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ARTICLE INFO ABSTRACT

Keywords: Barium fluorotellurite glasses doping with Ho>", Yb®*, and Ho®":Yb® were fabricated using the conventional
Barium fluorotellurite glass melt and quenching method, and their optical properties were studied using different optical spectroscopic
Ho techniques. The FITR absorption band at 3000 cm ™! was used to investigate OH- concentrations of the prepared
:E dd-Ofelt analysis glasses, which increased with Yb®* content. However, it decreased by substituting a portion of BaF; content with
OH- Groups BayCO3 concentration. The electric dipole line strengths and Judd-Ofelt parameters were estimated using
Photoluminescence UV-visible near-infrared (NIR) optical absorption spectra to gain information on the rare earth ions doped
Lifetime glasses for laser applications. The various radiative parameters such as line strengths, optical intensity, and

radiative rates from the higher energy levels, including 5F4 + SSZ, 5F5, 514, 515, 516 and 5I7, to the ground state,
518 have been reported and discussed. The influence of the Yb3* and Ba,COj3 concentrations on the upconversion
and downconversion photoluminescence emission intensities of the glasses prepared have been investigated by
pumping with 450 nm and 976 nm excitation sources. Under 450 nm and 976 nm, the NIR photoluminescence
emissions reveal a band ranging from 980 nm to 1220 nm attributing to an overlap between Yb%>* and Ho>"
transitions. The influence of Yb>* concentration on photoluminescence lifetime at the 2F5/2 - 2F7/2, 5F4 + 58,
—»518 and 516 —»518 transitions under 976 nm laser excitation has been studied and reported. The results indicate
that lifetime decreases with increasing Yb®* concentration attributing to an efficient energy transfer from Yb®" to
Ho>* ions. The energy transfer efficiency from Yb®* — Ho®>" has been examined, which rises from 30% to 47%
upon increasing Yb>* content. Nevertheless, it decreases with the mixing of BaF, and BayCOj3 lattice modifier
contents. The results demonstrated that the 1200 nm (°Is —°Ig transition) has remarkable potential for devel-
oping fiber lasers.

1. Introduction several light emissions at different wavelengths upon doping with

glasses or ceramics [4]. Among these RE3* ions, holmium (Ho3+) is an

Trivalent rare-earth (RE) ions doped glasses and ceramics have
received significant attention over the years from visible to near-infrared
(NIR) and mid-infrared for numerous applications, including colour
displays, a growing field in medical devices, high-density optical data
storage and reading, upconversion laser and visible display devices and
indicators [1-3]. This is due to various well-defined electronic transi-
tions characterised by their (4f")6s? electronic configuration, with the
4f"-4f" sub-shell being partially shielded by the 5s, 5p, and 6s electron
orbits. As a consequence, leading to host-induced splitting and emitting

attractive, active ion because of its several electronic transitions
occurring in the visible spectrum, including 5F3—>513(blue), 582—>518
(green) and 5F3—>518 (red) transitions. These transition levels have
enormous potential for developing white light luminescence, solid-state
lasers, efficient fibre lasers, photothermal therapy, temperature sensors,
biological imaging, biological labels, and short-wavelength lasers [5-8].
Besides, the Ho>* ion emits NIR photoluminescence emission at °Is—’Ig
transition corresponding to 1200 nm wavelength. This appeals to the
development of optical fibre lasers in the O-band for biological imaging
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[9,10]. For instance, the 516—>518 transition coincides with the high op-
tical transparency region of the electromagnetic spectrum, which has
the advantages of reduced absorption, scattering, and deep penetration
depth for biological tissue imaging.

The currently available 976-980 nm diode lasers cannot be used
directly to pump Ho®" ions unless it is codoped with a sensitiser such as
Yb3*, Tm®* and Er®" ions, which have strong absorption bands around
800 and 980 nm [11-16]. For example, the 2F;,5 — 2Fs transition of
Yb3* matches with the intermediate transitions of Ho®" ions facilitating
efficient energy transfer mechanisms from Yb3* (2F5/2) to Ho®+ (5F4,
58,, and Ig) transitions [6]. Over the years, various glass host materials
such as fluorophosphate, silicate, tellurite, and oxyfluoride have been
codoped with Ho>*:Yb3* jons [6-10] to investigate their physical and
optical properties for the applications mentioned above. Among these,
tellurium oxide-based glasses have been studied extensively. This is due
to their remarkable properties in terms of the high solubility of RE3*
ions, low melting point and stability against crystallisation,
non-hygroscopic nature, high refractive index and transmission win-
dow, and low phonon energy [3]. Moreover, incorporating alkali oxides,
alkaline earth oxides, transition metal oxides and fluoride lattice mod-
ifiers into tellurium oxide-based glass hosts tends to decrease the phonon
energy. For instance, adding barium fluoride (BaFy) to tellurium
oxide-based glass decreases tellurite glass’s phonon energy from 750
cm ™! to about 645 cm ™! owing to BaFy low phonon energy of 330 cm ™!
[17]. Consequently, this reduces the nonradiative and multiphonon
relaxation mechanism to promote optical transitions in the RE®* jons
and improve the radiative transition probability processes [18].

