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ystal structure and optical
properties of Ba0.97Nd0.0267Ti(1-x)WxO3 perovskite

Z. Raddaoui,a B. Smiri,b A. Maaoui,c J. Dhahri, *a R. M'ghaieth,b N. Abdelmoulad

and K. Khirounie

The Ba0.97Nd0.0267Ti(1�x)WxO3 (BNTx) pervoskite with a single phase tetragonal structure was prepared at

900 �C using the Molten salt method. Raman spectra, Fourier transform infrared spectra (FT-IR),

absorption spectra (Vis-NIR) and photoluminescence spectra (PL) in the temperature range from 10–300

K were used to investigate the correlations between the crystal structure and the optical properties of

BNTx ceramics. Raman analyses and FT-IR indicated that the W6+ ions are incorporated sufficiently into

into the BNTx lattice. The optical absorption spectra were recorded in the wavelength range of 400–

1000 nm. The optical band gap (Eg) and Urbach energy (Eu) values were calculated from the absorption

spectra. The emission spectra exhibited three prominent peaks located at 880, 1058 and 1340 nm

corresponding to the 4F3/2 / 4I9/2,11/2,13/2 transition levels, respectively. They also showed a decrease in

the intensity of emission spectra following the addition of W6+ ions. This decrease is due to the slight

changes in the crystal environment around Nd3+ and the non-radiative energy transfer. According to the

PL measurements, the study of power-excitation density confirmed that two photons at low energy are

required to create the down-conversion (DC) emissions, implying that they may also have important

applications as DC materials.
1. Introduction

Due to their potential applications in novel multifunctional
devices, luminescent materials based on rare earth doped ferro/
piezoelectric ceramics have received considerable interest to
replace the traditional phosphors in many industrial and
commercial technologies, such as solid state lasers, white light-
emitting diodes (WLEDs), biomedical imaging, DNA detection,
and photodynamic therapy.1

However, trivalent neodymium (Nd3+) has emerged as an
important RE ion of functional materials in the eld of lumi-
nescence.2 The suitability of the Nd3+ ion in emitting strong
near infrared (NIR) uorescence makes it a potential candidate
for high-power laser applications.3 Furthermore, most research
studies have concentrated on the Nd3+ ions due to their efficient
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nnement, 5019 Monastir, Tunisia

iques, LR-Physique-Mathématiques et
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infrared emissions by the three transitions 4F3/2/
4I9/2,

4F3/2/
4I11/2 and 4F3/2 /

4I13/2 with emissions at wavelengths around
946, 1064 and 1350 nmwhich nds potential applications in the
elds of laser and infrared optical communications.4

Indeed, many studies have demonstrated an appreciable
enhancement of the spectral analysis of Nd3+ ions. G. Singh
et al.5 reports that the emissions of neodymium in lead
lanthanum zirconate titanate (Pb0.91La0.08(Zr0.65Ti0.35)0.98O3)
have been extensively studied owing to their excellent lumi-
nescence properties and proper energy separation towards
a potential application in the elds of laser and infrared optical
communications.6 Also, K. Lemanski et al.7 discussed the
optical properties of CaTiO3 doped by Nd3+ ions and studied the
inuence of luminescent properties as a function of the
annealing temperature and the concentration of neodymium
ions. It was also demonstrated that the PL intensity of RE ions
doped ferroelectric ceramics (Nd3+ doped sodium bismuth
titanate (Na0.5Bi0.5TiO3)) can be enhanced the polarization as
reported that C. He et al.8 Nevertheless, most of the RE ions
doped ferroelectric ceramics exhibit only weak luminescence
intensity due to the high phonon energy which could increase
the possibility of nonradiative transition. To avoid these prob-
lems, the development of new materials with low phonon
energy ferroelectrics has attracted considerable attention in the
last decade.

