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Abstract Pure and 0.5 to 10 mole% Sm** doped TTB (te-
tragonal tungsten bronze)-type BaTa,Og4 ceramic phosphor
was produced by the solid state reaction method which per-
formed at 1425 °C for 20 h. XRD and SEM analysis indicated
single TTB phase for undoped and 0.5 to 10 mole% Sm>*
doped BaTa,0g4 structures. SEM also showed that the
BaTa,Og grain size decreased with the increasing content of
Sm>". Optical analysis indicated significant emissions in the
visible spectral region as green (A=562.7 nm) and orange-
reddish (A=597.1 nm). The emission intensity increased with
the increasing doping concentration up to 2.5 mole%, and then
decreased due to the concentration quenching effect.

Keywords TTB-type BaTa,Og - Photoluminescence - Solid
state reaction

Introduction

The technology of optical materials has rapidly developed over
the last two decades. Materials doped with trivalent rare earth
jons (RE: Eu*", Sm*>", Y**, Dy*" etc.) attracted considerable
interest due to their photoemission throughout the visible spectral
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range [1]. The bright luminescence of these phosphors made
possible a new generation of lighting and display devices with
good thermal and chemical stability, and safety of use [2, 3].

Ceramic oxides are known to exhibit excellent mechanical,
thermal, electrical and optical properties which makes them
good host materials for various rare earth dopants [4, 5]. The
resulting ceramic phosphors generally exhibit bright emission,
high homogeneity and low thermal conductivity leading to
low power consumption and long service life. Ceramic phos-
phors are used in many areas such as fluorescent lighting
devices, electroluminescent devices, plasma displays; color
TVs, LEDs, lasers, and optical storage systems [6—11].
BaTa,0q is one of the well-known compounds in BaO-
Ta,O5 system which has been studied recently because of its
dielectric and photocatalytic properties [12—17]. BaTa,Og has
three crystal structures as orthorhombic, tetragonal and hex-
agonal [18].

TTB crystal structure is related to that of potassium tung-
state (Ko 475WO3) [19]. Ceramic oxides with such structure
exhibit non-linear behavior under the influence of mechanical
stress and when external electric and magnetic fields are ap-
plied [20]. The crystal structure of TTB contains open chan-
nels along the c-direction and has more cationic sites com-
pared to that of the perovskite structure, five compared to
two, allowing the incorporation of atomic additives along
the channels and/or in vacant cationic sites that may be occu-
pied with dopants based on their legacy and ionic radii [21].

The synthesis of BaTa,O4 ceramic material has been car-
ried out by a number of methods: ceramic flux [22-24], con-
ventional solid state method [25, 26], precipitation and mech-
anochemical synthesis [27, 28].

4f valance electrons of rare earth ions are shielded by 5s°
and 5p° outer electrons and thus are weakly affected by the
crystal field [29]. Therefore, electronic transitions involved in
the luminescence are largely host independent, and typically
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exhibit sharp peaks in emission spectra. Incorporation of Sm**
ions into the crystal lattice, and electronic transitions resulting
from photo excitation, yield two main emission bands at
563 nm (magnetic dipole transition of ion 4Gs,, 2%Hs)),
and 597 nm (partly magnetic and partly a forced electric-
dipole transition 4Gsp™°Hop) [30-32].

In this study, detailed microstructural characterization of
the sintered samples was performed using the XRD and
SEM techniques. Moreover, microstructural characterization,
the luminescence properties and the optical properties of Sm*"
doped BaTa,Og ceramic were investigated and discussed in
detail.

Materials and Methods
Materials

BaCO; (Sigma-Aldrich, with purity of 99 %) and Ta,05 (Alfa
Aesar, with purity of 99.9 %) Sm,O; (Alfa Aesar, with of
purity 99.9 %) powders were used as starting materials.

Methods
Synthesis

Undoped and Sm*" doped BaTa,Og ceramics were synthe-
sized by the conventional solid state reaction method. Initially,
Sm,05, BaCOj; and Ta,05 powder mixtures with stoichiomet-
ric ratio ranging between 0.5 and 10 mole% Sm,Oj; content
were prepared. The powder mixtures were homogenized in
agate mortar with the addition of acetone for 10 min. Then
they placed in a high temperature furnace for heat treatment at
1425 °C for 20 h in the air atmosphere.

XRD and SEM Analysis

Phases composition of oxides were determined by X-ray dif-
fractometer (XRD, Rigaku Corp., D-MAX 2200) using Cu
Ko radiation between 20=15-60° at 2°/min and Ni filter.
The morphology of the heat treated ceramic powders was
investigated by Scanning Electron Microscopy (SEM, JEOL
Ltd., JSM-5910LV) equipped with EDS (OXFORD Industries
INCA x-Sight 7274; 133-eV resolution 5.9 keV) after gold
coating.