Most tellurium oxide-based glasses doped or codoped with Ho>* or
Ho®*":Yb%" ions focused on the 2 pm wavelength for laser application
with limited information on the visible and NIR around 1.2 pm wave-
length lasers. Here are some examples of Ho®>" and Ho>*: Yb®* doped/
codoped glasses and ceramics for upconversion and NIR laser applica-
tions reported. Wang et al. [19] fabricated various Ho*t/yb3* codoped
TeOo-BaF,-YbyO3 glasses by varying BaFo concentration and investi-
gated the luminescence properties at 1200 nm under 915 nm excitation
[19]. They reported increases in the luminescence intensity at 1200 nm
with increasing the BaF; concentration and obtained an optical gain of
1.884 dB/cm for 5 cm long fluorotellurite microstructure fiber. Azam
et al. [18] recently synthesised Ho>'/Yb3* doped and codoped
TeOo—Zn0, TeO5-ZnO-WO3 and TeO,-ZnO-WO3-TiO,, which were
optically characterised by employing the optical absorption and
upconversion photoluminescence. It was reported that the upconversion
emission intensity at 549 nm, 658 nm, and 754 nm was enhanced about
57 times, 342 times, and 480 times upon codoping with 3 mol% of Yb®*
under a 980 nm excitation laser. Similarly, Kamma et al. [20] prepared
Ho®" doped lead-germano-tellurite glass and investigated its upcon-
version emission at room temperature under 532 nm and 762 nm exci-
tation. They observed that the upconversion intensity improved
significantly after the glass was heat-treated. Additionally, Neto et al.
[21] fabricated Ho*t doped PbGeOs-PbF,-CdF; transparent glass
ceramic. An intense red upconversion emission was detected by exciting
with a 980 nm diode laser. Besides all these, Ho>*:LiLuF, and Ho®*:LaFs
have been studied as active gain media for solid-state lasers emitting in
the green emission spectral region [22].

In this report, we synthesised and characterised Ho -singly
doped and Ho®": Yb®* codoped barium fluorotellurite glasses by
changing Yb®* and lattice modifier to understand the local structural
environment and optical properties. The spectroscopic properties,
including hydroxyl (OH-) concentration in the mid-infrared and lasing
properties such as Judd-Ofelt (JO) intensity parameters (Qg, Q4 and Qg),
were evaluated from the UV-visible-NIR absorption spectra. The JO
parameters are utilised to determine various radiative parameters such
as spontaneous emission or radiative transition probabilities (Ag),
radiative lifetimes (tg), and photoluminescence branching ratios (fg).
The photoluminescence (PL) emissions and lifetime properties were
obtained using 450 nm and 980 nm excitation sources. The energy

3+’ Yb3+
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transfer mechanism between Ho>* and Yb®" was looked into under 450
and 980 nm excitations.

2. Experimental methods
2.1. Glass preparation

High-purity materials such as TeO3 (>99.99%), ZnO (99.99%), BaF,
(99.99%), Yb203 (99.99%), and Ho203 (99.99%) purchasing from Alfa
Aesar were utilised to synthesise the based glasses. Melting and
quenching techniques were employed to prepare Yb>*, Ho®'-singly
doped and Ho®":Yb®* codoped glasses of nominal composition range in
mol%: (80-x-y)TeO2-10ZnO-10BaF;-yHo,03 (Where y = 0, 0.5)-xYb03
(where, x = 0, 0.25, 0.5) [named: HTBZ1(y = 0), HYTBZ2 (x = 0),
HYTBZ3, HYTBZ5] and (80-x-y)TeO2-10ZnO-10(BaF;-BayCOs3)-
0.5H0203-0.25Yb,03 [assigned to HYTBZ4]. About 30 g batch of high
purity stoichiometric composition was initially weighed with an
appropriate amount of each raw material, mixed thoroughly using a
mortar and a pestle for about 20 min. The powdered mixture in the
mortar was collected into a gold crucible and melted at 750-800 °C for
about 3 h using an electrical furnace (Elite Thermal Systems Limited,
Market Harborough, UK) under a dry oxygen atmosphere until a ho-
mogeneous mixture was obtained. The main purpose of purging with
high-purity oxygen gas is to control and minimise moisture and OH-ion
content in the glass melt. The molten glass was decanted into a pre-
heated brass mould at 300 °C for 3 h and placed in the annealed
furnace for about 4 h to eradicate thermal strains, stress, and air bubbles.
Finally, glass blocks prepared with dimensions of 2 x 4 x 1 cm® were
obtained and polished for optical and photoluminescence property
characterisations.

