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Optical absorption and emission properties of 20Na;0-20Ca0—(59 — x)B203-xV205-1Er;03 (x = 0 — 2.5 mol%)
(Series A) and 20Na;0-20Ca0-(58.5 - ¥)B203-1.5V205-yErs03 (y = 0 — 3.0 mol%) (Series B) glass systems were
examined to elucidate the effect of Er,O3 co—-doping with V505 in the mixed ionic-electronic (MIE) glasses. The
absorption spectra of both glass series exhibited 10 significant bands, which corresponded to the f—f transition of
Er®' ions with an additional weak absorption band attributed to V#* energy transition. The up-conversion PL
spectra for the glasses under 779 nm excitation displayed 3 emissions bands centered at 518, 556 and 647 nm
due to the emission from the energy levels of Er°*. The enhanced emission at 647 nm (red region) that corre-
sponded to the 4F9/2 > 5 /2 of the Er* transition for all glasses was suggested due to energy transfer from V**
to Er>* ions. For Series A, the variation of oscillator strength (fexp) and Judd-Ofelt parameters (£ 4,6) showed
almost similar trend, which exhibit a maximum at x = 0.5 mol% V30s. PL intensity was highest for sample x =
0.5 mol% but abruptly drops to the minimum at x = 1.5 mol%. The decrease in PL was possibly influenced by the
MIE effect. Meanwhile, for Series B glasses, general decrease was observed in feyp and Judd-Ofelt parameters
except for Q¢ upon EryO3 addition. The PL intensity increased and reached a maximum at y = 2.0 mol% before

subsequently decreased with further addition of EroO3 (y = 3.0 mol%) due to concentration quenching.

1. Introduction

Borovanadate glasses consisting of mixed network formers, namely
B203 and V305 in the glass composition have attracted considerable
interest because of their notable structural and physical properties [1,2].
The incorporation of two dissimilar host glasses have shown non- linear
variation of certain properties such as conductivity and glass transition
temperature, which termed as the mixed glass former effect (MGFE) [3].
B20s3 is a well-known host glass that displays unique physical properties,
such as the borate anomaly when alkali or alkaline— earth metal oxide is
introduced to the glasses as a modifier. The borate anomaly was
explained by considering the transformation of three- to four—fold co-
ordinated boron during the initial addition of modifier oxides before
non-bridging oxygens (NBO) were created at higher modifier contents.
Meanwhile, V2Os is a conditional glass that can form a glass through the
addition of other components under conventional quenching conditions.
Introduction of V30s into alkali borate glasses exhibits a mixed

ionic—electronic (MIE) effect, which involves the interaction between
ionic and electronic carriers. The signature of the MIE effect has been
demonstrated in electrical conductivity studies on the conductivity
minimum when one type of carrier is replaced partially by another [4,5].

Several suggestions have been proposed to explain the MIE-related
conductivity minimum in terms of ion-polaron interactions or the
reduction of transition metal oxide concentrations [6]. In our recent
work [7], we reported the MIE effect on DC conductivity in bor-
ovanadate glasses, in which the effect was explained in contrast on the
basis of ionic blo8cking attributed to V** ions outside of the glass
network. As such, the MIE effect has only been partially understood at
present. For MIE glasses, non-linear variations have been observed in
other glass properties, such as in elastic moduli [7], dielectric constant
[8] and internal friction [9]. These variations have been presumed due
to the MIE effect. Therefore, it is becoming increasingly important to
understand the other glass properties apart from the conductivity
properties, such as the absorption and emission properties, because
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these characteristics might also reflect the MIE effect.

Conversely, rare earth (RE) doped glasses have received considerable
attention in photonic applications because of their interesting optical
properties. The use of luminescence glass as an active medium in sol-
id-state laser is a promising alternative to compensate classical lumi-
nescent host. Emission from glass materials can be achieved by doping
REs, such as Er®" ions, into the glass host. Several researchers have
studied Er®" doped oxide glasses through photoluminescence (PL)
spectroscopy because of their favorable green and red emissions [10,
11]. Er®" doped glasses require a high concentration of Er** ions to
achieve a strong emission [12]. However, a high doping level of Er®*
ions may cause clustering, which leads to luminescence quenching and
large non-radiative losses [13]. Several practical approaches have been
proposed to improve the emission properties of RE-doped glass co-do-
ped with various REs [14,15] or transition metal ions [16,17]. Previous
reports confirmed that the emission intensity of Er* co-doped with
other RE ions is stronger than that of single Er* doped glasses.
Co—doped systems are investigated continually because their emission
properties depend on the host composition. Spectroscopic studies
involving transition metal ions have also attracted reasonable interest
because of the existence of the partially filled d orbital. Their emission
spectra arise from the d-d transition and exhibit considerably broader
spectrum lines than the spectra of RE ions. As mentioned above, vana-
dium ions exist in two valence states and different structural units, thus
offering varying environmental conditions for RE ions in the glass
network which can enhance the PL behavior of RE ions and render them
suitable for optical applications. Spectroscopic studies have shown that
an additional band appears in the emission spectra of
40Na0-54Si02—(5 — x)ZrO2-1Ho203-xV20s5, which suggested that va-
nadium ions participated in the radiative transitions within the glass
network [17]. The presence of V505 in a host matrix offers a convenient
environment for hosting the RE ions to produce efficient luminescence
with low phonon losses. Thus, the local environment of RE ions in the
oxide glass system is expected to depend not only on the composition of
the host matrix but also on the concentration of VoOs, thereby producing
different crystal field strengths. Consequently, varied optical and spec-
tral properties are expected. Although several works have been reported
on the emission properties of Vy0s-doped RE glasses, further in-
vestigations are necessary to elucidate the role of V505 in modifying the
luminescence characteristics of activator ions, especially in Er** doped
glasses. As such, this compound has become an interesting material for
potential application in up-conversion lasers.

Interestingly, the effects of mixed alkali on optical absorption and
emission have been previously investigated in Sm>- and Dy>*-doped
69.5B203-xLiCl-(30 — x)NaCl-0.5R203 (where R = Sm and Dy and x =
5, 10, 15, 20 and 25) glasses [18] where results showed significant
maximum emission transition at x = 10 mol% and at x = 20 mol% in
Sm®* and Dy>* ion-doped lithium—sodium, respectively. The finding
indicates that the mixed alkali influences the emission properties. To the
best of our knowledge, the optical spectra of RE doped host composition
from MIE glass, in contrast to those of mixed alkali glasses, remain un-
explored. In our previous work, MIE carriers also influenced the optical
properties of 20Nap0-20CaO- (60 — x)B203-xV20s glasses [7], where
the optical energy band gap and the refractive index exhibit minimum
and maximum values, respectively, at x = 1.5 mol% of V05 content.
The observed anomalies in both optical energy band gap and refractive
index coincided with the conductivity anomaly region, suggesting that
the MIE may also affect both properties. As an extension, it would be of
interest to study the effect of EryO3 activator ions added to the NapO—
Ca0-B,03-V205 MIE glass system to look into possible of Er’*_vana-
dium ions interaction and energy transfer behavior in the MIE conduc-
tivity anomaly region. It is hope that this study will contribute to better
understanding of energy transfer. Moreover, to our knowledge, both
optical studies of absorption and emission properties have not been re-
ported for Ert/v* co- doped NayO-CaO-B;03-V,05 MIE glass system.

In this work, we investigated the effect of co-doped EryO3:V20s on
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the structural, optical absorption and emission properties of two
different series of glasses with compositions of 20Na;0-20Ca0O-(59 - x)
B,03:xV,05-1Er,05 and 20Nay0-20Ca0-(58.5 — y)By0s:1.5V,05—
yEr03 glass systems by using FTIR, UV-vis-NIR measurement, and
photoluminescence (PL) spectroscopy. In addition, further analysis
involving the oscillator strength by using Judd-Ofelt theory and energy
transfer mechanism was performed based on the PL spectra. The
knowledge of oscillator strength and energy transfer as a function of
composition is important in understanding the absorption and emission
properties in the conductivity anomaly region of MIE glass systems.