Currently, Barium Titanate (BT) is one of the most widely
used materials, since a signicant breakthrough made by its
This journal is © The Royal Society of Chemistry 2018
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excellent piezoelectric coefficient and a complex photo-
luminescent spectrum as reported by Shihua et al.9 This mate-
rial has a perovskite structure with a direct bandgap (2.8–3.2
eV). It presents many radiative transitions and a visible emis-
sion band is found to be sensitive to the particle size whose
surface states and crystal lattice defects act as optical absorp-
tion centers. Most importantly, BT ceramics have excellent
properties including low phonon energy (about 700 cm�1), good
insulating property and chemical/physical stability. Therefore,
high-efficiency luminescence properties are expected in RE ions
doped BT ceramics.

In addition, it had been revealed that the emission intensity
of RE ions-doped uorides and oxides can be modied with the
addition of transition metals such as molybdenum (Mo) and
tungsten (W).10,11

Bokolia et al.12 pointed out that the UC emission intensity of
Bi4Ti3O12: Er/Yb/W single crystal was signicantly enhanced
with W doping by a distortion in the crystallographic symmetry.
However, few reports on the effects of transition metals on the
luminescence properties of RE ions -doped ferroelectric
ceramics are found in the literature. Thus, it would be very
interesting to investigate the effect of transition metal on the PL
emission of RE-ions doped ferroelectric ceramics and their
temperature sensing application.

A detailed literature survey shows that not much work has
been done on the optical properties and thermo-optical prop-
erties in the simultaneous substitution of rare earth Nd3+ ion
and transition metal W6+ in lead-free perovskite. For this
reason, we reports on the effect of WO3 on the structural and
optical properties of Ba0.97Nd0.0267TiO3 ceramics.
2. Experimental procedure
2.1. Preparation of Ba0.97Nd0.0267Ti(1�x)WxO3 perovskite
samples

The BNTx (x ¼ 0.00 and x ¼ 0.05) samples were synthesized via
amolten salt method using BaCO3, TiO2, WO3 and C6H9NdO6 as
precursors, all with a purity better than 99.9%. The precursors
were weighed, then, thoroughly mixed in an agate mortar for
2 h. The salt-precursor mixture was placed in an alumina
crucible and heated at 800 �C for 24 h. Aer cooling to room
temperature, the mixture was washed with distilled water and
ltered to remove the salts. Aer being dried at 100 �C in air and
ground thoroughly, the compounds were pressed into disks (of
8 mm diameter and about 2 mm thickness) and sintered in air
at 900 �C for 24 h.
Fig. 1 XRD pattern of Ba0.97Nd0.0267Ti(1�x)WxO3 ceramics with x ¼
0.00 and 0.05. Open circles correspond to the X-ray diffraction data
and the lines are theoretical fits to the observed X-ray data. Rietveld
analysis results for x ¼ 0.05 sample. Vertical bars are the Bragg
reflections for the P4mm space group. The pattern difference
between the observed data and the theoretical fit is shown at the
bottom.
2.2. Characterization of the samples

The Raman spectroscopy was recorded in the frequency range
50–1000 cm�1 in a micro-Raman Spectrometer LABRAMHR800.
The excitation source was the 633 nm lines of He+ ion laser,
working in a back scattering. The spectral resolution of the
system was 3 cm�1. The deconvoluted Raman active modes for
BaTiO3 and Ba0.97Nd0.0267Ti(1�x)WxO3 (x¼ 0.00 and x¼ 0.05) are
determined by tting using the LabSpec5 soware with
a combined Lorentzian–Gaussian band shape. Fourier
This journal is © The Royal Society of Chemistry 2018
transform infrared spectra (FT-IR) were recorded in trans-
mittance mode at room temperature in the frequency range 450
to 4000 cm�1 on PerkinElmer spectrum 100 spectrophotometer
using KBr pellet technique. Absorption spectra were recorded
via a Shimadzu UV-3101PC scanning spectrophotometer. The
photoluminescence (PL) measurements were performed in
a closed cycle helium cryostat between 10 and 300 K. The
514 nm line of the continuous-wave (cw) Ar+ laser was used as
an excitation source. Spectral analysis of the luminescence
measurements was carried out using iHR320 monochromator
and detected by a Germanium photodetector.
3. Results and discussion