2.2. Characterisation

The polished glasses’ refractive index and density were measured
using a Prism Coupler (Metricon model 2010/M) with a 633 nm exci-
tation laser and Thermo Pycnomatic ATC Helium Pycnometer. Mid-
infrared optical absorbance spectra were collected using a Vertex 70
FITR spectrometer (Brucker, Coventry, UK) over 8 cm ! resolution be-
tween 4000 and 400 cm ™! to evaluate the hydroxy (-OH) content in the
as-prepared glasses. A Perkin Elmer UV/VIS/NIR Lambda 950 spec-
trometer of 0.1 nm spectral resolution was employed to record the
UV-visible-NIR absorption spectra at room temperature (20 °C) in the
spectral range between 250 nm and 2500 nm. An Edinburgh FS920
spectrometer (Edinburgh Instruments, Livingston, UK) was also utilised
to collect photoluminescence emission by exciting with 450 and 976 nm
diode laser sources in the wavelength range of 500-800 nm and
900-1500 nm at room temperature. Similarly, the photoluminescence
decay curves for the glasses prepared were obtained using an FS920
spectrometer equipped with a 976 nm source at room temperature to
determine the lifetime.

3. Results and discussions
3.1. Physical properties and hydroxyl (OH) concentration analysis

The refractive index and density values of Yb>*, Ho>* singly doped
and Ho®-Yb®t codoped barium fluorotellurite glass series fabricated
are shown in Table 1. The refractive index increases slightly with
increasing Yb3* and replace a portion of BaF; content with BayCOs3
concentration. This is attributed to the rising molar and electronic
polarisabilities of oxide ions. On the other hand, the density of the
glasses remains relatively the same. The hydroxyl (OH™) groups in tel-
lurite base glasses have a strong absorption from 2500 cm™! to 3500
cm™!, which is attributed to the fundamental stretching vibration. The
presence of the OH™ group in a glass network can quench visible and NIR
photoluminescence emission intensity and lifetime through phonon-
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Table 1
OH absorption coefficient, aoy (em™Y), and concentration, Nog- (ions/cm~3), at
mid-infrared wavelengths of 3000 cm*.

Sample ID  Refractiveindex  Density(g/ apu(cm™')  OH- conc. (ppm)
cm3)
HTBZ1 1.987 5.623 2.16 43.9
HYTBZ2 2.007 5.675 2.37 48.9
HYTBZ3 2.013 5.618 2.44 49.8
HYTBZ4 2.162 5.650 1.54 30.9
HYTBZ5 2.029 5.663 3.09 62.8
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Fig. 1. Infrared absorption spectra of singly Yb®*, Ho®>" doped, and Ho>*:Yb3+
codoped fluorotellurite glasses and the inset showing photographs of various
glasses prepared.

assisted processes and interactions with RE>* ions. The mid-infrared
absorption spectra of samples HTBT1, HYTBT2, HYTBT3, HYTBT4 and
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HYTBTS5 [inset pictures shown in Fig. 1 were measured using a Brucker
Vertex 70 FTIR spectrometer at room temperature. The absorption co-
efficient (apy) of the OH™ vibration peak centred at 3000 em~ ! was
determined for each sample with a thickness of L using the Beer-Lambert
law equation [3], which is given by:

In (T(%)/l()o) 2.303xA
L L

(€8]

Qoy =

The OH™ content, Noy-(ppm), in the glass was estimated from
equation (2) by using the OH™ absorption coefficient obtained from
equation (1). The results were converted into part per million (ppm) [3,
23].

N,
Noy- = %QOH 2

where L is the glass thickness (cm), A is the absorbance, ¢ is the OH™
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group molar absorptivity in the tellurite glass (4.91 x 10% cm?mol 1)
[23], and Nayo represents Avogadro’s constant (6.02 x 10% mol™1).
Fig. 1 shows that the absorption coefficient of the OH™ vibration band
occurring at 3000 em™! for sample HTBZ1 is lower than the remaining
glass samples. Nonetheless, the rest of the glass samples codoping with
Ho®":Yb®" increase in absorption coefficient by increasing Yb®* content
leading to a surge in OH- concentration, as shown in Table 1. On the
other hand, sample HYTBZ4 exhibits a very low OH concentration
compared to the other glasses.

3.2. Optical absorption spectra and Judd-Ofelt analysis

As-prepared glasses’ absorbance spectra ranged from 250 nm to
2500 nm were measured using a UV-visible-NIR spectrophotometer,
which was converted to absorption coefficient using equation (1). The
absorption peaks centred at 418, 451, 487, 538, 643, 952, 976, 1153 and
1948 nm are attributed to 4f-4f intra manifold transitions of Ho>" ion
and Yb%" ion from the ground state to the various excited states as
illustrated in Fig. 2(b). The Ho®" ions peaks correspond to transitions
from the ground state to distinctive excited states, namely °Ig—°Gs,
5F1&5G6, 552, 5F4, 5F5, 515, SI(,, 517 and 2F7/2 - 2F5/2 for ngJr iOl’l,
respectively. The crystal field surrounding each of these RE®" jons is
inhomogeneous because of the distinguishability of the absorption
transitions retained by the Ho®>" and Yb®* ions and site-to-site dispar-
ities in the crystal field strengths [18,24].