2. Experimental details
2.1. Preparation of samples

Glass samples with chemical glass compositions of 20Na;0O-20CaO—
(59 — x)B203-xV205-1Er,03 (x = 0, 0.5, 1.0, 1.5, 2.0 and 2.5 mol%)
(Series A) and 20Na;0-20Ca0—(58.5 — y)B203-1.5Vo05-yEryO3 (y = 0,
1.0, 2.0 and 3.0 mol%) (Series B) were synthesized using
melt-quenching method. Details of the chemical composition of the
glasses are shown in Table 1. The glasses were prepared using analytical
reagent grade 99.99%, sodium carbonates (NayCOg), calcium carbonate
(CaCO0s3), vanadium oxide (V50s), erbium oxide (Er,03) and boron oxide
(B203). The EryOs-free quaternary glasses with formula
20Nap0-20Ca0—(60 — x)B03-xV305 have been prepared previously
[7]. The raw materials were carefully weighed using electronic balance,
well mixed and ground continuously by using an agate mortar and pestle
set for 1 h until a fine homogenous powder was achieved. The mixture
was then placed in an alumina crucible and melted for 1 h in a box
furnace at 1100 °C. The melt samples were rapidly quenched in a
stainless steel mould and annealed at 300 °C for 5 h to remove the
thermal strain in the glasses. The samples were polished using sand
paper for optical absorption, PL and ultrasonic velocity measurements.
The samples were crushed into powder form for X-ray diffraction (XRD)
and Fourier transform infrared (FTIR) absorption measurements.

2.2. Characterization of glasses

XRD studies were carried out in the X’Pert Pro Panalytical diffrac-
tometer to confirm glassy nature of the prepared samples. The density
(p) of the glass samples was determined at room temperature by
Archimedes principle with xylene as the immersion medium through the
following equation:

w
pP= <W_—Wb>ﬂh @

where w is the glass sample weights in air, wj, is the glass sample weights
in liquid xylene and py, is the density of xylene (0.865 g mL™1). The molar
volume (V,) was obtained using the following relation:

Table 1
Chemical compositions of Er,O3 doped Na,O-CaO-B,03-V,0s5 glasses.

Glass ID Glass composition (mol%)

Na,O CaO B20O3 V205 Ery03

Series A [20Na,0-20Ca0—(59 — x)B203-xV505-1Er,03] (x = 0-2.5 mol%)

Vo 20.0 20.0 59.0 0 1.0
V0.5 20.0 20.0 58.5 0.5 1.0
V1.0 20.0 20.0 58.0 1.0 1.0
V1.5 20.0 20.0 57.5 1.5 1.0
V2.0 20.0 20.0 57.0 2.0 1.0
V2.5 20.0 20.0 56.5 2.5 1.0
Series B [20Na,0-20Ca0—(58.5 — y)B>03-1.5V,05-yEr,03] (y = 0-3.0 mol%)
EO [7] 20.0 20.0 58.5 1.5 0
E1.0 20.0 20.0 57.5 1.5 1.0
E2.0 20.0 20.0 56.5 1.5 2.0
E3.0 20.0 20.0 55.5 1.5 3.0
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Vio=— (2)
p

where M is the molar mass of the glass.

The IR absorption spectra of the glass powder samples were recorded
using a PerkinElmer model Spectrum One FTIR spectrometer to inves-
tigate the functional group within the range of 400-1600 cm™'. Each
powder sample was mixed with KBr at a fixed ratio of 1:80 and pressed
into a pellet with the use of a hand press.

The ultrasonic wave velocities were carried out at room temperature
at a frequency of 5 MHz in both longitudinal and shear modes by
applying the pulse-echo technique using the RITEC RAM-500-M6
high-performance ultrasonic system. The elastic moduli and the related
quantities were calculated using the following equations [19]:

Longitudinal modulus,

Cr=v/*p 3)

shear modulus,

H= VSZP C)]
Young’s modulus,
Y :’M (5)
CL—p

Debye temperature,

n\ (3PN
Op= (E) (471’Va) Vi (6)

where v is the longitudinal velocity, vs is the shear velocity, h is Planck’s
constant, kp is Boltzmann’s constant, N, is Avogadro’s number, vy, is the
mean sound velocity, V, is the molar volume and P is the number of the
atoms in the chemical formula.

The absorption spectra were obtained with a PerkinElmer
UV-vis-NIR spectrophotometer in the range of 200-1600 nm at room
temperature. The room-temperature up-conversion emission and time
decay measurements were conducted using a PerkinElmer LS-55 lumi-
nescence spectrometer with a pulsed xenon lamp as the excitation
source.

3. Results
3.1. XRD and physical properties

The XRD patterns for both glasses in Series A and Series B exhibited
broad humps with the complete absence of any sharp peak, as shown in
Fig. 1. In this work, the absence of sharp peak in the XRD patterns
implied that a crystalline phase and a long-range atomic arrangement
did not exist in the samples [20], thereby confirming the amorphous
nature of all glass samples. For Series A glasses, the observed broad
hump at the scattering angle range of 20°-40° [Fig. 1 (a)] indicated that
the mid-range structure failed to crystallize. The intensity of the XRD
hump of the glasses was strong at 0 < x < 1.5 mol% and weakened at x
> 1.5 mol%, indicating that the mid-range structure was reduced in the
glass samples with the addition of V20s. Moreover, the position of the
maximum 26 of each sample shifted to higher 20 values at 0 < x < 1.5
mol% and then shifted to lower 20 at x > 1.5 mol%. As previously re-
ported in other glass systems [21-23], a shift towards higher 20 values
indicates a shortening of the network bond length. Therefore, the
changes in the 20 maximum position of the amorphous peak in the
present glasses suggest that structural changes occurred in the glasses
that made the glass more compact. By contrast, Fig. 1 (b) shows two
broad humps for Series B glasses at the scattering angle range of 20°-40°
and 40°-60° with the substitution of ErpO3 in the glass system, indi-
cating that the glasses were composed of two mid-range phases. The
intensity of the hump displayed a non-linear variation trend where it
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Fig. 1. The XRD patterns of (a) 20Na,0-20Ca0—(59 — x)B203-xV205-1Er,03
(x = 0-2.5 mol%) and (b) 20Na,0-20Ca0-(58.5 - y)B503-1.5V;05-yEr,03 (y
= 0-3.0 mol%) glass samples.

increases at y < 1.0 mol%, decreasing at y = 2.0 mol%, and then
increasing again at y = 3.0 mol%. The decrease in the intensity of the
hump indicates that the mid-range structure of the glass was reduced,
such that a less compact network was expected for the glass at y = 2.0
mol%.

Table 2 lists the physical properties for both series of glasses,
including the molar volume (V,), Er®* ion concentration (N), polaron
radius (r,) and inter—ionic distance (r;) of the glass samples. All of these
physical properties were determined based on the measured density (p)
and average molar mass (M) values of the samples by using following

Table 2
Value of density (p), molar volume (V,), Er®* ion concentration (N), polaron
radius (r,) and inter—ionic distance (r;) of prepared glass samples.

Sample P Va Nx10% rpx1078 rix1078
(kg m3) (m® mol™) (ions cm—3) (m) (m)
+2 +0.061 +0.01 +0.01

Series A [20Na;0-20Ca0—(59 — x)B,03: xV505-1Er,03] (x = 0-2.5 mol%)

A% 2533 2.70 2.23 1.43 3.55
V0.5 2542 2.72 2.22 1.43 3.56
V1.0 2555 2.73 2.21 1.44 3.56
V1.5 2559 2.75 2.20 1.44 3.57
V2.0 2554 2.77 2.17 1.44 3.58
V2.5 2560 2.79 2.16 1.45 3.59
Series B [20Na;0-20Ca0—(58.5 - ¥)B203:1.5V,05-yEr,03] (¥ = 1.0-3.0 mol%)
EO [7] 2547 2.63 0 0 0
E1.0 2559 2.74 2.20 1.44 3.57
E2.0 2629 2.78 4.32 1.15 2.85
E3.0 2737 2.79 6.47 1.00 2.49




S.N. Mohamed et al.

equations [13]:

N_mol% ofdopant x p x Nj

- %)

= (%) ®
1/ m\}

5 =3(en) ©)

where Ny is the Avogadro number. The Er®* ion concentration gradually
decreased in Series A glass, whereas the polaron radius and inter-ionic
distance of Er>* ions slightly remained constant with increasing V,Os.
However, the addition of Er,O3 in Series B increased the Er®* ion con-
centration as expected and greatly reduced the polaron radius and
inter—ionic distance of the glass.

