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Abstract: The blue-green emitting Eu®" and Nd** doped polycrystalline barium aluminate (BaAl,O4:Eu®*,Nd*") phosphor, was pre-
pared by a solution-combustion method at 500 °C without a post-annealing process. The characteristic variation in the structural and
luminescence properties of the as-prepared samples was evaluated with regards to a change in the Ba/Al molar ratio from 0.1:1 to 1.4:1.
The morphologies and the phase structures of the products were characterized by scanning electron microscopy (SEM), transmission
electron microscopy (TEM), X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS), while the optical properties were
investigated using ultra-violet (UV) and photoluminescence (PL) spectroscopy, respectively. The XRD and TEM results revealed that
the average crystallite size of the BaALO,:Eu>" Nd*" phosphor was about 70 nm. The broad-band UV-excited luminescence of the
phosphors was observed at A, =500 nm due to transitions from the 41*5d' to the 4f” configuration of the Eu*" ion. The PL results indi-
cated that the main peaks in the emission and excitation spectrum of phosphor particles slightly shifted to the short wavelength due to

the changes in the crystal field due to the structure changes caused by the variation in the quantity of the Ba ions in the host lattice.
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Rare earth doped aluminates form a group of lumines-
cence materials which exhibit high stability, brightness,
and versatile industrial processing characteristics suitable
for manufacture of lighting and display devices''?. They
exhibit high quantum efficiency in the visible region".
The Eu*" doped solid state materials usually show strong
broad band luminescence with a short decay time of the
order of some tens of nanoseconds!”. The very short de-
cay time and strong intensity of the luminescence arise
from the allowed states of the electronic transitions both
in the excitation and emission. The luminescence is very
strongly affected by changes in the structure of the host
and can range from the ultraviolet to the red region of the
electromagnetic spectrum. The high intensity emission of
Eu** finds important industrial applications in, for example,
the tricolour low pressure mercury fluorescence lamps.
The discovery of the plasma display panel (PDP) and
light-emitting diode (LED) has contributed significantly to
comprehensive studies for large-scale flat panel display
and lighting devices™. Plasma display panels (PDPs), are
gaining considerable popularity because of its obvious
merits, such as a fast response, a wide viewing angle, large
screen, low energy consumption and high scalability'®.

Eu®" and Nd**-doped alkaline earth aluminate phos-
phors exhibit afterglow which is visible to the naked eye
for longer duration after exposure to a fluorescent light or

sunlight. The synthesis of oxide phosphors has been
achieved by a variety of methods. The solution-combustion
process is very simple, safe, energy saving and takes only
a few minutes. The technique makes use of the heat en-
ergy from the redox exothermic reaction at a relatively
low igniting temperature between metal nitrates and urea
as fuel. In the present work, BaAl,O,:Eu*" Nd*" materials
were prepared with different Ba/Al molar ratios and con-
stant Eu”" and Nd®* concentrations. The effects of this on
the stability, homogeneity and structure as well as per-
sistence luminescence were presented and discussed
based on the analyses of the X-ray diffraction (XRD),
X-ray photoelectron spectroscopy (XPS), scanning elec-
tron microscopy (SEM) and transmission electron mi-
croscopy (TEM) imaging as well as photoluminescence
spectroscopy (PL) studies.

1 Experimental

1.1 Synthesis

BaAlLO,:Eu®" Nd** phosphors were synthesized using
the solution-combustion method under atmospheric
pressure without any post treatment. The starting raw
materials used in the experiment included various pro-
portions of analytical pure grade Ba(NOs;),,
AI(NO3);'9H,0, Eu(NOs);-5H,O, Nd(NOs;);, and urea
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(CO(NH;),). No flux was added. The precursors were
prepared with different Ba/Al molar ratios of 0.1:1, 0.4:1,
0.7:1 and 1.4:1, respectively. The doping concentrations
of both Eu*" and Nd** were kept constant at 0.2 mol.%.
A minimum amount of distilled water together with ex-
cess amount of urea was added and then thoroughly
mixed at room temperature using a magnetic stirrer for
15 min without heating to obtain uniform aqueous solu-
tions. The solutions were introduced into a muffle fur-
nace previously maintained at 500 °C. Dehydration oc-
curred as the solution boiled and decomposed letting off
large amounts of gases (CO,, NO, and NH,4). The mix-
ture then frothed and swelled enormously into foam.
Spontaneous ignition and smouldering occurred which
gradually led to an explosion rupturing the foam with a
flame that glows to incandescence producing white
foamy and voluminous BaA1204:Eu2+,Nd3+. The foam
was taken out of the muffle furnace, cooled then milled
resulting in a dry, usually crystalline, fine white oxide
powders of BaAl,O4Eu?",Nd*". The whole combustion
process took about 5 min. The powders were stored in
glass sample bottles for characterization.