The Judd-Ofelt (JO) intensity parameters that signify interactions
between the Ho®* ions and the fluorotellurite host material crystalline
field were calculated using the UV-visible-NIR absorption coefficient
shown in Fig. 1 (a). The JO method has been extensively used to study
the radiative and non-radiative rates of RE>* ions doped with different
host materials for laser application. An integral absorption coefficient
(fa(A)dr) of each absorption band comprises of electric dipole
(Sed(mes)(J—J')) and the magnetic dipole (Syg(J—J)) line strength
contributions. Henceforth, the measured experimental Seq(mes)(J -J )

line strengths from the initial transition, J, to the upper energy levels, J,
were obtained using the following expression [25-29];

12S,q(J > T )] ©)]

where c is the velocity of light, h is the Planck’s constant, e is the
charged electron, n is the refractive index, 4 is the average absorption
peak wavelength for the transition under consideration, Ny, being the
concentration of Ho>" ions, and 2J + 1 is the degeneration of the initial
(emitting) state delineated.

The magnetic dipole S,4(J —J) transition contribution of the line
strength is given by an expression [25,26,29].

Sua(J = J ) =12|[|< JIIL+ 28|10 >[I @

where pg= (h/2mc) and the magnetic dipole matrix elements are
located in the bracket terms, orbital L and spin S angular momenta even-
parity tensors. The transitions between different energy levels must
conform to the selection rules as AS = AL = 0 and AJ = 0, +1 for a
magnetic dipole line strength to exist. Based on the selection rule, the
only transition with magnetic line strength contribution is °Ig—°Iy,
which was subtracted from the experimental result to obtain S.g(mes)-
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Fig. 2. (a) UV-visible-NIR absorption coefficient spectra of Yb>", Ho®" single doped and Ho®"-Yb*" codoped barium fluorotellurite glass series, (b) Partial energy

level diagram of Ho®" ion.

Table 2

Judd-Ofelt parameters (2; x 10~20cm?) of Ho®* ions in fluorotellurite glasses compared with other fluoride glasses.
Sample ID Q, Q4 Q6 > Q4 /o Trend Ref

6

HYTBZ2 3.562 4.666 2.260 10.488 2.26 24> 8025 >0 Present work
HYTBZ3 3.787 4.343 2.902 11.032 1.49 Q4 > Q5 > 8 Present work
HYTBZ4 3.906 5.034 3.052 11.992 1.65 Q4 > Q2 > 8 Present work
HYTBZ5 3.393 3.850 2.503 9.746 1.54 04> 809 > Q6 Present work

Thus, the JO parameters, (£2,), are calculated from the electric-dipole
transition line strengths by using the expression shown below [26,27,
30]:

Seacay T = 1) =" [|< US> | ®)

1=2,4,6

Where U"Y is the squared doubly reduced matrix of the unit tensor
operator of the rank t = 2, 4, 6. The eight absorption peaks from Fig. 2
(a) were employed to determine the JO parameters via the least squares
fit method. As shown in Table 2, the magnitude of JO intensity param-
eters of as-prepared glasses follows the same trend as £24 > Q5 > Qg for
samples HYTBZ2, HYTBZ3, HYTBZ4 and HYTBZ4. The Q, parameter
describes asymmetry and covalency. Thus, the £, parameter increases
from samples HYTBZ2 to HYTBZ4 by codoping with Yb®" ions and
substituting a portion of BaF, with BaoCO3 content suggesting structural
changes. Besides, the visible to near-infrared absorption peaks are hy-
persensitivity to covalency parameters, increasing the ligand sur-
rounding the RE3™ ions. Similarly, the £ intensity parameter rises with
the additive of Yb®" concentration can be ascribed to an increase in
viscosity due to the highly polarised surrounding Ho®® [31,32].
Furthermore, the Q¢ parameter increases with the addition of Yb3* and
Ba,CO; into the glass composition, indicating a decrease in the Ho>t-O
covalency and fraction of non-bridge oxygen ions [33,34]. Likewise, as
the concentration of the Yb®" ions increased the JO intensity parameters

of sample HYTBZ5 diminished with the same trend as Q24 > Q5 > Qg ,
which correlates with Ho>" doped lead tungsten tellurite glasses re-
ported elsewhere [33]. The difference in the JO parameters for
as-prepared glasses is ascribed to structural transformation. However,
substituting a low concentration of BayCO3 in exchange for BaF,
(HYTBZ4) resulted in sizeable structural modification and rearrange-
ment in the glass network owing to increased JO parameters, as shown
in Table 2.

Furthermore, the spectroscopic quality factor (£24/£6) is an impor-
tant parameter to predict stimulated emission and intensity of lasing in
the gain medium. The €4/ factor of Ho®* singly doped fluorotellurite
glass is greater than those glass samples fabricated by codoping with
Ho®": Yb®*. On the other hand, the ©,/Q¢ factor for Ho®*: Yb®* ions
doped fluorotellurite glasses decreases with increasing Yb®" ions con-
tent but increases slightly with mixing BaFs with Ba;COgs contents.