The main panel of Fig. 1 shows the powder X-ray diffraction
patterns of Ba0.97Nd0.0267Ti(1�x)WxO3 samples at room temper-
ature. The observed peaks were sharp and with a high intensity,
indicating a high crystalline nature. Using Rietveld renement
of the XRD data, we indexed all peaks on the basis of a major
tetragonal structure with P4mm space group, as well as a BaWO4

secondary phase for x ¼ 0.05 sample. Detailed results of the
structural parameters deduced from the renement are
summarized in Table 1. As can be seen, a steady variation of the
lattice parameters and the volume conrmed the insertion of
the doping element (W6+ ions) in the titanium site and is
explained by the difference of their ionic radius according to
Shannon's table.13

To get a deep insight into the effect of substitution, Raman
spectroscopy is a useful spectroscopic tool for exploring the
structure and the presence of functional groups in the host
sample. The room temperature depolarized Raman spectra of
all Ba0.97Nd0.0267Ti(1�x)WxO3 compositions, are shown in Fig. 2.
One can state that Raman spectra of W6+-doped
RSC Adv., 2018, 8, 27870–27880 | 27871
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Table 1 Refined structural parameters for Ba0.97Nd0.0267Ti(1�x)WxO3 (x
¼ 0.00 and 0.05) after the Rietveld refinements of the XRD pattern

Ba0.97Nd0.0267Ti(1�x)WxO3 x ¼ 0.00 x ¼ 0.05

Cell parameters
a ¼ b (�A) 3.9973(6) 3.997(1)
c (�A) 4.0117(0) 4.014(0)
V (�A3) 64.14(2) 64.136
c/a 1.0036 1.0042

Discrepancy factors
Rp (%) 7.5 8.34
Rwp (%) 9.46 10.7
c2 1.79 2.454

Fig. 2 Raman spectra of BT and Ba0.97Nd0.0267Ti(1�x)WxO3 ceramics
with x ¼ 0.00 and 0.05 at room temperature.
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Ba0.97Nd0.0267TiO3 are not signicantly different from that of the
undoped compound meanwhile an interesting modication of
local vibrational dynamics introduced by the structural distor-
tion and slight change in local symmetry of the pure sample can
be observed. However, the spectra are similar to that of Raman
active modes of BaTiO3 in tetragonal phase,14 which is consis-
tent with our XRD result. In order to determine the exact peak
frequencies of the different Raman active modes, we tted the
Raman data of the BaTiO3 and Ba0.97Nd0.0267Ti(1�x)WxO3

ceramics, which is shown in Fig. 3. The proposed assignments
and other observed mode wave numbers are summarized in
Table 2, which compare the patterns observed in this study with
those prelied according to the literature.15–18

As shown in Fig. 3a, the sample BT is characterized, in the
low- to mid wavenumber region, by peaks at 64.7 and 80.4 cm�1

attributed to the A-site vibration in the pervoskite,17 a broad
A1(TO2) mode at 269.7 cm�1 assigned to TiO6 bending vibra-
tions, an interference dip A1(TO1) anti-symmetric mode at
187.5 cm�1 and a mode at 309.3 cm�1, which appears only in
the presence of a long-range ferroelectric phase.19 Modes
A1(TO1) and A1(TO2) suggesting the existence of single-domain
single-crystals of tetragonal BT.20
27872 | RSC Adv., 2018, 8, 27870–27880
In the high-wavenumber region (>500 cm�1), vibrations
associated with the oxygen octahedra are present. The A1(TO3)
mode at 520.8 cm�1 corresponds to the O–Ti–O symmetric
stretching vibration of the octahedral [TiO6] cluster (inset Fig. 3a).

Modes observed at 555.1 and 639.6 cm�1 are dominated by
vibrations involving mainly oxygen displacements21 and the last
peak occurs only in small particle size samples.22 The peak at
719.1 cm�1 can be labeled as A1(LO3) + E(LO4) mode associated
with distortion of BO6 octahedra in ferroelectric phase. Both
bands observed at 309.3 cm�1 and 719.1 cm�1 clearly conrm
the presence of the tetragonal phase of ferroelectric BT.23