1.2 Characterization

The structure and phase purity of the phosphor sam-
ples was checked with a Bruker-AXS D8 Advance X-ray
diffractometer (Bruker Corporation of Germany) operat-
ing at 40 kV and 4 mA using Cu Ko=0.15406 nm. The
morphologies of the phosphor powders were obtained by
using a Shimadzu Superscan SSX-550 SEM coupled
with an energy dispersive X-ray spectrometer (EDS) for
elemental composition. For analysis of molecular bond-
ing, binding energy, chemical and valence state of the
samples, XPS was done using a PHI 5000 Versa probe
— scanning XPS microprobe. Absorption spectra were
recorded using a Perkin Elmer Scan-Lambda 950 UV-
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Vis spectrophotometer. The PL excitation and emission
spectra were measured at room temperature using a Cary
Eclipse luminescence spectrometer (model LS-55) with a
built-in 150 W xenon flash lamp as the excitation source
and a grating to select a suitable excitation wavelength.

2 Results and discussion

2.1 XRD analysis

Fig. 1 shows the XRD pattern of different phases of
BaAl,O, along with the (hkl) values for the various peaks
recorded from the BaAl,O4:Eu*" Nd*" samples with
varying Ba/Al concentrations. Non-stoichiometric Ba/Al
molar ratio were selected in order to investigate how the
different phases formed by a shortage or excess of Ba
ions as compared to Al ions would affect the lumines-
cence properties of the phosphors. The results of X-ray
phase analysis of the as-prepared powders at 500 °C
revealed that several crystalline phases are formed
depending on the ratio of these main components of the
host!”). The patterns could separately be indexed to the
various hexagonal systems of the BaAl,O, and the lattice
parameters were in agreement with the JCPDS data
072-0387 and 075-0707. It is observed that the peaks for
hexagonal BaAl,0, with space group P6;22 began to
appear distinctly producing the highest intensity for sam-
ples with Ba/Al molar ratio of 0.7:1. Impurity phases in-
cluding Eu,0s, Ba;Als, and Ba;Alg could be identified.
These impurities are attributed to the unreacted reagents
that could be present in the as-prepared phosphor. Line
broadening features are characteristics of samples exhib-
iting smaller particle size, indicating that the phosphor
nanocrystallines can be prepared in a far low temperature
(about 500 °C). It is well known that broadening occurs
in the diffraction rings as the particle size of the powders
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Fig. 1 Effect of varying Ba:Al molar ratios on the XRD structure of the BaALO,:Eu*",Nd** phosphor as compared with JCPDS

#72-0387 and 075-0707 of hexagonal BaAl,0O,
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decreases. The average crystallite size deduced according
to the Scherrer's equation using full-width at the half-
maximum (FWHM) data'® was 70 nm.

The crystal structure of BaAl,O, is depicted in Fig. 2(a)
and (b). It belongs to the P6522 space group and has a
stuff tridymite (hexagonal) structure with lattice parame-
ters ¢=0.5218 nm and ¢=0.8781 nm"”. Usually it consists
of two types of tetrahedral rings: trigonal and asymmet-
rical rings. The trigonal rings, comprising a quarter of the
total number of rings, contain in their centre the Ba at-
oms. In the asymmetrical rings the Ba atoms are located
at the general position (6¢) site (Fig. 2(b)).

2.2 XPS analysis
Fig. 3(a), (b) and (c) shows the fitted XPS spectra of
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BaAl,O,:Eu*" Nd*" phosphor powder with a Ba:Al molar
ratio of 0.1:1. From Fig. 3(a) it can be seen that the 3d
spectrum for Ba has two peaks of O—Ba—O bonds for the
3ds,, as well as the 3d;, existing within the
BaALOyEu” Nd’ structure at 779.2, 780.8 and 794.6,
796.1 eV, respectively. These two peaks can be attrib-
uted to have emanated from the two Ba®' sites of
BaAl,O,. A single peak depicted in Fig. 3(b) presents the
Al 2p spectrum with a typical Ba—Al-O bond at 74.3 eV.
This could be characteristic of all species in the AlO,tet-
rahedral"” Fig. 3(c) shows two fitted peaks of the Is
spectrum for O at 530.2 and 531.7 eV respectively which
arise from the Ba—Al-O bonds within the BaAl,O, ma-
trix. The binding energy (E,) of O ls in BaAL,O4 has
been reported to be at 531.3 and 529.6 eV!'%. The E=
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Fig. 2 The hexagonal crystal structure of BaAl,O, viewed along the (111) direction
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Fig. 3 Fitted XPS graphs of BaALO,:Eu*",Nd** sample with Ba/Al molar ratio of 0.1:1 (a)-(c) and UV reflectance spectra for Ba/Al

molar ratio of 0.1:1 and 0.4:1, respectively (d)
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531.3 eV could be ascribed to the characteristics of O
species in the surface hydroxyl (OH) groups from H,O
molecules absorbed by the BaAl,O, material'! as well.

