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A series of undoped mixed-phase BaAl,0,/CaAl,O; (hereafter called BC) and doped BC: x% Eu®* (0<x<5.5) nanophosphors
were successfully prepared by the citrate sol-gel technique. Their structure, morphology, and optical properties were studied in
detail by X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), and pho-
toluminescence (PL) spectroscopy. XRD and SEM showed that all the BC:x% Eu’* samples consisted of the crystalline structure of
the mixed phases of both the BaAl,O, and CaAl,O; materials. The structure resembles more that of the BaAl,O, than the CaAl,O;
phase. The TEM results suggest that the crystallite sizes are in the nanometer scale with rod-like particles. PL results showed
multiple emission peaks located at 436, 590, 616, 656, and 703 nm, which were assigned to the intrinsic defects within the BC
matrix, Dy — "Fy, D0 — "F,, Dy — "Fs, and >Dy — "F, transitions of Eu’", respectively. The decay curves evidently showed
that the nanophosphors have persistent luminescence. The Commission Internationale de I'Eclairage (CIE) analysis revealed that
doping has tuned the emission colour from blue to orange-red. The results indicate that the Eu**-doped samples can potentially be

used in the orange/red-emitting phosphors.

1. Introduction

The emission of light from a material originates from two
types of mechanisms, namely, thermal and luminescence
processes. In the luminescence process, the electrons of the
impurity ions are excited by the external source to higher
energy levels and emit light when they are falling to their
ground state levels [1]. In the recent decades, a class of
materials or substances which emit characteristic lumines-
cence, called phosphors, and are emitting visible light under
the external excitation wavelength have particularly
attracted much attention as wavelength converters for light-
emitting diodes (LEDs) [2, 3]. Stefani et al. [4] and Mu et al.
[5] reported that BaAl,O, : Eu*>* nanophosphors have stuffed
tridymite structures, which are complicated structures.
Adding to that, there is a size mismatch between Ba®* and
Eu®*, which could result in other impurity phase formations
at the high Eu** concentration. This is why BaAl,O4: Eu®* is

