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Rare-earth ions doped inorganic luminescent materials (phosphors) in nanodimensions find widespread
scientific and industrial applications. This paper report a novel red-emitting Eu>* doped BasCa3(PO,),
phosphors in nanodimensions were synthesized via one-step conventional solid state reaction method
for first time at high temperature in air atmosphere. The morphology and nanostructures of synthesized
phosphors were determined by powder X-ray diffraction (XRD), Field emission scanning electron
microscopy (FE-SEM) and Energy-dispersive X-ray spectroscopy (EDS). The XRD observation reveals that
the undoped and Eu®* doped BasCas(PO,4), phosphors are in single crystalline phase with the sizes of
40-65 nm. FE-SEM image indicated the phosphor is composed of nearly spherical particles and rod like
structures with several nanometer sizes. The presence of orthophosphates in BasCas(PO,4), phosphor was
identified by Fourier transform infrared (FT-IR) analysis and the thermal stability was studied by Differ-
ential scanning calorimetry (DSC). Diffuse reflectance spectra (DRS) evidenced the incorporated Eu>* ions
in host material. In addition, the bandgap of these samples were estimated from the Mubelka-Munk
function. The room-temperature photoluminescence spectra show the characteristic red fluorescence
originating from intra 4f °Dy — ’F, (616 nm) transition of Eu* is observed by introducing Eu3* ions in
BasCas(PO4)4 phosphors. The calculated color coordinates are lies in the orange-red region. Therefore,
these obtained results suggest that the prepared phosphors exhibit great potential for use as red-compo-
nent for near ultraviolet white light emitting diodes (NUV WLEDs).

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction role in modern lighting and display field due to the abundant emis-

sion colors based on their 4f-4f or 5d-4f transitions. Currently,

Now-a-days, the synthesized particles in nanoscale are essential
for ongoing device improvements and miniaturization. The nano-
particles are needed for a better display resolution, smaller pixel
sizes and so on. The phosphate-based luminescent materials in
nanodimensions have received considerable attention owing to
their potential application in solid-state lighting, which could be
supplanting the conventional incandescent and fluorescent lamps
in the coming future. Rare-earth ions doped nanometer sized pow-
der phosphors have emerged as a new class of luminescence mate-
rials with superior performance characteristics such as high
stability, brightness and flexible over their micrometer counter-
parts [1-3]. The technological applications of lanthanide inorganic
luminescent materials embraces not only display devices, such as
plasma display panel (PDP) and field emission display (FED), but
also lasers, optoelectronics and also as fluorescent markers in bio-
medicine [4-6]. Rare earth ions have been playing an important
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much effort have been directed towards white light emitting
diodes (WLEDs) owing to their excellent properties such as long
lifetime, high durability, low power consumption, high lumines-
cence efficiency and environmental friendliness [7-10]. Owing to
their strong red emission, mainly research is focused on novel
Eu®" doped nanocrystalline materials. For instance, many efforts
have been paid to investigate the properties of nanodimension
Y,0,S:Eu* and Y,05:Eu®* due to its the unprecedented red emit-
ting phosphor with chemical stability under UV or VUV excitation.
Unfortunately, the Y,0,S:Eu®* and Y,05:Eu>* based phosphors has
low emission efficiency and are relatively expensive. From the
view point of WLEDs applications, in order to supplant these de-
vices, it is necessary to explore the non-rare-earth hosts with
low costs and high quantum efficiency, because in many cases,
the quantum efficiency for red emission is still limited [11-14].
To obtain red luminescent materials with high quantum efficien-
cies, several factors, including the nature of host matrix, energy
transfer, and lattice modifications, should be taken into account.
A series of rare-earth ions doped phosphate host phosphors
such as KCaPO,4 [15], NaCaPO,4 [16], NaBaPO, [17], StMg,(PO4).
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[18], BaCaP401; [19], Ba; Cag4P209 [20] and others have been re-
ported. Recently, several methods have been employed for the syn-
thesis of polycrystalline phosphors in nanoscale: co-precipitation
method [21], combustion method [22], sol-gel method [23] and
others. Herein, we applied the single pot conventional solid state
reaction method at high temperature to synthesize the Eu*:Ba;.
Ca3(PO4)4 nanocrystals. In addition, this synthesis method is an
effective and in expensive procedure for preparation of various
useful materials. To the best of our knowledge, no results have
been reported on the luminescence of BasCasz(PO,4)4 doped with tri-
valent Eu®" jons. All these samples were characterized by XRD,
FTIR, FE-SEM with EDS, DSC followed by the spectroscopic studies
of excitation and emission and also UV-Vis DRS.