Whereas the peak at 807.5 cm�1 corresponds to the A1(LO) +
E(LO3) mode.24

Additionally, as shown in Fig. 3b, a band of 768.5 cm�1 [A1g]
appeared at x ¼ 0.00. Since the A1g octahedral breathing mode
(related to oxygen octahedral vibration) is Raman inactive in
pure BT (Fig. 3a),25 the 768.9 cm�1 band in this research indi-
cates that Ti–O structure must be modied and the oxygen
octahedron became asymmetric, which was consistent with the
research of Pokorny et al.26 In this research, the 768.9 cm�1

band is responsible for the substitution of Nd3+ at Ba site and
accompanied the formation of oxygen vacancies,27 which can be
described as:

Nd!Ba Nd
0
Ba þ V

�

o

A very weak band at 987 cm�1 is characteristic of the second-
order Raman Spectra for BT.28

In the x¼ 0.05 sample, Fig. 3c, the incorporation of W6+ ions
into the B-site induced clear changes in by the experimental
Raman spectrum explained by the existence of the impurity in
our compound (BaWO4) conrmed the two peaks observed at
884.9 and 928.6 cm�1 in the high wavelengths. In addition in
the low wavelengths, the impurity existence a peaks at 109.9,
156.4, 321.6 and 374.7 cm�1 was conrmed also by the obser-
vation of Jayaraman et al.,29

Moreover, as shown in Fig. 3b and c, the position of Ag mode
dramatically moved from 768.5 cm�1 for x ¼ 0.00 to 763.2 cm�1

for x ¼ 0.05, which is connected to the cation disorder/order
usually observed in AB'1/3B00

2/3O3 complex perovskites such as
Ba(Mg1/3Nb2/3)O3 ceramic.30 The substitution of W6+ on the B-
site may enhance the driving force for the short range order
(SRO). These results agree well with the results in the XRD
(Fig. 1) patterns from the variation of c/a ratio and the volumes
of cell parameter of x ¼ 0.00 and x ¼ 0.05 (Table 1).

In order to better understand the optical properties, we
studies the FTIR spectra in the range 450–4000 cm�1 of the
Ba0.97Nd0.0267Ti(1�x)WxO3 (x ¼ 0.00 and x ¼ 0.05) ceramics.
These spectra are presented in Fig. 4. All samples exhibit a main
transmission band around 515 cm�1 attributed to stretching
vibrations of Ti–O octahedra. According to the literature, this
prominent absorption band corresponds to the bending and
stretching vibrations of the TiO6 octahedron at site B of the
ABO3 perovskite.31 The appearance of the band at 809 cm�1 for
the x ¼ 0.05 sample is associated with the stretching vibrations
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Raman spectra deconvolution of the region between 50 and 1000 cm�1 at room temperature for BaTiO3, Ba0.97Nd0.0267Ti(1�x)WxO3 (x ¼
0.00 and x ¼ 0.05).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
A

ug
us

t 2
01

8.
 D

ow
nl

oa
de

d 
on

 6
/9

/2
02

6 
8:

32
:0

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
of W–O of impurity BaWO4.32 These results confound the results
found in the Raman spectrum (Fig. 3).

The only difference between the two compounds is
summarized by the shi of the respective modes to the low
frequencies with the incorporation of tungsten at B site, which
can be explained by taking into consideration the random grain
orientations in the ceramics and the grain size of the powder,33

as given in an earlier publication34 (such as the grain size DSEM

¼ 175.35 nm for x ¼ 0.00 and DSEM ¼ 152.12 nm for x ¼ 0.05).
This interpretation has been included in many cases of perov-
skite systems as reported by Suchanicz et al.35 that the Raman
and also FTIR lines in ceramics, resulting from mode mixing
and long range electrostatic force effects, shi remarkably to
higher/lower values depending upon the size of the grains and
depolarization elds. These observations report the correlation
This journal is © The Royal Society of Chemistry 2018
behavior between the structural and optical properties of the
compounds which can be admitted to explain our results and
their causes. In fact, additional insertion of tungsten cation in
the compounds induced a modication in grain size, and a shi
of the Raman and FTIR measurements.