infrequently studied. Furthermore, it could cause the
distortion of the crystal lattice and subsequently deteriorate
the crystallinity of the phosphor [3]. However, BaAL,O,:
Eu®*, Dy’" is a promising host material for long afterglow
phosphorescence [6]. BaAl,O,:Ce*" with long lasting af-
terglow for more than 10 h due to cationic defects has been
reported [7]. On the other hand, fluorescence phosphors
such as calcium aluminates (CaAl,O4 and CaAl,O,), which
are good examples of the materials exhibiting a long lasting
afterglow, have found application in light-emitting devices
such as plasma display panels, medical lamps, and fluo-
rescent lamps [8]. To this end, the europium ions can be
introduced into the CaAl,O,, CaAl,O,, or BaAl,O, lattice in
its trivalent (Eu’") or divalent (Eu®*) state or both of them at
the same time [9]. Eu”*/Eu’*-doped CaAl,O,, CaAl,O;,
BaAl,O,, or Ba,Ca;  ALLO4 has been prepared using dif-
ferent techniques such as combustion method [10-12], solid
state reaction [4, 13, 14], microwave [14], Pechini method
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[15], and sol-gel synthesis methods [7, 16]. Sol-gel synthesis
has some advantages over other synthesis techniques, for
example, operating under relatively low temperature, easy
control of stoichiometry, and high level of product homo-
geneity, and it is a cheap synthesis method [15]. Further-
more, the high versatility of the sol-gel process makes it
possible to obtain various compositions and to vary the
nature and the concentration of the doping ion easily. The
sol-gel process provides an ideal way to control the level of
doping, which is a crucial point for scintillating materials
[17]. In BaALO,:Eu** (1 mol%) codoped with varying
concentration of Gd’", it was observed that Eu’" was re-
duced to Eu**. Consequently, the prepared phosphor at
600°C exhibited a high intense broad peak around 498 nm
due to Eu** and small peaks in the red region assigned to the
presence of Eu®* [10]. Similar observations concerning a
peak around 496 and small peaks around 600nm were
reported in BayAl;4O,5: Eu, Dy [11]. The peaks around 496
and 498 nm were attributed to the 4f°5d' — 4f” transition
of Eu®*, while the peak at 600nm was ascribed to the
Dy —> 7Fj (j=0-4) transitions of Eu’*. Moreover, the XRD
results showed that codoping BaAl,O, with Eu’*" and Gd>*
did not change the crystal structure. It was reported that the
material composition, dimensions, morphology, and phase
had a great effect on the spectrum and optical temperature
behavior of rare Earth ions doped phosphors [18]. It was
found that at high temperature significant fluorescence
quenching occurs when the samples are pure GdF; and pure
NaGdF,, respectively. However, the fluorescence intensity of
the mixed-phase GdF5:2% Er’* and NaGdF,: 2% Er’* was
not quenched at the high temperature more than 473 K. This
implies that the temperature sensing properties were im-
proved in the mixed phase [19]. Moreover, Maphiri et al.
[20] reported that, in Ba, _,Zn,Al,040.1% Eu’*, consisting
of BaAl,O, and ZnAl,O, phases, the PL emission intensity
depended on Zn moles. Furthermore, they have observed a
phase transfer from the mixed-phase Ba; _,Zn,Al;0,4:0.1%
Eu’" to the single-phase ZnAl,O,: 0.1% Eu’" by replacing
Ba®* ions with Zn*' ions. Lv et al. [21] prepared
LiCasMgV;_ W, O, (short as LMCV-W-X) combined with
vanadate and tungsten oxides by sol-gel method. The
photoluminescence quantum yield has significantly en-
hanced to 64,3%. Furthermore, the luminescence charac-
teristics of tungsten oxide made LMCV-W-X fluorescence
performance change with the change of tungsten content.
Suriyamurthy and Panigrahi [16] reported an enhancement
of the Ce’* emission intensity of BaAl,O4: Ce’ more than
five times when replacing Ba** with Ca®" ion to form
Ba, _,Ca,Al,O,: Ce’* (x=0.02 M) phosphors; the reason for
such an enhancement was not clear. Yerpude et al. [22] have
prepared a BaCa,AlsO;5: Eu®*, Dy’* phosphor using the
combustion method. They observed a broadband excitation
spectrum, which peaks at 334nm when monitoring the
emission at 435nm and that was assigned to the
4f’5d' — 4f’ transition of Eu**. They also observed blue
long-lasting phosphorescence (BLLP) for several minutes in
the dark when the light source was removed. The BLLP was
attributed to the presence of Dy’* ions which act as hole
traps. There was no emission from Eu’" suggesting that all
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the Eu’" ions in the crystal matrix had been completely
reduced to Eu?* [15, 23]. It is clear from the above studies
that mixed phases in phosphors have more exceptional
luminescence and fluorescence performance than single-
phase phosphors. Based on those results and the good optical
properties of BaAl,O, and CaAl,O-, it was anticipated that
having BaAl,O, and CaAl,O; phases in the same matrix
could result in the formation of a mixed-phase BC, with
better optical properties than the pure BaAl,O, and pure
CaAl,O; phases. To the best of our knowledge, no studies are
reported yet on the BC: x% Eu’* nanophosphors. Firstly, the
purpose of this work is to develop the phosphor material
composed of the mixed phases of both BaAl,O, and
CaAl,0;. The idea is to develop the phosphor material,
which might have combined properties of the bulk BaAl,O,
and CaAl,O;. Secondly, this study investigates the effects of
the x% Eu’* on the structure, morphology, and PL prop-
erties of the BC: x% Eu’* (0<x<5) nanophosphors. The
main aim is to produce a phosphor material, which could be
utilized in the practical application such as on light-emitting
devices. The mechanisms related to the observed emissions
are also described in detail.