Fig. 2 (a) shows the variation of density (p) and molar volume (V,) of
Series A glasses. The p increased with addition of V05 except for
composition at x = 2.0 mol%, for which a sudden drop was observed.
The corresponding V, of this glass increased throughout the composi-
tions range (x = 0-2.5 mol%), with a small increase between x = 0.5 mol
% and x = 1.0 mol% before a slightly greater increase at x > 1.0 mol%.
Fig. 2 (b) shows that p increased as the EryO3 content was increased in
Series B glasses. By contrast, V, of Series B glasses increased rapidly from
y =0 mol% to y = 2.0 mol% (percentage of change: 5.83%), followed by
a moderate increase at y = 3.0 mol% (0.16%) with gradual substitution
of BoO3 by Ery03. In addition, the value of p due to addition of Er,O3
produced more significant changes than those brought about by the
substitution of V205 into the borate glass, as shown in Table 2.

3.2. Infrared spectra

Fig. 3 (a) and 3 (b) show the FTIR spectra for Series A and Series B,

2.82

2560 (a) —— p L 280
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Fig. 2. The density (p) and molar volume (V,) of (a) 20Na,0-20Ca0O-(59 - x)

B>03-xV505- 1Er,03 (x = 0-2.5 mol%) and (b) 20Na,0-20Ca0O-(58.5 - y)
B203-1.5V305-yEr,03 (y = 0-3.0 mol%) glass samples.
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respectively and the example of deconvolution of the spectrum for
sample x = 1.0 mol% is given in Fig. 3 (c). The spectra in Fig. 3 (a) is
characterized by five main absorption bands i.e. at 512-569, 719-766,
901-1013, 1061-1259 and 1340-1524 cm'. The band at 512-569
cm™! was assigned to the borate deformation modes, such as the
in—plane bending of B-O triangles [24]. From the VoOs-free sample VO
(x = 0 mol%), two bands were observed, which belong to vibrations of
B-O-B bending in BO3 (672 cm ™) and stretching B-O-B bonds in BO4
units from triborate, tetraborate and pentaborate groups (847 cm’l),
respectively, indicating the existence of both the four-coordinated and
three-coordinated boron in the glass structure [25]. With the addition of
V40s, IR band appeared at 746 cm™! originating from bending vibra-
tions V-O-V of VO, tetrahedral group [26]. The band shifts at about
719-766 cm ™" with increasing V205 content and the relative area of the
band increased throughout the series of glass systems. The shift indicates
that V-O-V bonding has been gradually substituted by V-O-B bonding,
which could be taken as evidence that VO, tetrahedra have formed
linkages with BO4 tetrahedra or BOg triangles. Bhargava et al. studied
the structure of Vo05-P20s glass system and assigned the IR band at 762
cm ! to the vibration of the V-0 bond connected to phosphate groups
[27]. IR bands in V305-TeO4 glass system was found at 730-810 em!
which is referred to as the vibration of V-O-Te [28]. In our glasses, the
IR bands at around 719-766 cm ™ * are suggested to be related to the
vibration of the V-O bond present in the VO4 connecting borate groups
(V-0O-B). Besides, the band at 901-1013 ecm~! is attributed to the
stretching vibrations of B-O bonds in BO4 units [25]. In the region of
vibrations of BO4 units, a band originating from the stretching vibrations
of the isolated V=0 group in VOs trigonal bipyramids (tbp) unit is also
expected to overlap in the same region. The characteristic vibrations of
the isolated vanadium-oxygen bonds in the IR spectrum were in the
range of 900-1020 cm ! [8,26]. As a result, we may assume the
observed band in the region is due to the vibration of isolated V=0
group or B-O-V bridging bonds. The relative area of the overlapping
BO4/V=—O0 band increased at x < 1.0 mol% and decreased at x > 1.0 mol
% with the peak shifted to a lower wavenumber. Furthermore, the bands
at 1061-1259 and 1340-1524 cm™! were assigned to the stretching
vibrations of non-bridging B-O~ bonds from the BOs3 units from
metaborate, pyroborate and orthoborate groups [29]. The relative areas
of the bands increased for all the range of x values between 0.5 mol%
and 2.5 mol%.

Fig. 3 (b) shows five majors IR absorption bands were detected with
the addition of Er,O3 content. The band at 500-569 cm ™! was assigned
to the borate deformation modes, whereas the band at 702-737 em™!
was assigned to the combine vibrations of V-O bending in VO4 tetra-
hedral and B-O bending in borate groups. The band lying at 896-1018
cm ™! is attributed to the same assignment in Series A because of over-
lapping BO4/V—=O0 band. The bands around 1094-1201 and 1367-194
cm™! are due to the stretching vibrations of non-bridging B-O~ bonds
from the BOs units from metaborate, pyroborate and orthoborate
groups. The relative area for the BO3 assigned band initially increased
with EryO3 at y < 2.0 mol% before decreasing for y = 3.0 mol%.
Conversely, the relative area of the BO4/V—O assigned band shows
initially decreased at y < 2.0 mol% but increased at y = 3.0 mol%.

3.3. Optical properties

3.3.1. Optical absorption spectra, refractive index and oscillator strengths

The UV-Vis-NIR absorption spectra under various V05 (Fig. 4) and
Ery03 (Fig. 5) contents show two general absorption regions. First one is
the absorption edge which occurs near ultraviolet region while second
one is absorption bands observed in the visible region. When Ery0s3 is
doped to the both series glasses, the absorption spectrum reveal ten
prominent bands centered at 1531, 977, 799, 651, 544, 521, 488, 451,
443 and 407 nm; these bands were observed due to electrostatic and spin
orbit interactions of the 4f—transitions of Er>* from ground state *I;55 to
the various excited states of 4113/2,4111/2, 419/2, 4F9/2,4S3/2, 2H11/2, 4F7/2,
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Fig. 3. FTIR spectra of (a) 20Na;0-20Ca0-(59 - x)B203-xV;05-1Er,03 (x = 0-2.5 mol%) and (b) 20Na;0-20Ca0-(58.5 - ¥)B203-1.5V20s5—yEr;03 (y = 0-3.0 mol
%) glass samples. (c) Band deconvolution for 20Na;0-20CaO-58B,03-1V20s-1Er,03 glass.

4F5 /2 4F3 /2 and 2H9 /2, respectively. The assignments of these bands have
been made on the basis of the reported energy level of Er*" ions in
different glass systems [24-26]. All the above- mentioned absorption
bands for both series of glasses appeared at same positions regardless of
composition change. In Series A, a closer look at Fig. 4 reveals that with
the addition of V30s, an additional band is observed in the spectral
range 580-595 nm for samples x = 0.5-2.5 mol% due to the 3 d* V**
absorption transition from 2B2 to 2B1 state [32-34]. No such absorption
bands are detected for the V,05—free sample VO (x = 0 mol%). The re-
sults are clearly shown in the insets (a) and (b) of Fig. 4 which show the
enlarged view of the area marked by the dashed line. Since the con-
centration of V,Os in the glass samples was relatively small (0-2.5 mol
%), the absorption band related to the V** ion was weak. In Series B, the
EryOs—free sample EO (y = 0 mol%) was also examined to confirm the

observed weak band in the spectra is contributed by V2Os. The inset of
Fig. 5 displays a relatively small kink at ~590 nm as a result of the
existence of tetravalent states of V**,

From the observed edge, the optical band gap (Eop) and Urbach
energy (Ey) for both series of glasses are obtained from the UV-vis ab-
sorption spectra. The absorption coefficient (a) near the absorption
edge, which is related to transmitted light out of a glass sample with
thickness, d can be calculated according to Beer-Lambert law [37]:

I, =Iexp™ (10)

where I, and I; are the incident and transmitted photon intensities. The
Eqpe was obtained by drawing a Tauc plot through the Davis and Mott
relation, with the parameter a given by Ref. [23]:
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A(hv - E,,)’

a(w) ™

= an
where A is a constant, h is Planck’s constant, v is the photon frequency.
For the amorphous material, indirect transitions are valid where the
value of s is 2 [20]. The Eqp values for both glasses are tabulated in
Table 3. The Tauc’s plots for all glasses are shown in Fig. 6 where values
of Eqp are estimated from by extrapolating the straight-line part of the
curves to the x—axis where (ahu)l/ 2 — 0. The Eop values that lie in the
range of 2.97 eV-2.66 eV for Series A [(Fig. 7 (a)] increase with V505
content at 0 mol% < x < 0.5 mol% and begins to decrease beyond x =
0.5 mol%. For Series B, Fig. 7 (b) reveals that E rises from 2.40 eV (y =
0 mol%) to 2.93 eV (y = 2.0 mol%) with increasing Er,O3 content and
diminishes to 2.89 eV for glass at y = 3.0 mol%.