The optical property of a material revealed by its UV-
reflectance/absorption spectrum tells about the energy
separation between the filled valence band and the empty
conduction band i.e. the band gap. Optical excitation of
electron across the band gap is strongly allowed, pro-
ducing an abrupt increase in absorption at the wavelength
corresponding to the band gap energy. This feature in the
optical spectrum is known as the optical absorption edge!'.
Fig. 3(d) presents the diffuse reflectance spectra of BaAl,O,:
Eu®" Nd** samples with Ba/Al molar ratio of 0.1:1 and
0.4:1. It reveals that reflectance decreases with an increase
in the Ba:Al molar ratio. The band gaps (£,) correspond-
ing to the absorption edges of =210 nm and 4=280 nm are
found to be 5.9 and 4.43 eV for samples with Ba/Al molar
ratio of 0.1:1 and 0.4:1, respectively, which further reveals
that as the Ba:Al molar ratio increased the band gap de-
creased. Such changes in the host matrix leading to the
shift of the band gap width also caused changes in the en-
ergy of the Eu®" ion in the transition process!'".

2.3 SEM, TEM and EDS analysis

Fig. 4 shows the micrographs of the as-prepared
BaAlLO,:Eu’*' Nd*" material. Figs. 4 (a) and (b) are the
representative SEM micrographs taken for Ba/Al molar
ratio of 0.4:1 and 0.7:1, respectively. The nanostructures
crystallized to form fine, regular hexagonal platelets ex-

0200 1 m

FOV:2 um
L]

hibiting smooth surface and well-developed faces with
size around 70 nm calculated from the Scherrer method.
The endothermic reactions during the solution-combustion
process are characterised by decomposition and removal
of nitric oxides and significantly vary depending on the
precursor ingredients and the ratio of metal nitrate to
urea''. Consequently, the surfaces of the samples reveal
pores and voids, which may be attributed to these evolved
gases during combustion. The presence of hexagonal
platelets with well-developed faces seem to dominate the
morphology of the samples with Ba/Al molar ratio of
0.7:1 (Fig. 4(b)). Phosphors with regular morphology are
well known to improve the packing density, slurry prop-
erties and improve the luminescence of phosphor!"!. This
explains the high luminescence intensity obtained by the
sample with Ba/Al molar ratio of 0.7:1 in the next section.

Fig. 4(c) presents the TEM image taken for Ba/Al
molar ratio of 0.1:1. It can be seen that the BaAl,Oy:
Eu®",Nd®* nanocrystals exhibit an ideal spherical mor-
phology which is more beneficial at increasing packing
densities and brightness than irregularly shaped parti-
cles!". Furthermore, it reveals that the synthesized grain
sizes calculated using Scherrer’s formula are in the same
range of 45-74 nm of the TEM results. The EDS
spectrum of Fig. 4(d) confirms the elemental composition
of the phosphors. However the very low concentration of
the rare earth dopants was the reason for their tiny peaks
in the EDS spectra.
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Fig. 4 SEM images of samples with Ba/Al molar ratios of 0.4:1 and 0.7:1 at 2 um FOV (a) and (b), TEM micrograph for the 0.1:1
Ba/Al molar ratio on a 100 nm scale bar (c) and the EDS spectra of the BaAL,O4:Eu?", Nd** phosphor (d)
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2.4 PL analysis

Fig. 5 shows the effect of varying the Ba:Al molar ra-
tios on the luminescence characteristics of the BaAl,Oy:
Eu®" Nd** phosphor. From Fig. 5(a) there is an excitation
peak at around 333 nm in the excitation spectrum (Ae,=
500 nm) which is in conformity with the absorption of
the host BaAl,O,4 as observed in the absorption results
earlier in this study. Two maxima curve fits, peaking at
490 and 525 nm, were observed in the luminescence
spectra of BaAl,OsEu*’ Nd*" (Fig. 5(c)) which arise
from the two emissions of Eu”" in the two Ba®" sites
within in the BaAl,O, structure. These are due to the
transitions from the lowest *D level of the excited 4f°5d'
configuration to the ground ®S;), level of the 4f’ configu-
ration of the Eu®" ion'"),