2. Experimental Details

2.1. Sample Preparation. BaAl,O4 CaAlO,, and BC: x%
Eu’* (0 <x<5.5) phosphors were prepared using the citrate
sol-gel technique, where citric acid (CgHgO,-H,0) was used
as a chelating agent. Various metal nitrates such as alu-
minium nitrate nanohydrate (Al(NO;);-9H,0) (98%),
barium nitrate hexahydrate (Ba(NO3),-6H,0) (99%), and
calcium nitrate hexahydrate (Ca(NO;),-6H,0) (99%) were
used as starting reagents for the undoped phosphors ma-
terials. Specified amounts of europium (III) nitrate
(Eu(NO3)3) (99%) were used to dope BC at different x% Eu®*
concentration in a range of 0 <x <5.5. In order to dope with
various Eu®* ions, the mol% of BaAl,0,/CaAl,O, was kept
constant, while the mol% of Eu”* was varied at a range of
0<x<5.5mol%. All these chemicals were purchased from
Sigma-Aldrich and used without further purification. These
reagents were weighed and thoroughly mixed in 70 ml of
deionized water. The uniformity of oxygen was obtained,
because oxidizers such as AI(NO3);.9H,0, Ca(NO3),-9H,0,
and Ba(NO;),-9H,0 decompose to active oxygen at
~150-200 [24], above 560 [25] and ~600°C [26], respectively.
However, the solutions were heated at temperatures ~80°C
for 3h under constant stirring using a magnetic stirrer to
obtain gels. The gels were dried at room temperature for 12 h
to allow enough gelling. The gels were calcined in a furnace
at 1000°C for 3.5h. This is because CaAl,O;, crystallizes
directly at 883°C [27]. The product from the furnace was
then crushed in an agate mortar with a pestle for powder
synthesis. The ground and pulverized powders were taken
for characterization using different analysis techniques.

2.2. Sample Characterization. The phase purity and the
crystal structure of the phosphors were analyzed by XRD
using CuKa (A =1.5418 A) radiation at 40kV and 40 mA.
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The data was collected using a step scan mode with a step size
of 0.01° and a counting time of 10's in the range of 26 from
10° to 80°. The surface structure and the elementary com-
position were characterized using a Shimadzu Superscan ZU
SSX-550 SEM coupled with an energy dispersion spec-
troscopy (EDS) with an accelerating voltage of 5kV. The
particle size was characterized by TEM. The PL spectra and
luminescence decay were recorded using Hitachi F-7000
fluorescence spectrometer.

3. Results and Discussion

3.1. XRD. The XRD patterns of CaAl,O,, BaAl,O,, and BC
are displayed in Figure 1. The diffraction peaks of CaAl,O,
and BaAl,O, were indexed to the standard pattern of the
single-phase monoclinic CaAl,O, (JCPDS 076-0706, space
group: C2/. (15)) and single-phase hexagonal BaAl,O,
(JCPDS 72-1331, space group: P6322 (182)), respectively. For
the BC pattern, it can be seen that it has both the diffraction
peaks of CaAl,O, and BaAl,O, but resembles more that of
the BaAl,O, phase. This is because the peaks ascribed to
CaAl,O, appear weakly in the BC phase, indicating that
there is more BaAl,O, powder formed than CaAl,O.
Figure 2 presents the diffraction peaks of BC and Eu’*-
doped BC phosphors. However, the Eu’*-doped phosphors
show similar diffraction patterns to those of BC irrespective
of the Eu®* concentration. It is also clear that there are no
secondary peaks due to impurities as Eu”* concentration was
varied. Therefore, it can be concluded that the Eu’* ions were
completely incorporated into the matrix of the individual
phases.

From the analysis of Figure 1, it appears that the BC
phase is composed of two separate phases, namely, the
BaAl,O,4 and CaAl,O, phases. Therefore, it is important to
study the influence of concentration of Eu®* on each phase in
BC. Figures 3(a) and 3(b) show the analysis of the (112) and
(311) diffraction peaks of BaAl,0, and CaAl,O, phases,
respectively. In Figure 3(a), the diffraction peak in the (112)
direction is chosen for the analysis of the BaAl,O, phase.
This is because the most intense peak (102) splits. Moreover,
the second and third most intense peaks (110) and (100) are
aligned with the (131) and (020) peaks of the CaAl,O; phase,
respectively. Figure 3(a) firstly reveals that, in general, the
peak intensities decrease with an increase in Eu’" concen-
tration when compared to BaAl,O, phase. This suggests the
loss of crystallinity due to the incorporation of Eu’" ions
[3, 28]. Secondly, most of the diffraction peaks are shifted to
lower angles compared to the BaAl,O, phase, which implies
an increase in lattice parameters. This observation deviates
from Vegard’s law. It is expected that when an ion of a
smaller radius such as Ca®" (=1.12 A), Eu®* (=1.07 A) or AI**
(=0.53 A) replaces another with larger radius such as Ba®*
(=1.34 A), the lattice parameters will decrease [3, 29, 30].
Similar results were obtained by Lubarda [30], King [31], and
Motloung et al. [32]. In a study of the lattice parameters of
binary alloys, including Al-Cu, AlI-Mg, and Cu-Fe, just to
name a few, Lubarda [30] reported that one of the factors
that affect the structure and formation of an alloy is the
atomic size. The size effect has been often studied from an
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FiGure 1: Powder XRD patterns of BaAl,O,, BC, and CaAl,O,
phosphors and the JCPDS cards.
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FIGURE 2: Powder XRD patterns of the BC: x% Eu®* (0<x<5.5)
series.