Fluorescence Measurements

Photoluminescence measurements were performed by Scinco,
floromaster-FS/2 model fluorescence spectrofluorometer. All
emission and excitation spectra were acquired at photon mul-
tiplier tube (PMT) voltage of 600 V. All measurements were
taken at room temperature.
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Fig. 1 X-ray diffraction patterns of BaTa,Og and Sm®" doped BaTa,Oy
structures

Results and Discussion

XRD and SEM-EDS Analysis Sm** Doped BaTa,0¢
Powders

Figure 1 shows XRD patterns of pure BaTa,Og and Sm**
doped samples. According to XRD results, single phase
BaTa,O¢ (JCPDS card No.17-0793) was maintained up to
about 10 mole% Sm,O; [16]. XRD analysis also revealed that
powder sample was crystallized in tetragonal symmetry with
space group P4/mbm having the tetragonal tungsten bronze
(TTB) type structure. It was reported by Layden that, BaTa,Og¢

Fig. 2 The illustration of possible Sm>* ions occupancy states within
TTB-BaTa,O4 structure
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Fig. 3 SEM seconder electron
micrographs of (a) 0.5, (b) 2.5, (c)
5 and 10 mole% Sm®>" doped
TTB-BaTa,Og structures

has a tetragonal structure with cell parameters of a=12.52 A,
¢=3.956 A and V=620.10 (A) [18].

The TTB structure has the general formula of
A,BC,M;5X 5, where X=0 is anion, M=Ta is octahedral cat-
ion, and A, B and C are cations [20]. TTB is composed of a
framework of adjacent octahedral sharing corners. In the
TTB-BaTa,Oy, the pentagonal A sites are located by Ba’",
the square B sites by Ba>* or empty, whereas the small trian-
gular (C) sites are empty. A, B and C corresponds to the
cationic sites having the coordination numbers of 15, 12 and
9 respectively. Based on the ion’s radius and valence, the
square (B) sites in the framework might be occupied by small-
er Sm’" ions which have an ionic radius of 1.24 A compared

BaTa,05:5m’* phase

Ta

Ful Scale 1440 cts Quisor: 0333 keV (24 o) e
Fig.4 EDS analysis spectrum of 2.5 mole% Sm>* doped BaTa,Og phase
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to 1.61 A for Ba>* [30]. Also, Sm>" cations might easily enter
into the larger pentagonal (A) sites which were available for
Ba** cations [16]. On the other hand, the vacant triangular (C)
sites were too small to accommodate the Sm** cations. Sm**
doped BaTa,Oq structure could be illustrated as shown in
Fig. 2.

Figure 3 gives the SEM micrographs of doped powders
with 0.5, 2.5, 5 and 10 mole% Sm>" content. Grain size de-
creased with increasing Sm®" concentration and changed be-
tween 0.5 and 3.0 um for the doped powders. Also, grains
exhibited nearly round and cornered shapes for powders.
SEM-EDS analysis of grains of the 2.5 mole% Sm®* doped
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Fig. 5 The excitation and emission peaks of BaTa,Og host at A=
240.1 nm and at A;;,=392.1 nm, respectively
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Fig. 6 Excitation spectra of Sm>" . . 2—0.5 mol%
doped BaTa,O¢:Sm*>* phosphors Hs2> "Kiy2 2 255 mg::ﬁ)
at Agyn=597.1 nm b g — 10 mol%
[+

£l

s

=

®

c

s d

£ a\

*H> iz “Hs/a> P
*He> D
4H5/29 ‘K17/2 s/2 15/2 /,
340 350 360 370 380 390 400 410 420 430

powder is shown in Fig. 4. EDS analysis revealed the chemical
composition of the grains which consistent with the SEM and
XRD results. Based on the XRD and SEM analyses results,
although the incorporation of Sm*>" ions did not cause the
change in the single phase structure of BaTa,O¢ up to 10 mole%
concentration, the insertion of Sm*" ions will affect the charge
compensation in the structure [16]. Therefore, a changing
charge balance in the BaTa,Og lattice could be based on mostly
the loss of Ba>" cations due to evaporation and small amount of
Ta>" cations related to the distortion of TaOg [16].

Optical Properties of Sm*>* Doped BaTa,04 Phosphors
Photoluminescent properties of BaTa,Og4 host were reported

previously [16]. TTB-BaTa,O¢ showed the broad excitation
band at 240.1 nm and emission band at 392.1 nm as presented

Wavelenght (nm)

in Fig. 5. The Ta-O vibrations occur at lower frequencies in
BaTa,0g4 structure which is special to the tantalates [19].
Therefore, it is possible to state that a small amount of absorp-
tion energy of BaTa,Og4 could not be converted into the non-
radioactive energy due to the strong emission of host.
BaTa,O4 could also have low gap energy due to low vibra-
tional phonon energy which is less than that of niobates.
Based on the results, strong charge-transfer absorption of tan-
talates was possibly induced by weak interactions among
TaOg¢ octahedrals. This promoted the excitation energy to
Re*" ion centers that within the BaTa,Oy host [16].