Meanwhile, the width of tail (Urbach energy, Ey) in the forbidden

gap can be calculated using this Urbach Law:

a(v) =Cexp (Z,—z)

where C is a constant. The values of Ey presented in Table 3 were
determined by taking the reciprocals of the slope of the linear portion of
In(a) versus hv curves. The Ey of Series A initially decreases to a mini-
mum at x = 0.5 mol% V,05 before generally increasing for x > 0.5 mol%
[inset Fig. 7 (a)]. For Series B, the Ey showed decreasing trend until y =
2.0 mol% with EryO3 addition and a small increased for y = 3.0 mol%
[inset Fig. 7 (b)].

The refractive index (n) of the two different series of glasses was
measured from Abbe refractometer. The variations of n against the V505
and EryO3 concentration (Fig. 7) displayed opposing behavior to Eqp; of
each series of glasses as shown in Table 3. The n decreases from x = 0

(12)
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Table 3
Optical energy band gap (E,p), Urbach energy (Ey), refractive index (n) and
bonding parameters (8~ and ) for both series glasses.

Glass ID Eopt Ey n i 5
(eV) (eV) +0.001
Series A [20Na,0-20Ca0—(59 — x)B203-xV205-1Er,03]
Vo 2.84 0.2052 1.573 1.0019 —0.1939
V0.5 297 0.1396 1.556 1.0021 —0.2049
V1.0 2.95 0.1428 1.565 1.0023 —0.2303
V1.5 2.88 0.1722 1.580 1.0019 —0.1939
V2.0 2.66 0.2702 1.591 1.0019 —0.1939
V2.5 2.67 0.2619 1.588 1.00239 —0.2386
Series B [20Na;0-20Ca0—(58.5 — y)B203-1.5V,05-yEr,03]
EO [7] 1.53 0.6730 1.654 -
E1.0 2.88 0.1722 1.580 1.0019 —-0.1939
E2.0 2.93 0.1461 1.567 1.0021 —0.2120
E3.0 2.89 0.1578 1.570 1.0020 —0.1949
—— x=0mol%
81 | — x=05mol%
— x=1.0 mol%
— —— x=1.6 mol%
o
< 6 — x=2.0 mol%
@ —— x=25mol%
e y=0mol%
E ¥ =20 mol%
g & y = 3.0 mol%
£

hov(eV)

Fig. 6. The Tauc’s plots of all glass samples.

mol% to x = 0.5 mol% and then followed by an increasing trend beyond
x = 0.5 mol% of V505 concentration. However, it is observed that the
value of n decreased as the EryO3 content increased at 0 <y < 2 mol%
and slightly increased for y = 3.0 mol%.

The experimental oscillator strengths (fexp) of the observed 4f elec-
tronic transitions in the Er’' ions are obtained from the intensity of
absorption bands by using relation [17]:

fop=4.318 x 1077 / a(v)dv 13)

where a = OD/ Cy, d is the molar extinction coefficient at average energy
v (cm™Y), OD is the optical density, Cy, is the molar concentration of the
Er®" ions, and d is the thickness of the glass. The fexp of the glasses have
been evaluated from the area under absorption bands in the absorption
spectra of the Er®" jon-doped glasses. The strongest absorption band
intensity was observed at 521 nm and corresponded with the *I;5,5 —
2H,, 5 transition; this band obeyed the selection rules |AL| < 2 and | AJ]
< 2. The transition is known as a hypersensitive transition possessing the
largest feyp value [38]. The variation of the fey, for the hypersensitive
transition with V205 content showed an initial strong increase reaching
a maximum for x = 0.5 mol%, followed by a large drop at x = 1.0 mol%
Fig. 8 (a), However, addition of x > 1.5 mol% V05 caused a weak in-
crease in fexp. For Series B, the fey, for the hypersensitive transition
decreased when Er,O3 was added in this glass [Fig. 8 (b)].

In particular, the f-f transitions were predominantly induced by an
electric dipole, whereas the contribution of magnetic dipole was negli-
gible. The calculated oscillator strength (fc,1) of an electric dipole tran-
sition from initial state to an excited state is analyzed from the
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Judd-Ofelt (J-O) theory using the equation [39].

8nmev

(n* +2)°
3h(27 + 1)

rN2
o | X > ity a4

=246

fcal =

where m refers to the mass of the electron, c is the velocity of light in
vacuum, h is the Planck’s constant, n is the refractive index of the glass, J
is the total angular momentum of the ground state, v is the frequency of
the transition ¥.J — ¥"J’, £, are the J-O intensity parameters and || U*||2
are the doubly reduced matrix elements of the unit tensor operator [40].

3.3.2. Judd-Ofelt parameters and bonding properties

J-O intensity parameters (¢2,) are used to describe the bonding,
symmetry and rigidity of the host matrices [41]. These values were
calculated from the experimentally measured values of oscillator
strength fey, for the different transitions under the least squares fitting
method. The compositional dependence of the J-O parameters are
presented in the inset of Fig. 8 (a) and 8 (b), which show the variation of
J-O parameters with the substitution of V05 and E;O3 in Series A and B
glasses, respectively. As shown in both figures, the trends of the J-O
parameters almost similar to the fex, behavior except for Q¢ of Series B.
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Insets show the variation of the Judd-Ofelt parameter (£2,) of Er®* in the both glass systems.

All J-O parameters (£25, 224 and ) in glass Series A are increased up to
x = 0.5 mol% and then decreased at x = 1.0 mol% V,Os [(inset Fig. 8
(a)]. Contrary, 25 and €4 for Series B are observed to decrease with
increasing EryO3 contents, while Q¢ showed maximum value at y = 2.0
mol% [inset Fig. 8 (b)].

The bonding properties of the glasses which were calculated using
following equations [16] are also presented in Table 3:

5:(&) x 100
B

where =3 1% and p(nephelauxetic ratio) = J=.

(15)

ve and v, are the
observed wave numbers (in cm’l) of a particular transition of the Er3t
in the glass host and in the aqueous solution, respectively. The positive
or negative sign value of § indicates the covalent or ionic nature of
bonding between the Er®" and ligand field. In Series A glasses, the
magnitude of § varies nonlinearly and shifts to average a higher negative
value with V5,05 addition in borate network, whereas for Series B, §
shows an increase in negative value up to y = 2.0 mol% Er,O3 but
decreased at y = 3.0 mol% Er;03. The small variation in § shows that the
electronic transition energy level experienced only slight changes in
position with changes in V505 and EryO3 content [13,31].

3.4. Elastic properties

The computed values of longitudinal modulus (Cy), shear modulus
(4), Young’s modulus (Y) and Debye temperature (6p) for both series of
glasses are given in Table 4. The variation of elastic moduli with V505
addition is presented in Fig. 9 (a). In Series A glass, the Cy, ¢ and Y
clearly rose at x = 0.5 mol% V0Os, followed by a decrease with further
addition of V50s, except for C, which became nearly constant at x > 1.5
mol%. Moreover, as observed in the inset of Fig. 9 (a), the 6p showed a
similar behavior to those of elastic moduli; this temperature increased at
x = 0.5 mol% and decreased for x > 1.0 mol%. Meanwhile for Series B,

Table 4
Values of longitudinal modulus (Cp), shear modulus (x), Young’s modulus (Y)
and Debye temperature (6p) for both series of glasses.

Glass ID Cp, u Y Op
GPa GPa GPa K
+0.4 +0.1 +1 +1

Series A [20Nay0-20Ca0—(59 — x)B203-xV05-1Er;03]

A% 70.9 25.5 62 496
V0.5 93.1 39.0 89 607
V1.0 77.1 23.1 59 473
V1.5 78.1 22.2 58 464
V2.0 76.3 18.4 49 424
V2.5 77.3 16.3 45 400
Series B [20Na;0-20Ca0—(58.5 - y)B;03-1.5V,05-yEr,03]
EO [7] 89.5 29.3 74 538
E1.0 78.1 22.2 58 464
E2.0 75.4 20.7 54 440
E3.0 72.7 19.9 52 424

Fig. 9 (b) shows a large decrease in Cy, y, Y and 6p, respectively with
initial addition of EryO3 at y = 1.0 mol% before small decrease between
y = 2.0 mol% and y = 3.0 mol%. The decrease in elastic moduli and 6p
indicate decrease in rigidity and all modes of vibration in glasses
decreased with Er,0s3.