idealized point of view by methods of continuum elasticity;
a solid spherical inclusion is inserted into a spherical hole
of a matrix material atom. The size disparity between the
solute and solvent atoms causes the volume change of the
solution, and this can be related to the effective lattice
parameter [30, 31]. The continuum elasticity model has a
limited success. This is because it is based on complex
topics such as quantum mechanics and physical chemistry.
The electronic interactions between the outermost quan-
tum shells of the solute and the solvent depend on their
electrochemical characteristics, partially reflected by their
positions in the periodic table of elements, and are far too
complex to be accounted for only by a simple size factor.
Therefore, for certain alloy systems, this has led to good
results, but, in many cases, the predicted lattice spacing was
not correct [30]. In a similar study involving Al-Cu, Si-Ge,
and Ag-Au, it was observed that, for the alloys in which the
solute atom is smaller than that of the solvent, the sign of
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FIGure 3: Examination of the peaks for BC and BC: x% Eu’* (0<x<5.5) in the (a) (112) direction and (b) (311) direction.

the predicted change in atomic volume was always found to
be in error. It was suggested that the tendency of a metallic
solid to deviating from Vegard’s law might be taken as a
measure of modification of the electronic environment of
the solute atom [31]. In the study of ZnAlL,O4: x% Pb**, the
deviation was attributed to the shrinking of the Pb®* ion
outer electron shell due to its electronic interaction [32, 33].
However, for x=3.5 and 5.5, there seems to be no sub-
stitution between Eu’*, Ca?*, and Ba®** for the BaAlL,O,
phase, since there is no shift in the diffraction angle when
compared to the BaAl,O, phase. For x = 2.5, the diffraction
peak has shifted to higher angle, suggesting that Eu>* and/
or Ca** have replaced Ba®" in the BaAl,O, phase leading to
the decrease in the lattice parameters [20, 34]. Figure 3(b)
displays the most intense diffraction peaks of CaAl,O;
phase in the (311) direction. It shows that the peak in-
tensities have increased when compared to the CaAl,O;
phase. This indicates that doping the samples with Eu’* has
improved crystallinity. It also reveals that the diffraction
peaks have shifted to lower angles, suggesting that Ba** has
substituted Ca®* in the CaAl,0; phase, leading to the
increase in the lattice parameters. For x=2.5, there is a
higher shift in the (311) diffraction angle, indicating that
Eu’* has substituted Ca®*, leading to the decrease in the
lattice parameters [35, 36]. It is noteworthy to indicate that,
due to the large difference between the atomic radii of AI>*
and the other ions, namely, Ba®*, Eu®*, and Ca®", it is
unlikely that AI’* would substitute those ions. Therefore,
the ions Ba**, Eu’*, and Ca®" can substitute each other due
to the slight difference between their atomic radii. For-
mulae (1) and (2) were used to estimate the lattice pa-
rameters of the hexagonal and monoclinic crystals,
respectively.

1\ 4/K+hk+K*\ P
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where a, b, and ¢ are the lattice parameters, d is the inter-
planar distance, and hkl are the Miller indices. Crystal planes
such as (112) and (311) were used to calculate the lattice
parameters of the BaAl,O, and CaAl,O; nanocrystals, re-
spectively. The results obtained are displayed in Table 1.