The absorption spectra of Ba0.97Nd0.0267Ti(1�x)WxO3 (x ¼
0.00 and x ¼ 0.05) ceramics in the visible and near infrared
region at room temperature are shown in Fig. 5. The
assignment of the observed absorption bands has been made
according to the earlier studies on Nd3+ ions doped pervos-
kite ceramics.36 Both spectra consist of seven absorption
bands located at 885, 804, 745, 681, 586, 522 and 474 nm,
which correspond to the 4f–4f transition of Nd3+ ions from
the ground state 4I9/2 to the excited states 4F3/2, (

4F5/2 +
2H9/2),

(4F7/2 + 4S3/2),
4F9/2, (

4G5/2 + 2G7/2), (
4G9/2 + 2K13/2 + 4G7/2) and
RSC Adv., 2018, 8, 27870–27880 | 27873
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Fig. 6 Energy band gap as a function of Ba0.97Nd0.0267Ti(1�x)WxO3 (x ¼
0.00 and 0.05) ceramics.

Table 3 Band gap energy (Eg), Urbach energy (Eu) and number of
photons for Ba0.97Nd0.0267Ti(1�x)WxO3 (x ¼ 0.00 and 0.05) ceramics

x ¼ 0.00 x ¼ 0.05

Eg(eV) 3.15 3.13
Eu(eV) 0.16 0.19

Transitions
Nd3+ in BNTx Number of photons

4F3/2 /
4I9/2 1.53 1.5

4F3/2 /
4I11/2 1.47 1.4

4F3/2 /
4I13/2 1.49 1.7

Fig. 4 FTIR spectra of Ba0.97Nd0.0267Ti(1�x)WxO3 (x ¼ 0.00 and x ¼
0.05) ceramics at room temperature.
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(2D3/2 +
2G11/2 +

2G9/2 +
2K15/2) respectively.37 The position and

intensity (4G5/2 + 2G7/2) of rare earth ions is higher for than
other transitions which are found to be very sensitive to the
environment of the rare earth ion. This transition is known as
hypersensitive transition (at 580 nm) because of its strong
dependency on the environment of the neodymium ions.38

The absorption spectra were found similar for the different
concentrations of WO3 with a change in the intensities of the
absorption bands. However, a small shi towards longer
wavelengths of the position of absorption bands was observed.
This shi is related to the variation of the mean radius of the 4f
layer of the rare earth ion.39

To determine the optical band gap energies of the samples,
we made use of the following relation, proposed by Tauc,40

Davis and Mott:41
Fig. 5 Absorption spectrum of Ba0.97Nd0.0267Ti(1�x)WxO3 (x ¼ 0.00
and x ¼ 0.05) ceramics in the visible-NIR region at room temperature.
All transitions start from the 4I9/2 ground state to the indicated levels.

This journal is © The Royal Society of Chemistry 2018
aðnÞ ¼ B
�
hn� Eg

�n
hn

(1)
Fig. 7 Plot ln(a) versus photon energy (hv) for Ba0.97Nd0.0267Ti(1�x)-
WxO3 (x ¼ 0.00 and 0.05).
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Fig. 9 (a) and (b) PL intensity of Ba0.97Nd0.0267Ti(1�x)WxO3 (x ¼ 0.00
and x ¼ 0.05) at 10 K at different excitation power densities,
respectively.

Fig. 8 Down-conversion emission spectra of the Ba0.97Nd0.0267-
Ti(1�x)WxO3 ceramics excited at 514 nm at room temperature. Inset
schematic energy level scheme of Nd3+ ions in Ba0.97Nd0.0267Ti(1�x)-
WxO3 (x ¼ 0.00 and x ¼ 0.05).

27876 | RSC Adv., 2018, 8, 27870–27880

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
A

ug
us

t 2
01

8.
 D

ow
nl

oa
de

d 
on

 6
/9

/2
02

6 
8:

32
:0

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
here B is a constant, and Eg is the optical gap energy, n is an
exponent which depends on the nature of the electronic tran-
sitions responsible for the absorption. Indeed, two kinds of
optical transitions near the fundamental absorption edge may
occur. These are usually named direct and indirect transitions.
The parameter n is equal to 1/2 for allowed direct transitions, 3/
2 for direct forbidden transitions, 2 for allowed indirect tran-
sitions and 3 for forbidden indirect transitions. However, it is
likely to consider only direct transitions for most of the per-
voskite ceramics.42,43 Therefore, eqn (1) becomes:

(ahn)2 ¼ B(hn � Eg) (2)

We have plotted the variation of (ahn)2 against (hn) for all the
samples. The values of direct optical band gap (Eg) for Ba0.97-
Nd0.0267Ti(1�x)WxO3 (x ¼ 0.00 and x ¼ 0.05) samples were ob-
tained, as shown in Fig. 6, by extrapolating the straight line on
the curves to hn axis at (ahn)2 ¼ 0. The Eg values are presented in
Table 3. These results are close to those reported by Jiang et al.44

for the sample BaTiO3 : 2% Nd3+ lms (3.49 eV), M. Dhana-
lakshmi et al.45 for BaTiO3 : 1%Nd3+ nanophosphors (3.29 eV),
Kappadan et al.46 BaTiO3 (3.12 eV) prepared by polymeric
complex method.47

The width of defect bands formed in the band gap is asso-
ciated with Urbach energy Eu.48 It could be determined from the
following eqn:
Fig. 10 (a) and (b) log–log plot of PL intensity versus excitation power
density for x ¼ 0.00 and x ¼ 0.05 at 10 K.

This journal is © The Royal Society of Chemistry 2018
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Fig. 11 (a) and (b) Temperature-dependent PL emission spectra of the Ba0.97Nd0.0267Ti(1�x)WxO3 (x ¼ 0.00 and x ¼ 0.05) ceramics.
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a ¼ a0 exp

�
hn

Eu

�
(3)

The Urbach energy Eu was calculated by plotting ln(a) versus
photon energy (hv) (Fig. 7).

The Eu values are also summarized in Table 3. A slight
increase in the Urbach energy values is noticed with the addi-
tion of W6+ ions.

Finally, when W6+ is incorporated in Ba0.97Nd0.0267Ti(1�x)-
WxO3 ceramic, the band gap decreases and the Urbach energy
This journal is © The Royal Society of Chemistry 2018
increases. This result clearly demonstrates the formation of
intermediate states in the band gap and a reduction in the gap
values.

The room temperature emission spectra of the Ba0.97-
Nd0.0267Ti(1�x)WxO3 (x ¼ 0.00 and x ¼ 0.05) ceramics, are shown
in Fig. 8. The emission spectra consists of three centered large
and non-symmetric bands, which mainly originates from the
radiative transition due to the electrical dipole transitions
among 4f–4f of Nd3+ ions, near 880, 1058 and 1340 nm. These
emission bands correspond to 4F3/2 /

4I9/2,
4F3/2 /

4I11/2 and
4F3/2 /

4I13/2, respectively.
RSC Adv., 2018, 8, 27870–27880 | 27877
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Fig. 12 (a) and (b) Evolution of the integrated intensity versus the
inverse of the temperature (black scatters) and the corresponding best
fit (continuous green line), for x ¼ 0.00 and x ¼ 0.05 samples,
respectively.
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As seen from Fig. 8, the PL intensities of Ba0.97Nd0.0267-
Ti(1�x)WxO3 decreased with the addition of W6+ ions. The exis-
tence of W6+ makes it possible to nd impurity BaWO4, which
results in a contraction of the lattice. In this condition, the Nd3+

ions will get much closer to each other, which enhance their
interaction and results in the exhaustion of their emission by
non-radiative energy transfer. The experimental results strongly
showed that photoluminescence is directly related to the
structural disorder. Similar results were reported by Q. Zhang
et al., in (K0.5Na0.5)NbO3 : Sm

3+/Zr4+ materials.49 For the present
sample, W6+ ion-doped Ba0.97Nd0.0267TiO3 at B sites induce the
local lattice distortion, conrmed by the results obtained in
Raman Fig. 3. Nevertheless, the experimental data (the decrease
PL intensities and no shi of emission peaks) show that W6+

substitution does give rise to distinct inuence on the emission
intensity and crystal structure.