3.5. Photoluminescence spectra

Fig. 10 (a) and 10 (b) illustrate the up—conversion PL spectra of the
studied glasses excited with 779 nm light. The observed emission bands
for these glass systems appeared at a shorter wavelength than the
excitation wavelength. Three emission bands at 518 nm (green), 556 nm
(green) and 647 nm (red) were observed due to the Er*t %Hyp; 2= “Is /2,
483/2 — 4115/2 and 4F9/2 — 4115/2, transitions, respectively [10,13]. An
additional band was also detected at 590 nm in the PL spectra [42-44]
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glass samples. Insets show the Debye temperature (6p) of the glass samples.

related to transition 2B; — 2B, of V** ions. The highest intense peak was
detected at 647 nm while a lower peak was at 556 nm and intensities of
all the bands were found to be concentration dependent. Fig. 10 (c)
presents all emission bands versus V05 content. It is very clear that the
PL intensity increases with the concentration from 0 to 0.5 mol% and
further addition of V505 for 0.5 mol% < x < 1.5 mol% caused a
reduction in the band intensities. Beyond 1.5 mol%, the intensities are
observed to increase back. Meanwhile, the emission band intensities of
Series B [Fig. 10 (d)] significantly enhanced with Er,Os content from
1.0 mol% to 2.0 mol% before a decrease occurred at y = 3.0 mol%.
Although the addition of EryO3 to the lowest PL sample x = 0.5% V205 in
Series A has caused the PL to increase in Series B, the increment is lower
than the maximum PL achieved by sample x = 0.5 mol % V320s. The
possible mechanisms for the up—converted emission has been illustrated
in Fig. 11.

3.6. Decay lifetime

The decay profiles of the luminescence from 2B; level of
20Nay0-20Ca0-58.5B203-xV205-1Ery03 (x = 1.0 and 2.0 mol%) and
20Na30-20Ca0—-(58.5 — ¥)B203-1.5V05-yEr,03 (y = 1.0 and 2.0 mol
%) glass samples has been measured by monitoring V** emission at 580
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nm under excitation at 779 nm, as shown in Fig. 12. The curve is
analyzed by using second order exponential decay as follows [45]:

I(t)=1y + Aexp (;) + Ayexp <j> (16)
1

T2

where I(t) stand for the intensity of luminescence at time t, I, is the
background light intensity, 7; and 72 are the short and long lifetimes
with corresponding intensity coefficients, A; and Ay, respectively. The
first term of equation is related to the excited state absorption with short
lifetime of 7; while the later one is related to the process of energy
transfer with long lifetime of 7. Then, the experimental lifetime (7ep) is
calculated using the relation:
AT + ATl

R A @

The 7exp of the excited 2B, level have been obtained by taking first e-
folding times of the decay curves. The decay lifetime (zexp) of v+ were
determined to be 27.5 and 3.1 corresponding to x = 1.0 and 2.0 mol%
V205, respectively. Meanwhile the 7ey, value is decreasing from 52.4 to
42.9 ns when the ErpO3 concentration is increasing from y = 1.0-2.0 mol
%.

4. Discussions

Our FTIR result showing the presence of VO4 VOs, BO3 and BO4
structural units confirmed the formation of both BO and NBO in the glass
network. In Series A glass, the increase in the relative area of BO3
functional groups with addition of V205 throughout the glass system
corresponded to the increase in the number of NBO [Fig. 3 (a)]. On the
other hand, number of BO increased for x < 1.0 mol% and starts to
decrease beyond x = 1.0 mol% as indicated by the changes in relative
area of the BO4/V—O0 assigned peaks. Moreover, the shift in the assigned
BO4/V—=0 band x > 1.0 mol% could be due to vibrational frequencies of
the V=0 vanadyl group in the VOs tbp unit. The band in this region
shifted toward lower frequencies (901 cm’l) indicates the decrease in
number of BO. For Series B [Fig. 3 (b)], at y < 2.0 mol%, the increase in
the relative area of BO3 shows that the number of NBO increased and for
y = 3.0 mol%, the BO3 relative area decreased, indicating the decrease in
the formation of NBO.

Density measurement is considered as an important physical tool for
exploring any structural change with the variation in glass composition
in a glass network [43]. The change in density (p) in studied glass system
is due to alteration in on the molar mass (M) and molar volume (V,) of
the glasses. The increase in p with V505 addition at a fixed Er,O3 content
[Fig. 2 (a)] in Series A glass can be caused by replacing lighter oxide
B,03 (0.0696 kg mol~ 1) with heavier metal oxide V305 (0.1819 kg
mol 1), which leads to an enlarged increment in the average molar
weight of the glass system. In general, the molar volume (V,) of the glass
system is expected to increase as V205 with larger molecular volume
(54.13 cm® mol™) replaces By0O3 (12.57 em® mol™1). However, the
nonlinear increase in V, [Fig. 2 (a)] with lower rate of increase below x
= 0.5 mol% to x = 1.0 mol% followed by a larger increase for x > 1.0
mol% can be explained by the altered role of Vo205 from the former (x <
1.0 mol%) to a modifier (x > 1.0 mol%), as indicated by FTIR results
[Fig. 3 (a)]. For x < 1.0 mol%, although FTIR showed competition
between the formation of BO and NBO, the relative area of BO3 which
indicate the increase in NBO concentrations are more dominant
compared to the increase in BO represented by the BO4/V—O relative
area. However, the formation of BO in the region would weaken the
expansion of the glass network that led to a slightly slower increase in
V,, thereby increasing the increment rate of p. Meanwhile, the rapid
decrease in relative areas of the BO4/V—=0 at x > 1.0 mol% indicate a
large decrease in BO in the glass system [Fig. 3 (a)]. Similarly, the
relative areas of BOs rose correspondingly with the increase in NBO.
Therefore, the observed large increase in V, at x > 1.0 mol% may be due
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Fig. 10. (a) Up—conversion spectra of 20Na;0-20Ca0-(59 — x)B203-xV,05-1Er,03 (x = 0-2.5 mol%) glass samples. (b) Up-conversion spectra of 20Na,0-20CaO-
(58.5 - ¥)B503-1.5V,05-yEr,03 (y = 0-3.0 mol%) glass samples. (c) The normalized photoluminescence intensity as a function of V,0s5 content. (d) The normalized

photoluminescence intensity as a function of Er,O3 content.

to the influence of the modifying role of V505 that led to BO breakage to
form NBO in the glass structure. The increase of NBO reduced the
network connectivity of the glass, causing the glass on the whole became
further open, which resulted in decelerated increase in p.

For Series B, the increase in p for 0 <y < 3.0 mol% [Fig. 2 (b)] is
attributed to the substitution of a heavier metal oxide Er,O3 at the
expense of the lighter oxide B2O3 with a lower molar mass than that of
Ery03 (0.3826 kg mol ™). As found for Series A, the glass with compo-
sition y = 1.0 mol% was already in the region where NBO was more
dominant, and the concentration of NBO was expected to persistently
rise with further substitution of Er,O3. As expected, NBO formed with
EryO3 addition and thus increased the V, [Fig. 2 (b)]. The increase in V,
can be explained as a result of the breakage of the B-O-B linkages, which
thereby increase the opening up of the glass network. Earlier studies of
some other glasses have reported the high potential of Er,Os to partic-
ipate as modifier in the glass network [44]. In the present glass, the
suggested dope of EryO3 as network modifier can be further corrobo-
rated with the FTIR result [Fig. 3 (b)] which showed an increase in the
relative area of assigned BOs bond vibrations. This result implies an

10

increase in NBO content, which explains the rapid rate of increase in V,
aty < 2.0 mol%. Meanwhile, the p increased strongly for y = 3.0 mol%
[Fig. 2 (b)] as the molar mass of the glass was increased uniformly as
well as was accompanied by gradually increasing V,. The observed
decelerated increase in V, for y = 3.0 mol% [Fig. 2 (b)] can be under-
stood by considering the retardation of formation of NBO and the Er®*
ion was suggested to be located interstitially in the glass network [46].
In Table 2, the smaller percentage increase in p for Series A glasses than
for Series B glass system can be suggested because of the relatively small
amount of V205 added to this glass while the concentration of EryOs
with the heaviest molar mass was fixed and that of borate was reduced.
Therefore, we assumed that the density of the glasses was greatly
affected in the succession of B;O3 < V205 < EryOs.