The calculated JO parameters obtained from equation (3) shown in
Table 2 were used to predict Seq(cq) values via the multiple regression,
which are in close approximation to the measured values. The calculated
and measured electric dipole line strengths with small RMS values of
Ho3* and Ho>*:Yb3*doped fluorotellurite glasses for various ground
state absorption bands are illustrated in Table 3. The variation in trends
of the measured and calculated electric dipole line strengths are com-
parable to JO parameters for increasing Yb®" ions concentration and
substituting a portion of BaF, with Ba;CO3 content. Some of the inter

manifold 4f-4f absorption bands and spectral intensities of the RE>* jons
Table 3
Experimental (Seggmes) x1072°) and calculated (Seq(cary x1072°) line strengths and 6ms deviation of Ho ions in fluorotellurite glass systems.
The transition from °Ig — HYTBZ2 HYTBZ3 HYTBZ4 HYTBZ5
Sed(mes) Sed(cal) Sed(mes) Sed(cal) Sed(mes) Sed(cal) Sed(mes) Sed(cal)
5Gs 2.019 1.994 2.067 2.227 2.825 2.869 2.912 2.962
°F; + °Gs 9.626 9.607 8.953 8.910 10.571 12.647 8.724 8.455
58, 0.558 0.541 0.626 0.626 0.736 0.738 0.550 5.794
5Fy 2.105 2.194 2.178 2.209 2.457 2.358 2.212 2.128
5Fs 3.229 3.147 3.029 3.101 3.798 3.793 2.722 2.709
55 1.838 1.927 2.016 2.068 2.695 2.724 2.354 2.231
5ls 2.232 2.393 2.725 2.793 2.631 2.939 2.062 2.169
51, 5.100 5.019 4.941 4.895 5.590 5.728 4.569 4.693
Orms 1.06 x 1072 0.93 x 1074 2.05 x 1074 0.94 x 1072
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are sensitive to their environment, which is characterised by higher
values of electric dipole line strengths. Such hypersensitive transitions of
RE3Tions must satisfy the selection rules AJ <2, AL <2 and AS= 0
[27]. For instance, °Ig — °F; + °Gs and °Ig — °I, transitions are hy-
persensitive transitions due to significant variation in the electric dipole
line strength values upon increasing Yb®* concentration or replacing a
portion of BaF; content with Ba;COs.

Moreover, the JO parameters obtained from the above were utilised
to analyse other important parameters such as radiative or spontaneous
transition probabilities of emission, branch ratios, and radiative lifetime.
The radiative transition probability (A,(J—J)) of different energy
transitions (between J and J') associating with the electric Sed(ca) and
magnetic Spg line strength can be expressed as [26-28].

1 6
AU —T)= !

2
- Sﬁ cai ' - 3Sm '
4mey 3he3 (2] + 1) } dca(J = T) =1 Sna(J = T )

n? 42
=
(6)

The total radiative transition probability (Ar) is defined as the sum of
all excited transitions, which is represented as follows.

Ar=Y A =T) )

The excited state radiative lifetime, 7z, and theoretical branch ratio,
Pr , are calculated from the total radiative transition probability as:

w(J)=[Ar(J)]" ®
N A,(J—)J,)
Pr(J,T) =S AU=T) (C)]

The radiative spectroscopic parameters such as radiative transition
probabilities, branching ratios, and radiative lifetime were further
determined by employing equations (3)-(6) for all relevant energy
transitions of the Ho®>" ions, which are summarised in Table 4. The
transitions with high values of radiative transition probabilities and
branching ratios represent more probability of radiative transition from
the excited states to lower energy levels.

For example, the 5F4 + 582 - 518 transition (~545 nm) has the most
significant values of radiative transition probabilities, and branching
ratios in all the samples synthesised ranging from 700.05 s~ to
1785.8s! for (Ar) and 48.8-53.6% for . This indicates that most of the

Table 4
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Fig. 4. Partial energy level diagrams for Ho>* and Ho>*:Yb®* visible and NIR
photoluminescence emission observed under 450 nm excitation.

photons in the 5F4 + 58, states would radiate into the °Ig ground state
transition. Thus, such high radiative parameters validate and agree with
the strong green photoluminescence intensity observed experimentally
under 450 nm and 976 nm excitations. Similarly, higher radiative
transition probabilities and branching ratios were obtained from the 5Fs
- 513 (650 nm) 5F4 + 582 - 517 (750) transition, as listed in Table 4. In
addition, the radiative transition probabilities or rates from 5T > Ig
transition predicted by JO theory range from 253.7 to 315.6 S leading
to longer radiative lifetimes with an average branching ratio of ~86%.
This result corroborates with the intense NIR photoluminescence emis-
sion observed experimentally at 1159 nm transition.