The energy level diagram of Nd3+ ions is given in the inset of
Fig. 8. Under the excitation of 514 nm, the Nd3+ ions are excited
from ground state 4I9/2 to

4G9/2–
2K15/2 levels. The population in

the 4G9/2,
2K15/2 levels decays non-radiatively by fast and

successive multiphonon relaxation processes to the 4F3/2 state,
from which infrared emission arises at 880, 1058 and 1340 nm
corresponding to 4F3/2 /

4I9/2,
4F3/2 /

4I11/2 and
4F3/2 /

4I13/2
transitions, as shown in Fig. 8.

To produce the DC in the BNTx ceramics it is important to
understand the DC emissions during the excitation power.

The DC PL spectra of the BNTx ceramics under the excitation
of 514 nm laser for the different excitation power, are presented
in Fig. 9. It is noteworthy that the PL intensity increases with the
increment of excitation power.

In order to identify the process behind the observed emis-
sions, we have measured the emissions intensities as a function
of excitation power at 10 K. The relationship between DC
emission intensity (IDC) and the excitation power (Pexc) can be
represented by the following formula:50

IDC f (Pexc)
n (4)

where IDC is the integrated PL intensity, Pexc is the excitation
power, and n is the number of excitation photons required in
the DC process.

Fig. 10 shows the logarithm variation of the integrated
emissions intensities of the down-conversed uorescence versus
the excitation power at 10 K for BNTx ceramics. A linear tting of
the experimental data gave slopes representing the number of
excitation photons required for the corresponding down-
conversed emissions. The tting n values are listed in Table 3.
This results indicate that two photons are required to create
these mechanisms.

Generally, the emission intensity decreases gradually with
increasing temperature, due to the enhancement of the non-
radiative transition probability while the phosphor is heated.51

The temperature-dependent PL emission spectra of the BNTx

(x¼ 0.00 and x¼ 0.05) under 514 nm of excitation wavelength is
depicted in Fig. 11.

From the emission spectra, we notice that the PL intensity
gradually decreased with increasing the temperature from 10 to
27878 | RSC Adv., 2018, 8, 27870–27880
300 K and the overall shape and position of the emission
spectra remained unchanged as the temperature is increased.

This decrease is due to the temperature-dependence of the
electron–phonon interaction. Mot is to say part the phonon
vibrations increase with the increase of temperature.

To further understand the thermal activation energy can be
determined from an Arrhenius plot of the integrated intensity of
the emission against reciprocal temperature as given by:52

IðTÞ ¼ I0

1þ c exp

�
�Ea

kT

� (5)

where I0 and I(T) are the emission intensity at the initial
temperature (10 K) and the measured temperature T, c is
a constant, Ea is the activation energy of thermal quenching,
and k is the Boltzmann constant (8.629 � 10�5eV K�1). The plot
of the normalized PL intensity versus 1000/kBT is shown in
Fig. 12.

The value of Ea obtained here using the tting for the
experimental data are found to be Ea ¼ 130 meV for the x¼ 0.00
sample, and Ea ¼ 142 meV for the x ¼ 0.05 sample. Based on
literature, the phonon energy of PLZT is about 100 meV.53

The Ea values are lower, which can be explained by the non-
radiative transition and the good thermal stability of both
This journal is © The Royal Society of Chemistry 2018
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samples.54 It is worth pointing out that the thermal activation
energies for both samples are close to the phonon energy.

Increasing the W6+ concentration in the host lattice led to
a signicant change of the optical properties and is explained by
structural distortion and other parameters such as grain size.
However, our investigation of this correlation between struc-
tural and optical proprieties proves that thanks to their optical
sensitivity, and good thermal stability, our compounds could be
good candidates for many practical applications in luminescent
devices.
4. Conclusion

In this work, we have studied the structural and optical prop-
erties of Ba0.97Nd0.0267Ti(1�x)WxO3(x ¼ 0.00 and x ¼ 0.05)
ceramic prepared by molten salt method. Raman spectroscopy
revealed that all the prepared samples have perovskite phase
and crystallize in the P4mm-tetragonal symmetry. Temperature-
dependent photoluminescent spectra showed that the BNTx

ceramics exhibit good thermal stability of photoluminescence
in the temperature range from 10 K to 300 K, suggesting good
thermal stability of the pervoskite.
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