The absorption spectra of rare earth ions provide useful information
about the radiative property of significant energy level [47,48]. Figs. 4
and 5 showed the appearance of ten absorption bands in both series of
glasses corresponded to the 4f-transition of Er** ions from *I;5/, ground
state to various excited states. The assignment bands in these glasses
agree with previous reports which indicate the successful introduction of
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Fig. 12. Decay curves of V** in borate glasses under excitation at 779 nm.

Er®* ions as dopant in the glass matrix [31]. Meanwhile, vanadium ions
in general are known to exhibit several absorption bands because of
possible valences of \ass [49,50]. For vanadyl ions, three absorption
bands can exist on the basis of energy level scheme of VO** ions in a
ligand field C4y symmetry corresponding to the transitions 2By — 2A;
(330-475 nm), 2B, — 2B (580-715 nm) and 2B, — 2E, (875-1000 nm)
[43]. In the present glasses, only the second transition is detected. The
small kink at about 590 nm in the EryO3-free sample (y = 0 mol%) (inset
Fig. 5) of the glass sample was assigned to the 2B, — 2B transition of V**
ions with d! configuration [34,43]. Our results therefore suggest that the
bands observed in the optical absorption spectra of V,0s/Er,O3 co-do-
ped borate glasses in the present study represents the characteristic
absorption of distorted octahedral site symmetry related to the d-d
transition of V** ions and the f-f transition of Er>* ions.

In amorphous materials, the study of optical absorption edge near
UV region is useful to determine optical band gap energy of glasses
which involve electron excitation in valence band to unoccupied state in
the conduction band [51]. The optical band gap can reveal additional
structural information and the nature of chemical bonds in these glasses.
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In the presently studied glass, the variation in Eop; was discussed in terms
of variation of BO and NBO concentrations. The maximum Eop; at x =
0.5 mol% [Fig. 7 (a)] in Series A reflects the formation of BO created by
V205 in the host matrix. Meanwhile, the decrease in Eqp for x > 0.5 mol
% in the glasses was suggested to be due to the increase in NBO by the
formation of BOj3 in the glass system as indicated by FTIR. Previous
studies reported that NBO formation weakens the glass structure and
causes the electrons to be less tightly bound [52,53]. Hence, more
electrons can be excited from the valence band to the conduction band.
Thus, this finding reflects a reduction of Eqp for x > 1.0 mol% and im-
plies an increasing degree of disorder caused by V205 as a modifier. In
addition, the variation of E, is accompanied by defect concentration in
the energy band, which is represented by Ey. The relationship between
Eopt and Ey [inset Fig. 7 (a)] indicates that the addition of V205 at x =
0.5 mol% decreased Ey, suggesting that decreases in defects formed
below the conduction band is also the reason behind the increased Eqp
(x = 0.5 mol%). The addition of V505 for x > 0.5 mol% creates more
defects as indicated by larger Ey, thereby decreasing the Eqp of the
glasses. The minimum refractive index (n) at x = 0.5 mol% [Fig. 7 (a)]
also corresponded to the maximum E,. The decrease in n can be un-
derstood in relation to the increase in BO concentration at x < 0.5 mol%,
whereas the increase in n relates to the increase in NBO at x > 1.0 mol%
which possesses large polarizability. The formation of covalent bond
through formation of VOs together with BO4 units is expected to build
more rigid glass structure. The formation of BO holds an electron cloud
tightly, which reduces electronic polarizability and thus decreases n for
x < 0.5 mol%. By contrast, the increase in BO3 units having NBO exerts
the opposite effect; VoOs as a modifier tends to break the glass network
and create NBO, which gives rise to higher electronic polarizability and
causes n to increase for x > 1.0 mol% [51,54].

For Series B, the behavior of Eop, Ey and n [Fig. 7 (b)] as a result of
increasing Er,Os showed that the small doping of EryOs has a significant
effect on the optical properties of the glasses. The observed decreased in
E, can be attributed to the replacement of EryO3 at BoOg sites in the glass
network, which disturb the number of defect states and consequently
reduce the localized states within the band gap, causing increment of the
Eope value [55]. The variation in Eope with ErpO3 content did not, how-
ever, correspond to the increase in NBO as evident by the FTIR results.
The E,p trend of the present study are similar to other reported rar-
e—earth doped oxide glasses [1,55,56].
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The magnitude of experimental oscillator strength (fexp), which is
calculated from the relative area of individual electronic transition,
describes the probability of absorption of electromagnetic radiation
between energy levels of f—f transition in rare earth ions [57]. In contrast
to transition metal ions with partially filled 3d orbitals, RE ions contain
unpaired electrons in the 4f orbitals. Generally, the 4f electrons in RE
ions are not significantly affected by changes in the ligands because the
electrons are well shielded by 5s and 5p electrons from outside. How-
ever, hypersensitive transition was considered as an exceptional f—f
transition, with an intensity peculiarly sensitive to small changes in the
surrounding environment. The f- f transitions are forbidden by an
electric dipole mechanism because the parity does not obey the Laporte
selection rule where the parity between states should be inverted. The
dynamic coupling model which describes the interaction between 4f
electrons with transient electric dipoles induced in the surrounding li-
gands by the incident radiation field has been proposed to explain the
enlarged fexp variation for hypersensitive transition. In the present glass
system, the hypersensitive transition (4115/2 to 2H11 ,2) exhibits an
increased fex, compared with the other transitions and thus shows its
dominant effect on the surrounding environment of Er’* ions and
polarizability of ligands [31]. The fex, of hypersensitive transition in
both Series A and Series B are strongly dependent on dopant concen-
tration. The fex, provides indirect information on the symmetry and
bonding of RE ion within the matrix [40].

For glass in Series A, the large increase in fey, of the hypersensitive
transition [Fig. 8 (a)] from 7.35 x 10~° (x = 0 mol%) to 21.4 x 107° (x
= 0.5 mol%) indicates that the glass samples exhibit an increased
asymmetry of electric field acting around the Er’* ions sites. The fexp
maximum at x = 0.5 mol% was attributed to an increase in asymmetry
around Er®" ions because of the irregularity in bond length as the VOs
functional group was introduced into the glass network besides borate
structural units. This result agrees with our FTIR vibrational analysis,
which shows an increase in relative area of VOs units with addition of
V205 (x = 0.5 mol%) [Fig. 3 (a)]. This result indicates that V,0s5 serves
as a network former. When V505 was introduced, the Er’' ions experi-
ence uneven electric field inside the host glass because of the substitu-
tion of an enlarged bond length of V-0 relative to B-O bonds besides the
changes in bond angles [16]. However, for x = 1.0 mol%, the drop in fex
for hypersensitive transition indicates a decrease in asymmetry of ligand
field around Er®' ions. This effect is possible as higher V05 content
reduces the inhomogeneity surrounding Er’t ions and thus reduces
asymmetry. Such explanation agrees with a previous literature report
[58]. The slight increase in fey, observed for x > 1.5 can be understood
by considering the role of V505 as modifier, which forms NBO that
reduce symmetry [59] and promote the spread of Er>* ions from sharing
the limited NBO in the host glasses. This effect can lower the possibility
of Er®* ions clustering and decreasing the interaction amongst Er>* ions
which results in high non-radiative losses [60]. Furthermore, previous
studies showed that Er>* ion clustering usually occurs at a relatively
high EryO3 concentration [61,62]. In this study, we chose to add small
amount of Er,O3 at 1 mol% throughout all samples in Series A to
minimize the clustering of Er®* ions in glasses. The increase in con-
centration of V** ions occupies a network-modifying position outside
the glass network, and the production of more NBO is indicated by
increasing the relative area of BOs in the FTIR results. Although NBO is
known to contribute to an increase in asymmetry, the recovery in fey, for
the hypersensitive transition at 1.5 mol% < x < 2.5 mol% is weak and
was unable to offset the increase in symmetry caused by V30s. In this
study, our results also show that the non-hypersensitive transitions
produced feyp, maximum at x = 0.5 mol% with a lower oscillator strength
than that of the hypersensitive transition for the same sample. Since
dynamic coupling is not involved in non-hypersensitive transitions, the
increase in feyp for the transitions indicates the strength of the asym-
metry introduced by V20s. Previous reports on (60 — Xx)
Sb203-35P;05-5MgO-xEr,03 glasses have shown an increase of both
oscillator strengths of hypersensitive and non-hypersensitive transitions
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with increasing Er,O3 contents [63].