Figure 6 shows the excitation spectra of BaTa,Og:xSm>"
(x=0.5, 2.5, 5 and 10 mole%) phosphors measured at emis-
sion wavelength of 597.1 nm between 340 and 430 nm spec-
tral range. Five excitation bands were identified correspond-
ing to the known transitions: *Hs K70, “L172 (347 nm),

Fig. 7 Emission spectra of Sm>" ‘G >y a-—0.5 mol%.
doped BaTa,0¢:Sm*>* phosphors b b 255 mo::ﬁ;
_ c mol%
at Aey;=406 nm d=— 10 mol%
c
=) “Gsp > Hsp2
< b
P
et
= &
c
e d
= -
k= /a
d
a
540 550 560 570 580 590 600 610 620 630

@ Springer

Wavelenght (nm)



J Fluoresc (2015) 25:1757-1762

1761

Intensity (a.u)
V4

0 1 2 3 4 5 6 7 8 9 10
Sm3* concentration (mol%)

Fig. 8 Emission intensity dependence of Sm®" concentration for
BaTa,Og:Sm’>" phosphors at A,;,=597.1 nm

*Hs22*Disp, °Pisi (364 nm), (364nm), *Hsp='Ly7),
(377 nm), *Hs»=>*K;1/2 (406 nm), *Hs/,=*Ps), °Pspo,
(420 nm). The assignments of the different excitation bands
were identified on the basis of Dieke’s energy level diagram
[31].

Figure 7 shows emission spectra of BaTa,Og:xSm>" (x=
0.5,2.5, 5 and 10 mole%) phosphors excited at 406 nm which
considered due to its sharpness and high intensity.
Photoluminescence of BaTa,O4:Sm>" phosphors exhibited
two typical emission transitions ‘Fo,,2%H,5,, and
*F9,°H, 5, as the green emission at 562.7 nm and orange-
reddish emission at 597.1 nm, respectively.

Figure 8 shows the dependence of emission spectra of
BaTa,0q:Sm>" phosphors on doping concentration which excit-
ed at 406 nm. The luminescence intensity increased with increas-
ing Sm** concentration of up to 2.5 mole%, and then decreased
because of concentration quenching effect. This phenomenon
can be explained by host properties and RE** concentration.
Firstly, excitation energy can be transferred to the lattice
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Fig. 9 Relation between the log;o(I/x) and log;o(x) of Sm*>* for
BaTa,0g:Sm>" phosphors

vibrations because of defects or impurity ions which depend on
the phonon spectrum of the host lattice. Secondly, excitation
energy depends on RE*" concentration which is transferred be-
tween RE*" ions where emission state is lost by cross relaxation
mechanism [27]. The increasing of Sm’" concentration promotes
nonradiative energy transfer between Sm** ions. On the other
hand, the multiphonon relaxation of tantalates is very low due
to low vibration energy which decreases the non-radiative energy
[16, 19]. Therefore, excitation energy transfer strongly depends
on the critical concentration of Sm®" ions. The critical distance
for energy transfer (R,) in BaTa,O4:Sm’" can be estimated from
Blasse’s equation [32] (1):

37\ '3
RA2 1
<4ﬂ'x(,N > m

where the structural parameters namely unit cell volume (V), the
number of available sites for the dopant in the unit cell (V) and
critical concentration of dopant (X,). For the BaTa,04:Sm>"
phosphor, X.=0.025, '=620.10 (AY’ and N=10 [32]. The R.
of Sm>" in BaTa,04:Sm>" was calculated as 16.80 A. The
nonradiative energy transfer of the luminescence of phosphors
is based on resonance transfer by electric multipole-multipole
interaction or exchange interaction. According to Blasse’s theory
when the critical distance is larger than 5 A, only a multipole—
multipole interaction is important where the exchange interaction
becomes ineffective. When the distance is shorter than 5 A, the
exchange interaction becomes effective. Therefore, effective
quenching mechanism of BaTa,04:Sm>" phosphor was the mul-
tipolar interaction since R value is 16.80 A.

Type of the nonradioactive energy transfer can be deter-
mined according to Van Uitert that if the energy transfer oc-
curs among the same sorts of activators, the strength or type of
the multipolar interaction can be determined from the change
of the emission intensity and per concentration ion level that
follows the Eq. (2): [32]

-1

/5= K[1+ 0" @

In this equation (x) is the phosphor concentration that is not
less than the critical concentration. The (//x) is the emission
intensity (1) per phosphor (x). The (K) and () are the constants
for the same excitation condition for a phosphor crystal. The
(6) value indicates the electric multipolar character where 6= 3
for the energy transfer among the nearest-neighbor ions (ex-
change interaction), while §=6 for dipole—dipole (d—d), 6=8
for dipole—quadrupole (d—p) and =10 for quadrupole—quad-
rupole (g—q) interactions. Assuming that B)">1, Eq. (2)
can be simplified as follows (Fig. 9):

log(1/x) = K'—0/3logx(K’ = logK—log(3) (3)
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