The emission intensity at 490 nm was observed to be
higher relative to the one at 525 nm (Fig. 5(c)) indicating
that the Eu”" ions preferred occupying one of the Ba*"
sites. Both Ba”" sites are coordinated with nine oxygen
(O) ions and the sites are similar in average size
(d(Ba—0)ay=0.286 and 0.287 nm). However, the lower
symmetry site also has shorter Ba—O distances (0.269 nm)
corresponding to those typical of Eu*—O (0.268 nm)!'*.
According to the crystal structure, the first Ba*" site (2a)
has the multiplicity of two and a site symmetry of C3
while the second one (6¢) has six and Cl. It would
therefore seem reasonable that this 6¢ site is filled pref-
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erentially. This is also supported by the higher PL inten-
sity as a result of contribution from six instead of two
Eu’" jons!'”). Slight shifts in peak positions can be ob-
served in both the excitation and emission spectra (Fig.
5(a) and (b)) which may be ascribed to structure changes
caused by the variation in the quantity of Ba ions in the
host. The changes in the structure shifts the peak position
of Eu”" ions since the 4f°5d'—4f" of Eu*" is parity al-
lowed transition in addition to the oscillation strength
which is strongly affected by the crystal field due to the
extended nature of the 5d wave function!"”. The narrow
emissions in red region at 615 nm arise from the f-f tran-
sitions of the remnant unreduced Eu®" ions.

From the decay curves of Fig. 5(d), the effect of the
increase in number of Ba ions is very clear. It can be seen
that the Ba/Al=0.7:1 gives higher luminescence intensity
in agreement with both the excitation and emission spec-
tra. The inset graph of Fig. 5(d) shows the natural log of
intensity In(/) vs time (¢) plot giving a number of straight
lines. The decay curves were fitted using the second or-

der exponential decay equation!*”:

I = Aexp ! _—t] €))

— |+ A,exp
1 2

where [ is the phosphorescence intensity, 4, and 4, are
constants, ¢ is the time after switching off the excitation
source, and 7, and 7, are decay times for the exponential
components representing the decay rate for the fast and
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Fig. 5 Effect of varying Ba/Al molar ratios on the excitation characteristics (a) and the emission spectra (b) of the BaAl,O4:Eu®*,Nd**
phosphor, two maxima curve fits peaking at 490 and 525 nm (c), and decay curves of the BaAl,O4Eu*,Nd** phosphor (d)
(The inset graph shows the natural log of intensity In (/) vs time (¢) plot for the samples)
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slow exponential decay components, respectively. The
second order exponential decay fit may be attributed to a
number of possibilities; (i) variations in the concentration
of dopants which arise from their non-uniform distribution
in the host matrix, (ii) the probability of non-radiative de-
cays for lanthanide ions at or near the surface could be
different from those at larger depths of the particles and (iii)
energy transfer from donor to activators™>'*,

We consider parameters with the lowest and highest
intensity shown in the inset of Fig. 5(d) since the pa-
rameters in between are too close to each other that ac-
curacy of results could not be guaranteed. Table 1 shows
decay times for the fitted curves of all the samples. It
shows that the initial luminescence intensity and the de-
cay time of phosphors are greatly affected with the in-
crease in the Ba/Al molar ratios. The result of sample
with Ba:Al molar ratio of 0.7:1 shows good agreement
with the emission spectrum within the range of experi-
mental errors. The long decay time and strong intensity
of the luminescence is due to the allowed nature of the
electronic inter configurational transitions both in the ex-
citation and emission which makes this material suitable
for plasma display panel PDP applications.

Table 1 Results for fitted decay curves of the phosphor
powders with different Ba:Al molar ratios

Ba:Al molar ratio 0.1:1 0.4:1 0.7:1 1.4:1
Fast(r)) 0.84+0.15 1.5440.02  0.46+0.008  0.73+£0.04
Slow (12) 2.8+0.05 0.55+0.04 1.42+0.02 1.61+0.03

3 Conclusions

Blue-green emitting BaAl,O,:Eu*" Nd*" phosphor was
synthesised by a solution-combustion method. The in-
fluences of the varying quantity of Ba on the structural
and luminescent properties of the phosphor were studied.
SEM results indicated that the nanostructures crystallized
to form fine, regular hexagonal platelets exhibiting
smooth surface and well-developed faces. XRD analysis
revealed several crystalline phases formed depending on
the ratio of the main components (Ba/Al) of the host.
XPS results showed that the 3d spectrum for Ba had two
peaks of O—Ba—O bonds for 3ds, and *ds) existing within
the BaAl,O4:Eu®" Nd*". The absorption spectra showed
the absorption edge at /=210 nm and A=280 nm for
which the corresponding band gaps (£,) were 5.9 and
443 eV respectively. The long decay time and strong
luminescence intensity of BaALO,Eu*’,Nd** makes it
suitable for PDP applications.
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