In order to investigate the effect of the host glass on the optical
properties of the Er’" ions, it is interesting to study the relations be-
tween J-O parameters and the properties of the glass host. Our obser-
vation on J-O parameters (£2o, 24 and ) of this glass system indicates
that the variation of J-O parameters depend on the V,05 content, which
is ultimately responsible for modifying the local environment of Er>*
ions in the glass matrix. The magnitude of J-O parameters for all con-
centrations in both series of glasses followed Q5 > Q¢ > 4. This result
indicates that the impact of €25 is greater than those of the other two on
the host matrix. According to the J-O theory, 2, depends on crystal field
parameters and covalency between rare earth and surrounding ligands
[17]. However, crystal field contribution dominates over covalency
which pointed out that £2; is more sensitive to crystal field site symmetry
and local environment around rare earth ions. Usually, a decrease in
symmetry is assigned to an increase in £y [40]. Therefore, raising the
concentration of V505 at x = 0.5 mol% for glass in Series A [inset Fig. 8
(a)] led to an increase in asymmetry. Because the calculated value of Q2
depends on |<¥J ||[U®||¥J’>|%, where U is largely determined by
the hypersensitive transition [31], the 5 values can be directly
compared with fey, for the transition. By comparison, the trend of 2, for
Series A followed the trend of fey, for the hypersensitive transition in
Fig. 8 (a), indicating that the hypersensitive nature of Er>* ion transition
of the glass system is strongly dependent on asymmetry. Hence, the
observed 25 maximum at x = 0.5 mol% supports our earlier suggestion
that the fexp maximum for the same glass sample is attributed to the high
asymmetry of the sample owing to the presence of V505 as a glass-
—forming oxide.

Meanwhile, parameter 24 was reported to increase with decreasing
covalence character of RE-O bonding [64]. However, the result run
contrary to that reported in other glasses [65,66]. As such, the rela-
tionship between 24 and RE-O covalency is still not conclusive. It has
been reported that 24 was influenced by the glasses’ bulk properties,
such as the rigidity and viscosity of the host matrix, which affect the
bonds between rare earth ion and ligand atoms [58], while ligand
symmetry is not directly related to £24 [54]. In the present glasses, the
variation of Q4 with V5,05 which showed maximum at x = 0.5 mol%
[inset Fig. 8 (a)] in Series A is associated with the increase rigidity of
glass contributed by an increase in bridging oxygens, as indicated by
FTIR. In this case, V505 strengthened the glass structure and increased
the degree of cross-linking through the formation of new V-O bonds
with gradual reduction in the rate of formation of NBO in the glass
network [66]. Interestingly, the composition (x = 0.5 mol%), where Q4
was maximum, coincided with the composition that showed the highest
value of 25 at x = 0.5 mol%. This finding demonstrated that the increase
in rigidity is related to the asymmetry of the glasses. Nevertheless, the
decrease in Q4 for x > 1.0 mol% indicates the weakening of network
rigidity caused by the formation of NBO considering the modifier action
of V205 on the glasses. Thus, this result suggests a gradual increase in the
structural depolymerization of the glasses for x > 1.0 mol%; this finding
is also consistent with the observed larger increase in V, [Fig. 2 (a)] and
BOs3 units [Fig. 3 (a)]. That indicates reduced cross-linking in these
glasses. Furthermore, the effect of V,05 addition on bulk rigidity is
evidenced by our ultrasonic results [Fig. 9 (a)], where the substitution of
V205 at x = 0.5 mol% strengthened the glass network as additional
BO4/V=O0 units were formed, which increased the rigidity/stiffness of
the glass network as reflected by the initial increase in Cy, ¢ and Y.
However, NBO formation increased with further addition of V,Os at x >
1.0 mol% and led to an open structure and reduced rigidity/stiffness.
Ultimately, the elastic modulus decreased. Y and y decreased for x > 1.0
mol% V505, whereas Cp, remained constant on the average with an in-
crease of V205 content. Thus, the drop in Y for x > 1.5 mol% appeared to
be dominated by the behavior of . Interestingly, the variation of Debye
temperature (0p) [inset Fig. 9 (a)] was also in accordance with the
variation of £24 J-O parameter; this notation supports our earlier dis-
cussion on the elastic rigidity of glasses. Therefore, the maximum value
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of fp at x = 0.5 mol% suggests that the rigidity was the highest for the
glass sample compared with the other glasses in the series. By contrast,
the drop in 0p confirms that overall rigidity decreases for x > 1.0 mol%.

For many instances, 2 was also found to be affected by rigidity of
host medium [58] but other study reported that value of Qg is inversely
proportional to the covalence character of RE-O bonding [60]. The
similar trend between Qg [inset Fig. 8 (a)] variation and ultrasonic re-
sults [Fig. 9 (a)] confirm that rigidity of glass host strongly affected on
Qg parameter. Also, the highest value of £ for sample x = 0.5 mol% in
Series A glasses is indication for the lower covalent nature of Er>* with
the ligands, which was responsible for the high ionicity environment of
this glass sample. In addition, the investigation on bonding parameter §
showed a shift in § with respect to that of the aqueous solution for all the
glass samples in Series A (Table 3). This occurrence resulted in the
negative sign value of § that indicates a decreased covalency in the
environment of the Er>* and surrounding ligands upon V,0s addition in
a borate network.

On the other hand, the glasses in Series B also showed that the fey, of
the hypersensitive transition appeared with a similar trend to the Q;
[Fig. 8 (b)] with increasing Er,O3 content. In general, the EryO3 act as
modifier and oxygen of the modifier breaks the local symmetry of glass
network and creating NBO. It is expected that an average distance be-
tween network bonds become larger causing the average distance of
Er-O ionic bond to increase. The Er®* jons surrounding these distant
ligands experience weaker crystal field which leads to a decrease in the
Q, value. Yet, another reason for the decrease in Q5 is suggested due to
dwindling of covalency of Er-O bond, as supported from calculation of
bonding parameter, 6. Our results showed that the increase in § to a more
negative value with Erp,O3 addition of up to 2 mol% (Table 3) indicates
the less covalent nature of chemical bond with the ligands which was
responsible for the increase in ionicity. Therefore, the decrease in £2; at
y = 2.0 mol% [inset Fig. 8 (b)] was in tandem with the decrease in § as
expected due to increase in ionicity. The increase in ionicity of Er-O
bond is also expected as molar volume of the glasses increased as shown
in Fig. 2 (b). These results support the viewpoint that there is increase in
formation of NBO contributed by modifying action of EryOs in the
glasses which corresponded to the increase of ionic bonds. However, the
increased EroO3 content within borate glass with decreased NBO for-
mation at y = 3.0 mol%, revealed by FTIR caused the Er>* ions to cluster
around a smaller number of anionic sites [13]. The clustering of Erdt
ions may not occur at y = 2.0 mol% because of the presence of an
increased number of NBO, whereas the Er®" ion concentration was
exceedingly low to cause clustering at y = 1.0 mol%.

In Series B glass matrix, the decrease in J-O parameter Q4 [inset
Fig. 8 (b)] indicates reduction in network rigidity with increasing Er,O3
content. Based on elastic results, the observed decrease in C, y, Y and 6p
[Fig. 9 (b)] were mainly due to the increase of the number of NBO as a
direct effect of addition of EryO3 modifier content to the glass network
structure which consequently reduces the glass rigidity. Further support
that the addition of EryO3 leads to depolymerization of glass network
and promotes the formation of a high number of NBO can also be viewed
from the increase in V, for y = 0-2.0 mol% [Fig. 2 (b)]. However, the
increase in clustering caused by the large addition of EryO3 at y = 3.0
mol% did not significantly assist the rigidity of the glasses.