The well-known Scherrer’s formula [35] given in
equation (3) was used to estimate the crystallite size of the
prepared samples.

0,91

b= B cos & 3)

where D is the crystallite size (nm), A is the wavelength
(0.15406 nm), 8 is the full width at half maximum (FWHM)
(radians), and 8 is the angle of diffraction (degrees).

The calculated crystallite sizes for each component phase
in BC are displayed in Table 2. Figure 4(a) shows the var-
iation of crystallite sizes with x% Eu’". It can be seen that the
crystallite size is influenced by concentration, even though it
fluctuates as x% Eu’* increases. It is not clear as why the two
phases follow almost the same trend. However, it is note-
worthy to indicate that at least three ions Ca**, Ba**, and
Eu’" are substituting each other in BC. Therefore, the
crystallite size may also be influenced by the amount of Ca**
or Ba** ions in the BaAl,O, and CaAl,O, phase, respectively.
The dislocation densities of the samples were estimated from
the well-known Taylor relationship [37]:
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TaBLE 1: Summary of the samples identification and lattice parameters.
112-BaAl,O, 311-CaAlLO,
Sample ID
a (nm) b=c (nm) a (nm) b (nm) ¢ (nm)
BaALO, 0.4290 1.3029 — — —
CaAl,0, — — 0.9420 1.4877 0.4504
2.0% 0.4292 1.4755 0.8978 1.5222 0.4460
2.5% 0.4283 0.9770 0.9678 1.4877 0.4504
3.5% 0.4292 1.4755 1.0489 1.4640 0.4600
4.0% 0.4292 1.4755 0.9678 1.4877 0.4504
4.5% 0.4292 1.4755 0.9678 1.4877 0.4504
5.5% 0.4292 1.4755 0.9678 1.4877 0.4504
TasLE 2: Crystallite size (D) (nm) and dislocation (8) (nm™2) of the different phases in BC.
Sample ID 112 of BaAl,O,4 (D) 311 of CaAl,O, (D) 8(112-BaAl,O,) x 107> 8(311-CaAlL,0,) x 1072
BC 18 33 31 1.0
2.0% 17 23 35 1.9
2.5% 16 29 39 1.2
3.5% 17 19 35 2.8
4.0% 18 30 3.1 1.1
4.5% 16 22 3.9 2.1
5.5% 16 20 39 2.5
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FIGURE 4: (a) Crystallite sizes versus x% Eu®* and (b) dislocation versus x% Eu’".

1

6:E’

4)
where D is the average crystallite size (nm) and ¢ is the
dislocation density (nm~?). The results are displayed in
Table 2. Figure 4(b) displays the density of dislocation versus
x% Eu’*. It can be seen that the dislocation fluctuates as the
concentration of the dopants increases in the BaAl,O, and
CaAl,O, phase. However, it was anticipated that the dis-
location would increase with increasing concentration of the
dopants due to the lattice mismatch between the foreign

atoms and those in BaAl,O, and CaAl,O; phase. This is
because as x% Eu’" increases, stress should increase in the
crystal lattice and suppress the growth of nanocrystals [23].
Consequently, dislocation increases. Therefore, it is not clear
why dislocation fluctuates as x% Eu’* increases.

3.2. SEM. The SEM study was carried out to analyze the
surface morphology of the synthesized nanophosphor
powders. Figure 5(a) depicts the BaAl,O, phase, which
showed nanorod-like structures unevenly grown on smooth
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FIGURE 5: SEM images for (a) BaAl,Oy, (b) CaAl,O, (c) BC, (d) x=2, (e) x=3.5, and (f) x=5.5.