2. Experimental

Polycrystalline samples of Eu*:Ba;Ca3(PO,4)4 were synthesized by a solid-state
reaction method at high temperature. All the chemicals are of analytical purity
BaC0s, CaCO3, NH4H,PO,4 and Eu,05 (99.99%) were used as received without further
purification. The nominal Eu* content was varied from 0 to 7 at.% in host material.
First, the stiochiometric mixture of the above mentioned raw materials were thor-
oughly mixed and ground together in an agate mortar for 1 h. Each of the powder
mixtures was put into porcelain crucibles, and was placed in an electric furnace,
sintered at 1000 °C for 6 h. After sintering, the samples were cooled to room tem-
perature in the furnace, and ground again into powder for further measurements.

The phases of prepared samples were identified by powder X-ray diffraction
analysis on a Siemens X-ray diffractometer AXS D 5005 with CuKo radiation
(#=1.5406 A) at 40 kV and 20 mA and the 20 range was varied between 10° and
60°. To elucidate the structure of these phosphors, the Fourier transform infrared
spectroscopy (FT-IR) analysis was carried out on a Perkin Elmer spectrophotometer
in the range 4000-450 cm ™' using KBr pellets. Thermal studies were carried out on
a Metler Toledo DSC1 at a heating rate of 10 °C/min under Nitrogen atmosphere.
The temperature range was varied from 30 to 450 °C. The morphology of the phos-
phor was inspected by use of a field emission scanning electron microscope (FE-
SEM; SUPRA 55, CARL ZEISS, GETMANY). To identify the presence of constituents
in the prepared phosphor, an energy dispersive X-ray spectroscopy was employed
equipped with an X-ray detector attached to FE-SEM instrument. UV-Vis diffuse
reflectance spectra were recorded on V-670 UV-Vis-NIR spectrophotometer (JASCO,
JAPAN). The measurements of the photoluminescence excitation (PLE) and photolu-
minescence (PL) spectra were performed using a Jobin Vyon Fluorolog - 3 fluores-
cence spectrophotometer equipped with a Xenon lamp and the decay curve
measurements were also recorded on the same instrument. All the measurements
were recorded at room temperature.
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3. Results and discussion

The XRD patterns of activator, Eu** (0, 1, 3, 5 and 7 at.%) doped
BazCa3(PO4)4 phosphors are shown in Fig. 1. The XRD pattern of
BazCaz(POy4),4 crystal (JCPDS Card No: 24-0091) is also shown in fig-
ure for comparison. It is clear from the figure that the introduction
of an activator Eu®* ion has not caused any significant changes to
the crystal structure of BasCaz(PO4)s. Hence, the phosphors pre-
pared by solid state reaction method are single phase orthophos-
phates without any secondary phases.

It is regarded that the trivalent Eu* ions occupy the bivalent
Ca%*/Ba®* and pentavalent P°* ions in the host lattice, because the
radius of Ba®', Ca?', P°* and Eu®*" for coordination number
(CN =8) are 0.147, 0.112, 0.017 and 0.107 nm, respectively [24-
26]. According to the equation [16,27],

D; = 100 x [Rpn(CN) — R4(CN)] /R (CN) (1)

the radius percentage difference between doped (Eu®*) ions and the
possible substituted ions (Ca®*, Ba®* and P°*) in host are calculated,
where D; is the radius percentage difference, CN the coordination
number, R,(CN) the cation radius of the host, and Ry(CN) the radius
of doped ion. The estimated values of D, between Eu" and Ca?" and
Eu®* and Ba®* on eight-coordinated sites are 4.4% and 27%, respec-
tively, while the value of D, between Eu* and P>* is —529.41%. From
the survey of literature, it is noticed that the acceptable percentage
difference in ionic radii between doped and substituted ions must
not exceed 30% [28]. Hence, we believed that there may be two dif-
ferent luminescent centers in BasCas(PO4)4:Eu*, which corresponds
to Ca®*/Ba?" sites substituted by trivalent Eu>" ions, because of their
similar ionic radii. Hence, the authors assumed that the charge loss
is most probably compensated by Ca?*/Ba?* vacancies (Vcaa), de-
scribed by