Meanwhile, Q¢ was maximum at y = 2.0 mol% [inset Fig. 8 (b)]
indicating the NBO increased with the increase of Er,O3 concentration
resulting in lower covalency of Er—O bond. As mentioned earlier, bulk
rigidity of glass could be one of the factors that influences parameter €.
However, Q¢ for Series B was found to be less affected by the bulk ri-
gidity of the glass, as both elastic moduli and 6p [Fig. 9 (b)] showed
different behavior with Qg

Based on absorption spectra, the longer absorption wavelength in the
visible spectrum was chosen for attaining up-conversion PL spectra of
Er’* ions. As a result, both series of glasses achieved higher energy
emissions in the visible spectrum under lower-energy excitations
[(Fig. 10 (a) and 10 (b)]. In the figures, the up—converted emission bands
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of green (518 nm and 556 nm) and red (647 nm) emissions were
assigned to the transitions of Er®t. Usually, Er®*—doped glasses show
two strong visible emissions at green region upon excited under ~800
nm light [10,40,68]. These green emissions are attributed to excited—
state absorption (ESA) process, whereas an additional weak red emission
is mainly caused by energy transfer up—conversion (ETU) process. In this
study, the red emission possesses highest intensity compared to the other
two green emissions. The possible process involved in the up—converted
emission for our glasses will be discussed with the aid of an energy level
diagram (Fig. 11). First, the ground-state absorption (GSA) begins at
779 nm and excites electrons in the Er®" ions to the metastable state at
419 /2, and then the electrons relax non-radiatively (NR) to the “In /2 state
by phonon relaxation. The electrons later absorb another 779 nm photon
and re—excites to the state of *Fg /5 via the ESA process. Electrons in this
state NR decay to °Hy; /2 453/2 and 4F9/2 levels followed by radiative
relaxation to the ground state (4115/2) to offer greens (518 and 556 nm)
and red (647 nm) up-converted emissions, respectively. However, due
to the wide gap between the 453/2 and 4F9/2 levels (~2800 cm’l), the
probability of populating *Fg,, by multi-phonon relaxation is small
giving only a weak red emission. As such, the red emission requires an
increase in the population of the *Fq 5 by energy transfer (ET) from V**
to the Er’* ions which result in the large enhancement of 647 nm peak.
The ET fromV** to Er®* was mainly through two ways; one way is from
the relaxed level V**:2B, to the Er’*:*Fg/, through resonant ET. The
other way is due to the similar matching energy separation between the
two levels, V4T transfer its energy to Er®* via 2B;(V*") + “I15,2(Er* 1) —
2Bo(VH) + “*Fo/a(Er™) for the population of *Fg/y level and subse-
quently strong red emission. The energy level scheme of V05 consisting
of an absorption band at 16,900 cm ! (inset Fig. 5) signifies shows the
ET between V** and Er®* in the visible the electronic distribution of V**
(®B; < By).

Additional evidence of ET is obtained by determining the decay time
of the luminescence from a donor. As shown in Fig. 12, the obtained PL
decay curves do not follow single exponential decay which verified the
ET process from V** to Er®* ions. Faster decay and decrement in Texp Of
v* emission with surge in Er®" concentration may be due to the
effective ET from sensitizer V** to activator Er’* ions in co-doped
Nay0-CaO-By03 glasses. The considerable close distance between Erdt
and V** promotes ET where narrow energy level between state foster
multiphoton relaxation (MP). The decrease in 7y, in presence of V4t
ions could be related to the non-radiative ET from V** to Er>* ions and is
also validates the result obtained from the photoluminescence spectra
given in Fig. 10 (a). From the result, the addition of V' ions help in
enhancing the Er>" intensity of red emission.

The effect of V,05 co-doping in the Er®* —doped glasses on visible
emission spectra was investigated by fixing the concentration of EroO3 in
Series A glasses. The highest band intensities for all transitions observed
at x = 0.5 mol% [Fig. 10 (c)] can be interpreted due to influence of
asymmetry around Er’* ion sites as the computed oscillator strength
(fexp) and 2 [Fig. 8 (a)] which showed highest value at x = 0.5 mol%.
This indicates strongest site asymmetry for x = 0.5 mol% among samples
which induces strong local electric field near Er’' ijoms, causing
enhanced emissions. The highest PL intensities is also benefited from the
enhancement of structure rigidity corresponded to the increase in €24
and g [inset Fig. 8 (a)]. On the contrary, the PL intensities minimum
observed at x = 1.5 mol% was not accompanied by fexp minimum,
suggesting that asymmetry surrounding Er>* may not contribute to the
drop in PL intensity, but exhibits quite similar trend to DC conductivity
where a minimum observed at x = 1.5 mol% for Er,Os—free
20Na30-20Ca0-(60 — x)B203:xV30s5 glass system [7]. As such, the
minimum in PL at x = 1.5 mol% is suggested due to the MIE effect.
Although, the mechanism of the effect is not clear, it may involve
changing roles of V205 from network former (x < 1.5 mol%) to network
modifier (x > 1.5 mol%), as revealed by FTIR results. The decrease in PL
intensities for 0.5 < x < 1.5 mol% may be attributed to VoOs occupying
network forming position with VOs groups, where V505 forms strong
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V-0 covalent bond and electrons were more tied up in bond formation.
However, for x > 1.5 mol%, V505 acts as glass modifier, the oxygens
break the local symmetry of the glass network converting VOs tbp into
VO, polyhedral groups while V4* ions occupy interstitial positions [69,
70]. The interstitial V** ions are suggested to be involved in energy
transfer to Er®* energy level leading to the increase in PL intensities for
x > 1.5 mol% [Fig. 10 (c)].

Meanwhile, the up—converted PL spectra for the glass in Series B
[Fig. 10 (b)] exhibited different effects of Er®* ion concentration on the
glass system. The increased intensity of emission band at y = 2.0 mol%
indicating a high emission efficiency and a decreased intensity for y =
3.0 mol% Ery0s indicating a low emission efficiency. Although it can be
observed that Q, decreases [inset Fig. 8 (b)], there is largest enhance-
ment in PL from y = 1.0 mol% to y = 2.0 mol% showing a possibility of
an increased amount of Er>* emitters with increasing Er,Os. The result
of parameter Q¢ showed slightly increases at y = 2.0 mol% before
declined at y = 3.0 mol% [inset Fig. 8 (b)] certainly serve to reinforce
the key idea of increasing Er®" ionicity induced electric dipole transition
hence the observed highly efficient PL at y = 2.0 mol% [71]. PL intensity
is commonly expected to decrease in less rigid glass matrix, the
increased of Er®" ion concentrations in this glass system and reducing
Er’* covalency seems to play a dominant role that leads to largest PL
enhancement for sample y = 2.0 mol%. As such, this points out that the
bulk rigidity of glasses has less influence in the PL emission. On the other
hand, the smaller £24 and larger ¢ values observed for the glass sample
is favorable for the emission transition, as reported previously [40].
However, further substitution of EryOs at y = 3.0 mol% caused the
emission intensity to diminish probably due to a clustering effect, as
discussed earlier. Concentration quenching amongst clustered RE ions is
well known to result in decreased PL intensity [61]. This reduction oc-
curs through the cross-relaxation process, where energy transfer takes
placed from the excited state of the Er>* ion to the neighboring Er>* ions
lying in the ground state. The lower PL intensity of sample contain 2.0
mol% Ery03 in Series B than PL intensity obtained for sample x = 1.5
mol% V.05 indicates that optimum PL of Er®t/Vv*" co-doped
NayO0-CaO-B,03 glasses depends critically on glass host rather than
activator concentration.

5. Conclusion

The effects of Er**/V*" ions co—-doping on optical absorption and PL
spectra of EryO3 in MIE NayO-CaO-B;03-V,05 glasses were investi-
gated. For Series A, both oscillator strength (fexp) and Judd-Ofelt pa-
rameters (23 4 6) increased to a maximum value at x = 0.5 mol% V,0s in
which was attributed to structural changes induced by V05 partici-
pating in the host glass matrix as revealed by FTIR and ultrasonic in-
vestigations. PL. maximum coincided with fey, maximum at the same
position and is suggested to be related to the enhancement in the ab-
sorption, whereas anomalous PL intensity at x = 1.5 mol% reveals the
presence of the influence of MIE effect on emission. However, the MIE
effect does not manifest in the fexp and all Judd—Ofelt parameters. For
Series B, the drop in PL for sample x = 1.5 mol% V305 have been
compensated by addition of Er®* jons until y = 2.0 mol% Er,03 before
luminescence quenching take place at y = 3.0 mol% as a result of for-
mation of Er®* ion clustering. Based on energy level diagram, three
up—converted PL bands at 518, 556 and 647 nm under 779 nm excitation
were attributed to emission transition of Er’" ion from 2Hy; /25 483 /2 and
7, /2 to “Iis /2 ground state, respectively. The relaxation of the populated
“Fg, to the ground state which responsible for strong red emission (647
nm) is suggested not only by excited state absorption process followed
by three-step non-radiative decay process but assisted with energy
transfer from 2B; — 2B, transition of V** to the Er®" ions.
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