hexagonal seed layers. The cluster nature of the nanorods
could be the result of poor dissolution of these nanorods
[38]. Figure 5(b) represents the CaAl,O, phase, which
showed a homogeneous rough surface with pores created by
escaping gases during crystallization [11, 39]. Figure 5(c)
represents the BC phase; a different morphology from the
ones in Figures 5(a) and 5(b) can be seen. However, this
morphology seems to resemble the combination or mixture
of both CaAl,O; and BaAl,O, observed in Figures 5(a) and
5(b). The surface is covered with bud-like nanorods and
nanowires. The x =2 sample is shown in Figure 5(d); it can
be seen that the nanorods and nanowires observed in
Figure 5(c) have grown bigger in width. Figure 5(e) rep-
resents the x=3.5 sample, in a mixture of hexagonal (in-
dicated with red arrows) and monoclinic (indicated with
blue arrows) nanorods and nanowires. The nanorods and
nanowires have grown much bigger and they are vertically
aligned. Figure 5(f), which shows the x=5.5 sample, clearly
exhibits the homogeneous distribution of rod-like structures
resembling the ones observed in Figures 5(c) and 5(d).
Therefore, the SEM and XRD studies seem to be supporting
each other, since it is very clear that the Eu’* concentration
influences the morphology of the prepared samples.

3.3. TEM. Some of the prepared samples (BC and x=3.5)
were analyzed by TEM; Figure 6(a) depicts the BC phase that
reveals the growth of nanocrystals on a smooth surface. The
size of the nanocrystals varies from a few 10 to around
100 nm. Figure 6(b) presents the TEM image of the x=3.5
sample. The blue arrows indicate monoclinic nanocrystals
with average size varying from 18 to 30 nm. The red arrows
indicate hexagonal nanocrystals with average sizes from a

few 10 to 100nm. These results support the calculated
crystallite sizes shown in Table 2, using Scherrer’s formula.

Figures 6(c) and 6(d) show the typical high-resolution
TEM image of the monoclinic and hexagonal crystals, re-
spectively. The spacing of the lattice planes in Figure 6(c) is
0.75nm, which is consistent with the (020) lattice plane of
the monoclinic CaAl,O; (dgyo =0.744 nm). The lattice space
in Figure 6(d) is 0.38 nm, which corresponds to the (100)
lattice planes of the hexagonal BaAl,O, (digo=0.372nm).
The slight increase in the lattice spacing has been discussed
in Section 3.1. It can be seen that the nanorods are actually
hexagonal and monoclinic crystalline grains.

3.4. PL. Figure 7(a) shows the excitation and emission
spectra of the BaAl,0,, CaAl,O;, and BC phases, which
unveil that all undoped materials have similar excitation and
emission bands. It can be seen that BC exhibits higher lu-
minescence intensity than the other two undoped materials,
namely, BaAl,O, and CaAl,O; This may be due to the
former having better crystallinity. When monitoring the
emission at 436 nm, the results revealed that there is only one
excitation peak at 294 nm. This excitation peak is ascribed to
intrinsic intraband gap defects such as oxygen vacancies
located at different energy levels within the BC phase [20].
When monitoring the excitation at 294 nm, the results unveil
one emission peak located around 436 nm with a shoulder at
460 nm. The emission peak and its shoulder are assigned to
the intrinsic intraband gap defects within the undoped
materials. This is because the crystallization process can
induce defects, which trap electrons and holes [13]. Similar
results were obtained by Emen et al. [13] and they have
argued that, in a barium aluminate host, the excitation and
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0.75 nm

Figure 6: TEM images of (a) BC and (b) HR-TEM images of (c) (020) plane of monoclinic CaAl,O; and (d) (100) plane of hexagonal

BaAl,O,.

emission peaks could be a result of native defects such as
cation and anion vacancies in the host crystal. Moreover,
Ziyauddin et al. [39] found that oxygen vacancies and three
different sites of calcium vacancies are present in calcium
aluminate (host). Furthermore, the PL emission of BC is
asymmetrical, which supports the presence of more than one
cation site involved in the emission [37]. Figure 7(b) shows
the deconvolution of the BC PL emission spectrum excited at
294 nm. It reveals that the Gaussian-multicurve fit of the PL
emission of BC at around 436 nm (blue fit) and 460 nm
(green fit) fits match very well with the experimental curve.
This confirms the presence of at least two radiative defects in
the BC phase as discussed in Figure 7(a). Figure 7(c) shows
the excitation and the emission spectra for the BC: x% Eu**
(0 <x<5.5) series. The excitation spectra were recorded at