3Ca*"/Ba*t — 2Eu*" + Veajpa (2)

From the XRD data, the average crystallite size of undoped and
Eu®" doped Ba;Ca;(PO,4)s particles is determined using Scherrer
relation,
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Fig. 1. XRD patterns of Eu*>":BasCa;(PO,), phosphors.
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Variation of Bragg’s angle, crystallite size, energy gap, asymmetric ratio and lifetimes

with the Eu®* content in BasCa3(PO4)4 phosphors.

S.No. Nominal Peak

Crystallite Calculated Asymmetric Lifetimes

Eu®* position size (nm) energy gap ratio (E/M) <t (ms)
content  of (£ 0.04eV)
in host  Bragg's
(at.%) angle 20
(degree)
1 0 28.24 41.88 5.96 - -
2 1 28.21 46.35 5.86 1.31 2.03
3 3 28.24 52.06 5.82 1.23 2.07
4 5 28.30 63.11 5.67 1.20 2.18
5 7 28.20 50.58 5.77 1.26 2.14
Diia = k2/[B3 €0s(0)] (3)

where f, is the full width half maximum (FWHM) at 20 in radians,
k is the constant (0.89), 4 is the wavelength of X-rays (0.15406 nm),
0 is the diffraction angle and Dy, is the average crystallite size along
(h k 1) directions. The average crystallite sizes of the phosphors are
estimated, which is in the range 40-65 nm and are shown in the
Table 1. The variation of Bragg’'s angle due to the incorporated
Eu?* ions in BasCa;3(P0O,); host matrices were depicted in Fig. 2. It
is clear from the figure that with increase the doping concentration
of Eu®" ions, the intensity of BasCas(PO4)4:Eu®" phosphors were also
increased up to the 5 at.% and further increase of doping concentra-
tion, the intensity is decreased due to the concentration quenching
effect. This is due to the increase of doping concentration, results
the decrease of crystallilty and increase of disorder effect, which re-
sulted in the broadening and decreases of intensity of the XRD
peaks. It is observed from the table that the various sizes of the par-
ticles are due to the smaller ionic radii of Eu>* compared to that of
cations (Ca®*/Ba®*) [29] and the similar results were also observed
in DRS and lifetime measurements and the supporting results are
also discussed in their appropriate sections.

To identify the presence of orthophosphate in the synthesized
sample, the FTIR spectrum is recorded and shown in Fig. 3. Usu-
ally, the IR absorption band at (PO4)*" groups are located at two
region of 1120-940 and 650-540 cm~! [30]. The obtained spec-
trum consists of the couple of strong and sharp peaks are located
at 558 and 1019 cm™! and these are assigned to bending and

stretching vibrations of orthophosphate [(PO,)*>~] groups. The
two weak absorption bands identified at 1415 and 3430 cm™!
are clearly indicated the presence of OH group in the samples.
These bands are the characteristic vibrations of water from air,
physically absorbed on the sample surface [31]. It is known that
the presence of OH content increases the optical losses and then
decreases the quantum efficiency of rare-earth doped materials.
However, for the present phosphors, the intensity of the IR band
associated to OH group is extremely low, which indicates that
these studied phosphors are suitable for practical applications.
It clearly shows that all vibration comes from the anionic groups
of (PO4) units and there is no polyphosphates in the sample,
which is found to be, compared quite well the results reported
in literature [32].

In order to examine the actual size and to study the surface
morphology of the prepared phosphor, FE-SEM measurement
was carried out. The low magnification FE-SEM image of Bas_
Cas(PO4)4:Eu* (5 at.%) phosphor is shown in Fig. 4a. From this
image, it can be observed that the particles have irregular mor-
phology. However, the product is composed of spherical particles
and rodlike structure morphologies and that some of the adja-
cent rods are connected by bridges [33]. A typical high magnifi-
cation FE-SEM image of prepared phosphor is shown in Fig. 4b.
On the careful observation, the average sizes of the particles
might be in nanometer range, which is in favor of its application
in LEDs. Further, the estimated sizes of the particles are compa-
rable with the particle size obtained from Scherrer relation.
Hence, it might be suitable for fabricating the solid-state lighting
(SSL) devices.

