0.817 0.434 200 |
0.03 0.835 0.712 0.450
0.04 0.384 0.400 0.222 00 F
0.05 1.223 0.351 0.037
///’/'— ———
0 . : : R
Table 4 370 375 385 390 395 400 405 410

Calculated transition probabilities and branching ratio of erbium nanoparticles doped
zinc borotellurite glasses (0.05 mol fraction)

wavelength, A (nm)

Transitions Amm)  Ayp 8 A 1) B Lifetime, t (ms) Fig. 7. Upconversion emission spectra of erbium nanoparticles doped zinc borotellurite
lasses.
T3, = ‘s, 1530 64.75 11.768 1.000 13.070 8
My, = YLy, 2804 1466 3.069 0.443
“Lisp 990 22252 0557 25014 state level, *I;5/, are excited by using 800 nm of wavelength to the
4 ; 4 4
My - ML, 4168 2.5 0.189 0.037 upper levellat. Iy/;- The ions at “Iy,, are then promoted to G/,
“1,, 1676 3.366 0.051 through excitation absorption process (ESA):
1,0 800 60.260 0.912 15.136
e *Iy/, +a photon ~*Gy;
“F, - 4 3771 4.92 1.714 0.016 .
o1 41?]/2 1080  11.82 8.910 0.049 The energy transfer (ET) process is also produced to populate the
Ty, 1161 23.382 0.056 excited states:
41 660 368.654  0.879 2.384
15/2 4 4 4 4
Lo + "o =>"Gyypn + Iispo
Sy = L, 1710 9.267 0.090 ) o L.
“a,, 1212 2.832 0.027 The ions at 4Gy, /2 are decay nonradiatively through nonradiative
3, 846 26.955 0.261 relaxation (NR) process to populate 2H, /2 level. The upconverted violet
s, 545 64.169 0.622  9.688 emission is produced by radiative relaxation process at 2Hy, (390 nm)
M, - W, 2497 10.636 0.003 level to the ground state, *I;5 /2 level. The enhancement of emission
! 419//2 1502 34.765 0.011 peak at 0.05 mol fraction of erbium nanoparticles is due to the energy
L, 1104 27.394 0.009 transfer process:
My, 792 43.258 0.014 . . 5 5
s, 522 2086.464 0.963  0.322 G2 + *Frj—>"Hg )y + *Hy
W, o YRy, 1942 2.361 0.003 The red shift as shown in Fig. 7 is due to the presence of impurity
Ly, 1282 21.784 0.031 band generated from the doping concentrations. Another possibility
4 . . . . .
Lip 980 68.673  0.099 is that, the red shift is due to the potential fluctuations that leads to
happ 726 201.146 - 0.289 the formation of vacancies, impurities, dangling bonds and structural
L, 493 102700 0578 1435 e formation of vacancies, impurities, dangling bonds and structura
defects [40]. Meanwhile, the blue shift of the emission peaks is usually
%Gy, - 4By, 2439 4.569 0.007 related to the quantum confinement effects in nanoparticles. The strong
an/z 1907 7.718 0.011 quantum confinement leads to the increasing number of free charge
F,, 1081 7.268 0.010 - -
carriers and oscillator strength of the glass system.
‘L, 840 17.147 0.024 J & Yy
Iy, 699 121.869  0.174
My, 560 432,970  0.617 4. Conclusions
L5, 410 110.247 0157 1.425

observed from the excitation of Er** ions. It can be seen from the figure
that erbium NPs doped tellurite glass possesses an intense emission
peak at 0.05 mol fraction. The intense emission peak is due to the high
amount of excited Er** nanoparticles ions at 0.05 mol fraction.

Fig. 8 shows a schematic diagram of upconversion emission mecha-
nisms for erbium NPs doped tellurite glass. The Er’* ions at the ground

86

In conclusions, the erbium NPs doped tellurite glasses were suc-
cessfully fabricated via melt-quenched technique and characterized its
optical properties. The structural analysis was performed based on the
XRD, FTIR and TEM analysis which confirmed its amorphous nature,
the formation of nonbridging oxygen and the existence of nanoparticles
(~28 nm). The spectral analysis of erbium NPs doped tellurite glass was
carried out based on UV-Vis spectroscopy, upconversion spectra and it
is found that the erbium NPs doped tellurite glass possesses: several
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Fig. 8. Schematic diagram of erbium NPs doped tellurite glasses for upconversion
emission.

excitation levels at 4Gy, + ZHgy, + *Fsy + *F; 0 + 2Hyy )0 + 1S5 +
*Fy/p + g 5 + 11y, Which is further analyzed to determine the spectral
parameters. The spectral parameters were shown to follow the trend
of 2,>0,>0,. Based on the radiative probability, A4,,4 and branching
ratio, f, it is suggested that the erbium NPs doped tellurite glass has
strong green emission (Er**: H,;,, — “I;5/,) and high possibility of
green laser application. The upconversion emission excited at 800 nm
shows emission at ultraviolet region (390 nm) which is beneficial to the
production of ultraviolet lasers. Based on these results, the proposed
materials are suitable materials for laser applications due to their
outstanding optical performance.
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