3.3. Photoluminescence emissions and energy transfer under 450 nm and
980 nm excitations

Fig. 4 illustrates a partial energy diagram for Ho>" and Yb®* ions
under a 450 nm excitation source to measure visible to NIR photo-
luminescence emissions. The Ho>" ion is initially excited with 450 nm
from the ground state, °Ig, to the excited state, E‘G5, through the ground
state absorption process. These electrons in the 6Gs level undergo non-
radiative decay to the °F4 energy level via a multi-phonon relaxation
process. This is followed by radiative relaxation to °Ig transition, leading

Predicted spontaneous emission probabilities, total transition probability (A7), radiative lifetime () and the branching ratio of the possible transition levels in the

Ho>'/Ho>":Yb®" doped HYTBZ glass series.

Transition Wavenumber (cm 1) HYTBZ2 HYTBZ3 HYTBZ4 HYTBZ5
A (1/s)  B(%) A (1/5)  B(%) A, (1/5)  P(%) A (175)  B(%)

$F155,5Fs 2844 0.5 0.03 0.5 0.02 0.5 0.01 4.0 0.14

455,555 5260 45.3 3.2 55.4 3.0 59.1 1.8 48.0 1.7

458,551 7122 31.9 2.2 40.0 2.2 51.7 1.6 42.3 1.6

458,55, 9719 117.1 8.2 141.3 7.7 218.5 6.6 176.7 6.5

458,551, 13277 538.2 37.7 691.1 37.8 1211.0  36.4 993.0 36.4

45555 18396 700.0 48.8 899.1 49.2 1785.8  53.6 1463.7  53.6
Ar = 14325571 Ar=1826.951 A = 3326.7s7! Ar =2727.8s7!
7z = 0.698 ms g = 0.547 ms g = 0.301 ms g = 0.366 ms

SF5—°lIs 4278 1.4 0.4 1.6 0.4 1.8 0.4 1.4 0.4

SF5—5Tg 6872 16.1 4.5 18.7 4.8 20.2 4.7 16.3 4.8

SFs—1, 10432 72.9 20.2 77.8 20.1 86.1 20.1 68.2 20.1

5F5— g 15552 270.5 74.9 289.2 74.6 320.6 74.8 253.1 74.6
Ar=360.8s' 1r(J) =2.77ms Ar=1387.4s '1z(J) =258ms Ar=428.7s ' x(J) =2.33ms Ar=3389s ! z(J) =2.95ms

51— 2597 11.3 5.2 12.9 4.8 13.9 4.9 11.2 4.8

51551, 6155 123.0 57.1 155.6 58.2 164.3 57.9 134.4 58.2

515-°Ig 11274 81.0 37.6 98.9 37.0 105.2 37.2 85.4 37.0
Ar=21535s"1 1z(J) = 4.6ms  Ar=267.4s! 1z(J)=3.74ms Ar=283.4s"! g(J) =353ms Ar=231.1s"' 7z(J) = 4.32ms

5I6—°1, 3558 41.2 14.0 46.7 12.9 40.7 13.0 40.6 13.0

516—°Tg 8677 253.7 86.0 315.6 87.1 273.0 87.0 273.0 87.0
Ar=2949s5"" 1z(J) =3.39ms  Ar=3624s"' 1z(J)=276ms Ar=313.7s" r(J)=3.19ms Ar=313.7s"' 1z(J) =3.19ms

51,-°Ig 5119 125.2 100 182.2 100 191.8 100 162.1 100

Ar =125.25"1 7x(J) = 7.98ms

Ar =182.2571 7x(J) = 5.49ms

Ar=191.85"1 1x(J) = 5.21ms

Ar=162.157" tz(J) = 6.17 ms
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to the intense green emission at 545 nm, shown in Fig. 5 (a). The elec-
trons in the °F4 state further depopulate through the multi-phonon
relaxation process to the °Fs state, which relaxes radiatively to the
ground state °Ig emitting weak red emission at 640 nm. It is vital to
mention that the photoluminescence emission at 545 nm is less intense
for Ho>" singly doped fluorotellurite glass. However, codoping with
Yb3* and substituting a portion of BaF, content with Ba,CO3 lead to
increased photoluminescence emission intensity. Besides, the NIR pho-
toluminescence emissions centred at 1156 and 1192 nm match the °F4 —
515 transition, as depicted in Fig. 5(b). In contrast, the photons absorbed

(a) = HYTBZ2
[ HYTBZ3
e HYTBZ4
£ =——HYTBZ5
o 4
w0
o
=
2
2
e 7
=
0 - - - L
500 600 700 800

Wavelength (nm)

Fig. 7. (a) Upconversion photoluminescence emission spectra of Ho doped and Ho

luminescence—decay curves at 545 nm.

by the Ho>* ions under 450 nm excitation can further be transferred to
Yb3* from either °F4 — 2Fs5 or °I5 — 2Fs,5 through the energy transfer
process and phonon-assisted ET1 and ET2. This emits intense overlap
photoluminescence emission range from 950 to 1070 nm for Ho>* and
Yb3™ as illustrated in Fig. 4, ascribing to 5r, = 51 and Fs 2 — 2F7/2
transitions.