Detailed composition of the prepared Ba;Cas(PO4)4:Eu* (5 at.%)
phosphors is further analyzed by EDS. A representative EDS spec-
trum is shown in Fig. 5. EDS spectrum shows several specific line,
the signal of Ba, Ca, P, O and Eu elements in the prepared samples.
This confirms the phase purity of the obtained phosphor and is in
consistent with XRD analysis.

Fig. 6 shows the DSC trace of BasCas(POy4)4:Eu* (5 at.%) phos-
phor. In the temperature range from 30 to 450 °C, the sample
shows only a single endothermic peak centered at 390 °C is due
to the removal of CO, gases that occurs from the starting materials.
No other significant peaks are identified in this range, which
clearly indicating that the thermodynamically stable BasCas
(PO4)4:Eu>* phosphor was obtained [34].
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Fig. 2. Variation of Bragg’s angle of Ba;Cas(P0O,4), powder products associated with the different Eu* ion concentrations.
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Fig. 3. FTIR spectrum of BasCas(P0O,)4:Eu* (5 at.%) phosphor.
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Fig. 4. FE-SEM images of BasCa3(PO4)4:Eu** (5 at.%) phosphor: (a) Low-magnifica-
tion and (b) High-magnification.

Fig. 7 represents the room temperature UV-Vis diffuse reflec-
tance spectra of undoped and Eu* doped Bas;Cas(PO,4)s powder
samples. As shown in figure, the sharp absorption bands appeared
in the range 230-340 nm have similar shapes for all samples, while
many sharp absorption peaks in the range 375-550 nm are found
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Fig. 5. EDS profile of BazCas(PO,)4:Eu* (5 at.%) phosphor.
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Fig. 7. Diffuse reflectance spectra of Ba;Cas(PO4)4:Eu* phosphors.

in the DRS of the Eu®* doped samples. In the wavelength range
230-340 nm, the sharp absorption bands at 235, 281 and 340 nm
are attributed to the charge transfer from the O ligands to the cen-
tral P atom inside the (PO,)>~ groups. The sharp peaks at 379, 393,
465, 510, 534 and 547 nm are due to the 4f-4f inner shell transi-
tions of Eu®* ions [35-37]. The careful observation reveals that,
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Fig. 8. (a—e) Kubelka-Munk transformed reflectance spectra of BasCas(PO4)4:Eu®* and (f) The variation of optical bandgap of Ba;Ca3(P04)4 associated with Eu** concentration.

with the increasing of the dopant Eu* concentration, the absorp-
tion bands also gradually increased, indicating the incorporation
of dopant ions into the host lattices.

The bandgap of the powder samples were determined by a
more convenient diffuse reflectance spectroscopy technique in
the UV-Vis spectral range. Generally, the Kubelka-Munk equation
is used to convert the reflectance into equivalent absorption spec-
tra. Therefore, the DRS were analyzed by the Kubelka-Munk
absorption co-efficient (K/S), using the following relation [38,39],

K/S=(1—R.)*/2R., = F(R..)oo = (hv — Eg)"/* /hv (4)

where K and S are the absorption and scattering coefficients, respec-
tively and R, denotes the diffuse reflectance of an infinitely thick
sample, F(R..) is the K-M function, hv is the photon energy and Eg
is the bandgap energy for direct transition. The bandgap energies
of undoped and Eu>* doped samples were estimated from the vari-
ation of the Kubelka-Munk function [F(R)hv]? with photon energy
(hv), which is represented in Fig. 8a-e. The estimated bandgap
energies are in the range from 5.67 £ 0.04 to 5.96 + 0.04 eV, listed
in Table 1. Fig. 8f shows the variation of bandgap with the incorpo-
rated Eu®* ions into BasCas(PO4)4 host. The increase of dopant con-
centration accompanies enhancement of the absorption, and also a
gradual shifting towards the higher wavelengths region of the
absorption edge [40]. It is clear from the figure that with the
increasing of incorporated Eu®* content, the bandgap energy of
the BasCas(PO,), powders decreased up to 5at% of Eu* and
slightly increased for 7 at.% of Eu®*, which is agreement well with
those results obtained from XRD results. Hence, we observed a