around 294 nm by monitoring the violet emission at 436 nm.
The emission spectra show four bands around 436 with a
shoulder at around 460, 616 with a shoulder at 590, and 656
and 703nm when the material is excited at 294 nm. The
emission peak at 436 nm with its shoulder at around 460 nm
is also observed in the undoped BC matrix. Their presence in
the BC matrix as well as the BC: x% Eu’" confirms that the
emissions are originated from the native defects in the BC
matrix. The shoulder at 590 nm is assigned to *Dy — "F; of
Eu’* and the emission peaks at 616, 656, and 703 nm are
assigned to the *Dy— "F,, Dy — "F3, and *Dy— "F,
transitions of Eu’", respectively [9]. This shows that Eu’* has
introduced many new excitation bands in the ultraviolet and
visible regions. These excitation bands are ascribed to the
different oxygen vacancy pairs behavior induced by
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FIGURE 7: (a) Excitation and emission spectra of CaAl,O,, BaAl,O,4, and BC, (b) the deconvolution of BC spectrum, (c) excitation and
emission spectra of BC: x% Eu®* (0 <x<5.5), (d) the normalized emission spectra of BC: x% Eu®* (0 <x<5.5), and (e) the emission intensity
of BC: x% Eu’" versus x% Eu®" (0<x<5.5).

occupation of the different cation sites [38]. Furthermore,  at micro level and the crystal field experienced by Eu’* may
due to the difference between ionic radii of Eu®*, Ca®", and  change [15]. These findings are supported by Jia et al. [7] who
Ba**, when Eu’* substitutes Ca>* and/or Ba®*, the symmetry  reported that, in barium aluminate host, there are two Ba**
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FIGURE 9: Decay curves of Eu®* emission monitored at 436 nm for (a) BaAL,O,, CaAl,0,, BC, and (b) BC: x%Eu’" (0 <x<5.5) nano-

phosphors under excitation at 294 nm.

sites with average bond distance Ba - O that equals 2.85 and
2.94 A, respectively. Thus, the ligand field strength at one site
is expected to be weaker than that of the other site, leading to
different emission intensities. It was also reported by
Shannon et al. [40] that there are two types of Ca - O sites in
CaAl,O, whose average distances are 2.4 and 2.8 A for the
shorter and longer one, respectively. However, only the
longer distance has enough space for an Eu’* ion, which
suggests that Eu’* could substitute at least three different
sites in BC: x% Eu’", resulting in the enhancement of the
emission intensity. Moreover, the presence of the strongest

peak at 616 nm suggests that the >Dy, — ’F, electronic di-
pole transition is dominant. Therefore, the site does not have
inversion symmetry [3]. To investigate the origination of the
emission peaks of the prepared nanophosphors, the nor-
malized emission spectrum is displayed in Figure 7(d). It
confirms the presence of the emission peak at 436 and its
shoulder at around 460 nm as discussed in Figures 7(b) and
7(c). There is a slight shift in the emission peak of the doped
samples to a higher wavelength, at around 438 nm. This
could be attributed to the shrinkage of BC’s crystal lattice as
compared to the BaAl,O, and CaAl,O; phases. As a result,
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TaBLE 3: Kinetic analysis results and CIE (x; y) coordinates for BaAl,0,, CaAl,O;, and BC: x% Eu* (0<x<5.5).

Samples A, 7, (ms) CIE (x; )
BC 1762.1+0.3 518.8+0.1 (0.156; 0.048)
CaAl,O, 26753+1.1 514.7+0.3 (0.211; 0.247)
BaALO, 2217.2+1.3 519.3+0.4 (0.174; 0.130)
2.0% 84779+ 1.0 517.4+0.1 (0.583; 0.342)
2.5% 88945+14 521.5+0.1 (0.578; 0.296)
3.5% 5949.5+ 1.0 514.6+0.1 (0.588; 0.347)
4.0% 7777.2+0.9 514.7+0.1 (0.558; 0.322)
4.5% 5344.7 + 0.6 516.4+0.1 (0.580; 0.342)
5.5% 5025.9+0.6 515.9+0.1 (0.563; 0.330)
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CIEY