The visible and NIR photoluminescence emission properties of Ho®*
singly doped and Ho3":Yb3* codoped fluorotellurite glasses were
investigated under a 976 nm diode laser excitation wavelength, as
shown in Fig. 6. Ho>" ions in singly-doped glass do not absorb at 976 nm
by themselves. Therefore, no emission is observed experimentally from
visible to NIR. Moreover, upon exciting the Ho>*:Yb®* codoped glass
samples with a 976 nm pumping scheme, the ground state of Yb>* (3F5,
2) is absorbed to populate the excited state of Yb3+ (%F5 ,2) via the ground
state absorption process. Most of the photons in the Yb®* (2Fs,2) excited
state can be de-excited radiatively, leading to a NIR emission peak at
1050 nm. This corresponds to the 2p, /2 — 2g, /2 transition. Additionally,
some of the photons in the Yb3+ (2F5 /2) excited state can be transferred
utilising the phonon-assisted energy transfer process to the neighbour-
ing Ho>" through three main routes ET; (Yb>':2F5,5 - Ho>":%F, + S5,
ETo(Yb3*:%F5,, — Ho®":%Fs), and ET3 (Yb>":%F5,, — Ho "Iy,
respectively.

The photons transfer through ET; (Ho>":5F4 + °S,) path by excited
state absorption or energy transfer process from Yb>*:%Fs,, state un-
dergo radiative decay to emit Ho>":°F4 + 5S5 —°Ig and Ho>*:°I; —°Ig
leading to the intense upconversion emissions at 552 nm and 755 nm, as
shown in Fig. 7(a). Likewise, part of the photons in the Ho>*:5F4 + S,
state can undergo non-radiative decay by multi-phonon relaxation to
Ho3+:5F5 or ETz(Yb3+:2F5/2 — H03+:5F5) energy transfer process can
occur and then decay radiatively to the ground state Ho>*:°Ig emitting
660 nm upconversion. On the other hand, energy transfer processes
occur via ET; (Yb®":%F5,5 — Ho®":5F4 + S,), and ET3 (Yb®':%F5/5 —

14 T T T
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Fig. 8. (a) Near-infrared photoluminescence emission spectra of Ho-doped and Ho®*: Yb3+—codoped glasses under 978 nm excitation source: (b)-(d) photo-

luminescence-decay curves Ho®* at °F,4 and I, transitions.

Ho®":%lg) can generate NIR emissions at 1050 nm and 1196 nm
matching with 5F, + 585516, and °Ig —°Ig transitions depicted in Fig. 8
(a), respectively. Alternatively, part of the Ho®":%Ig ions can further
populate to the higher energy levels such as Ho>*:°F, + °S, state
through excited-state absorption or energy transfer upconversion pro-
cess (ETU) to generate the upconversion emission shown in Fig. 6.

3.4. Yb**, BayCO3 modifier, and OH- effect on the Yb®:?F5 5, Ho®': °F,4
+ 585 and Ho>": °Iy transitions lifetime

The upconversion and downconversion photoluminescence decay
curves for all the fabricated samples were analysed to determine the
energy transfer efficiency mechanism. Many studies have suggested that
the lifetime of the rare earth ions transitions depends on the glass sys-
tem’s phonon energy. This relates to the base glass composition network
former and added lattice modifier network [35-37]. Besides, it is well
established that the existence of the OH™ group in the glass host can
significantly promote the non-radiative process resulting in lifetime
quenching. Therefore, the photoluminescence decay lifetimes of singly
Yb3* and Ho®*:Yb®Tdoped glasses were measured for Yb>":%Fs,,
Ho®*":5F4 + 55, and Ho®*: 514 transitions by exciting the samples with
976 nm excitation source at room temperature. Fig. 7(b) and 8(b-d)
show photoluminescence decay curves for singly doped Yb*' and

codoped Ho®":Yb®" at Yb®*:2Fs5 5 and Ho®": °I4 transitions, which were
fitted with single exponential function to determine the measured life-
time. The measured lifetime obtained from various samples and transi-
tions is summarised in Table 5 below. The lifetime of the Ho>* at °F4 +
5, transitions increases slightly with increasing Yb>" and doping with
BaF, and Ba,COj contents. However, the Yb>*+:2Fs /2 transition decreases
with increasing Yb>" concentration. This is attributed to highly energy
transfer efficiency, as shown by a significant reduction in the Yb®*
lifetime in the Yb3>-Ho>* glasses in contrast to the Yb®! singly-doped
glass. The lifetime of sample HYTBZ4 rises by 11% over sample
HYTBZ3 at Yb>':2Fs/y and Ho®':%l¢ transitions ascribing to the in-
adequacy in energy transfer efficiency and difference in OH ion con-
centration discussed in Table 1.

The photoluminescence lifetime measured was employed to deter-
mine whether the Yb%* ion is a suitable sensitiser for the Ho>*:Yb3*
codoped fluorotellurite glasses fabricated by determining energy trans-
fer efficiency (pr(yp-mo)) from Yb3" ions to Ho®" ions. The energy
transfer efficiency between Yb®* ions and Ho>* ions was evaluated by
the following equation [37]:

Tyb(Ho)
Nervotioy =1 — Ty;,o 10)

where 7yy0) is the lifetime at Yb":%Fs 5 transition in the Ho>":Yb®*

Table 5

Measure lifetime obtained from Yb®" and Ho>*: transitions and energy transfer efficiency.
Sample ID T (m5) NET(Vb—Ho) Wap(s™) Wp(s™")

Ho>":°F4 + S, Yb®*:%Fs s, Ho®>": ®Ig (1152 nm) Ho®>": °I¢ (1196 nm) 5Fy + Sy g 5= °Ig

HTBZ1 - 0.769 - -
HYTBZ2 - - - -
HYTBZ3 0.094 0.538 0.352 0.365 0.30 9837.9 2509.7
HYTBZ4 0.113 0.596 0.377 0.373 0.23 7057.8 1857.8
HYTBZ5 0.131 0.410 0.347 0.366 0.47 6145.1 2522.0
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ions codoped glasses and 7y, being a singly doped glass with Yb3*,
respectively. It is observed that the energy transfer efficiency increases
with Yb®* concentration, as illustrated in Table 4.

Furthermore, the multiphonon de-excitation rate, Wypp, component
of the non-radiative decay rate contribution for depopulation of the
metastable state from Ho® ' 5F, + °S, and °I4 transitions to the ground
state Ho>*: ®Ig were calculated by Refs. [25,37]:

WMp: T;l —T;l — WOH (11)

where 7! and 7; ! are the measured radiative rate and estimated radi-
ative decay rates obtained from JO analysis of the Ho>*:%F4 + 5S, and
Ho®': 5I5. Woy is the energy transfer rate between Ho®" and the OH™.
According to Dai et al. [36], the energy transfer rate between Ho®>" and
the OH™ groups can be expressed:

Wor = 87Chio 1oNHoN, 12)

where Np, is the Ho®* concentration (acceptor concentration) and Ny is
the density of the quenching site, which is proportional to OH- con-
centration [Ny = XNog, X is the empirical factor, which is about x = 15%
for the modified tellurite glass], and Cy, g, is the microparameter of the
transfer process. The value of Cp, o for modified tellurite glass can be
estimated based on the Forster-Dexter theory as follows [37]:

 3cA, (2] + 1)
CHU.H() 78774"12(2‘/, + 1) /Gfmx(j')ggbs

(A)dA 13)
where o2, (1) and ¢4, (1) donor-acceptor energy transfer overlap be-
tween the emission and absorption bands of the donor and acceptor.
Table 4 shows the Wyp for Ho>*: 5F4 + %S5 — 5Ig and 51¢—°Ig transitions
increases with increasing Yb>" concentration. Nevertheless, the mixing
addition of BaF; and BayCOs leads to a significant decrease in the
multiphonon relaxation rate, which could be attributed to the variation
in the host material and its local field symmetry surrounding the rare
earth ion site [38]. Furthermore, the significant increase in multiphonon
relaxation rate of Ho®": °F4 + °S, — °Ig and °Ig—°Ig transitions could
boost the 976 nm pumping efficiency in the Ho>*:Yb® codoped glass
series.

4. Conclusions

Series of Yb®' singly, Ho®" singly, and Ho®>":Yb®* doped/codoped
barium fluorotellurite glasses have been prepared and characterised by
optical absorption, photoluminescence, and decay studies. The intensity
parameters and radiative properties of the dominant transition energy
levels of the Ho>" ion have been investigated using the JO theory. The
JO parameters obtained from the Ho®' singly doped and Ho>":Yb®"
codoped glasses follow the trend 24 > Q3 > Q6. The change in the Q,
with Yb®* and Ba,COs contents is ascribed to variation in the asymmetry
of the ligand field around the rare earth ion site and the degree of
covalency of the Ho—O bond. While Q4 and Q¢ values are related to
viscosity and stiffness of the host glass, which decreases with Yb%*
content. The effect of Yb®* and BayCO3 contents on the upconversion
and NIR downconversion photoluminescence emission of the Yb®"
singly doped and Ho>*:Yb>* codoped glasses have been studied. The
upconversion, NIR emission intensity, and lifetime centred at 550, 661,
742, and 1196 nm increase significantly with Yb3* concentration, which
is accredited to an efficient energy transfer from Yb®>t — Ho®"; none-
theless decreases with substitution of a small fraction of BaF, with
BayCO3 content. Even though the OH- ions concentration increases
remarkably with Yb®" content, the measured photoluminescence life-
times at 550 and 1196 nm are not affected but upsurges slightly. This
confirms that OH- concentration is not affected by the visible and NIR
photoluminescence emission property, suggesting energy transfer from
these transition levels to OH- is inefficient. The optical properties of
RE3" doped barium fluorotellurite glasses are attractive for developing

Optical Materials: X 16 (2022) 100201
NIR fibre laser around 1200 nm wavelength.
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