the crystal field becomes larger and the emission energy is
reduced [41]. To further investigate the emission behavior,
Figure 7(e), which shows the emission intensity versus x%
Eu’*, was conducted. It can be seen that the emission
intensity decreases as x% FEu’" increases within
0.5<x<5.5. It is also revealed that the optimum concen-
tration is around 0.5% Eu’*. A further increase in con-
centration of the dopant (Eu®") results in reduced
luminescence. This is due to concentration quenching
caused by the migration of excitation energy from one
activator center to another which acts as an energy sink
[42]. In addition, the graph shows a slight increase within
0<x<0.5, indicating that if a study is conducted in the
range of 0<x<1, a full Gaussian fit will be obtained.
Figure 8 represents the emission intensity versus wave-
length for the sample with the most intense peak (BC: 2%
Eu’"). It can be seen that the peaks look the same as in
Figure 7(b). Therefore, these peaks are assigned to the same
origination as discussed above in Figure 7(b). The optimum
excitation wavelength was at 300 nm, which is very close to
the 294 nm wavelength used to excite the samples in this

0 1] 1] 1]
0 0.2 0.4 0.6 0.8
CIEX
x BC X 4.0%
X 2.0% X 4.5%
X 2.5% X 5.5%
X 3.5%

FiGure 11: CIE chromaticity diagram for the BC and BC: x% Eu’*
(0 <x<5.5) nanophosphors.

study. This explains why 294 nm was chosen as the pre-
ferred excitation wavelength in Figure 7(b).

Figures 9(a) and 9(b) and Table 3 show the decay curves of
Eu’" emission monitored at 436 nm for the undoped (CaAl, Oy,
BaAl,O,, and BC), BC: x% Eu*" (0<x<5.5) phases under
294nm excitation and their kinetic analysis results, respec-
tively. The lifetime decay curves shown in Figures 9(a) and 9(b)
are well fitted with the first-order exponential decay equation:

I(t)=A, exp<—_[i>, (5)

1

where I (t) is the luminescence intensity, A, is constant, ¢ is
time, and 7, is the luminescence lifetime for the exponential
component, respectively. From these results, it can be seen
that the samples have long-lasting afterglow decay. However,
the decay lifetime of BC is shorter than those of CaAl,O, and
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BaAl,O,. This may indicate that the electron trap levels in
the mixed phase (BC) are shallower than those in CaAl,O,
and BaAl,O,. From Figure 9(b) and Table 3, it can be seen
that the lifetime decay fluctuates as the concentration in-
creases even though they follow the same trend. This sug-
gests that the lifetime mostly depends on the defects within
the mixed phase (BC). Figure 10 shows the logarithmic decay
curves of BC: x% Eu®* (0<x<5.5) samples. This was
conducted to make the content of the plot more visible. It
confirmed the discussion of Figure 9(b).

One of the main aims of this study was to investigate the
application potential of BC: x% Eu’* (0<x<5.5) nano-
phosphors. Therefore, the CIE coordinates shown in Table 3
were determined based on the emission spectra of the
prepared nanophosphors. Figure 11 shows the CIE chro-
maticity diagram of the nanophosphors under the 294 nm
excitation. From Figure 11, it appears that the colours of the
doped samples are located in the orange-red region, while
that of BC is in the blue region. This means that the doping
was able to tune the colour from blue to orange-red.
Therefore, the nanophosphor can be used to produce or-
ange-red-emitting LEDs.

4. Conclusion

BC: x% Eu’* nanophosphors were successfully synthesized
via sol-gel method. The results obtained from this study
showed that the concentration of the dopant influences the
morphology and the photoluminescence properties of the
nanophosphors and not the microstructure. Furthermore,
the PL intensity of BC is much higher than those of the pure
BaAl,O, and the pure CaAl,O, phases. XRD, SEM, and
TEM revealed that the microstructure consisted of hexag-
onal and monoclinic nanorods. The PL exhibits a weak peak
at 436 nm due to the defects in BC matrix and one intense
emission peak at 615 with a shoulder at 591 nm ascribed to
the °Dy— ’F, and *Dy— 'F, transitions of Eu®*, re-
spectively. This suggests that the electronic dipole transition
is dominant. There is no reduction of Eu’* to Eu**. The long-
lasting afterglow is observed. CIE showed that the dopant
was able to tune the emission colour from blue to orange-
red. These results demonstrate the promising application of
the BC: x% Eu’" nanophosphors for the Near Ultraviolet-
(NUV-) based orange to red LEDs.
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