red shift in the bandgap of Eu** doped phosphors with the increase
of doping concentration, similar results were reported earlier in lit-
erature. For instance, Yu et al. [41] observed an enhancement of
absorption in the visible range and red shift (i.e. lower energy) of
the bandgap on Fe** doped TiO, nanotubes. This behavior has been
explained by quantum confinement effect i.e. the Ba;Ca3(POy,4),4 cre-
ates the dopant levels near the valence band with the incorporation
of Eu®* ions and it provides an efficient absorption pathways for vis-
ible light. From the survey of literature, it is noticed that the relative
shift of the absorption edge of materials depends on the difference
between the ionic radius of the dopant and host cations, as well as
on the chemical nature of dopant [40].

Fig. 9 shows the excitation spectrum associated with Eu*
(5 at.%) ions doped in BasCas(PO4), monitored at 616 nm at room
temperature. In the wavelength range 350-550 nm, the spectrum
contains several sharp lines due to the intra 4f-4f transition of
Eu3* in the host lattice, similar sharp lines are also obtained from
the diffuse reflectance spectra (Fig. 6). The sharp intense peaks at
362 nm (7F0 - 5D4), 382 nm (7F0 - 5L7), 394 nm (7F0 - 5L5),
415nm ("Fo — °Ds), 465nm (’Fo —»°D,) and 526/533 nm
("Fo - D) are the characteristic transitions of Eu* ions in host lat-
tice [42]. Among, these several sharp lines, the dominant intense
excitation peak lies at 394 nm corresponding to ’Fy — °Lg transition
is used to study the emission spectra for all samples.

In order to further investigate the effect of doped Eu®* concen-
tration on the luminescence intensity of BasCas(PO4)4 phosphors,
the photoluminescence emission studies have been carried out.
Fig. 10 presents the emission spectra of BasCa3(PO4)4 phosphors
for various Eu* concentrations. The emission spectra recorded
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upon excitation wavelength 4=394 nm consist of typical sharp
lines ranging from 550 to 725 nm, corresponding to transition from
the excited °Dy level to ’F; (J = 1,2, 3 and 4) levels of Eu** activators
[43]. Since, no transitions related to Dy — “F5 and °Dy — “Fg were
experimentally detected. It is seen that, for all samples, the emis-
sion spectra are similar in shape, and the peaks differ in their rel-
atively intensities. Among the several sharp peaks, we noticed
that the most intense red emission at 616 nm for all samples.
The energy level diagram of Eu3* ions in BasCas(PO,4)s phosphor
is depicted in Fig. 11. Generally, the orange emission at 597 nm
from °Dy — ’F; transition is of pure magnetic dipole character
and therefore independent from the local symmetry of Eu" ions,
while the red emission at 616 nm from °Dgy — ’F, transition is of
pure electric dipole character and hence dependent on the
ligand-field surrounding of the Eu®* ions. However, the magnetic
dipole transition (°Dy — ’F) probability does not change even in
low symmetry systems, because they are parity — allowed, which
allows use of the intensity of this transition as an internal refer-
ence. An electric dipole transition (*Dg — “F,) with 4] = 2 is hyper-
sensitive to the crystal field environment. For instance, in a site
with inversion symmetry, the magnetic dipole transition is domi-
nant, while in low symmetry systems, the electric dipole transition
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Fig. 11. The schematic energy level diagram of Eu®* ions in BasCas(P0O,), phosphor.

(°Do — ’F,) dominates the emission spectrum [1,44,45]. Therefore,
the relative integrated intensity ratio of the transitions Dy — ’F,
to Dy — F; (the so-called asymmetric ratio) is very sensitive to
the local environment. The asymmetric ratio [3],

E/M = I(°Dy — 7F)/I(*Dy — Fy) (5)

It can be also used as a good indicator to examine any change of
the symmetry of Eu®" sites. From the spectra, it is observed that the
intensity of the electric dipole transition is much higher than that
of the magnetic dipole transition. The calculated asymmetric ratios
of all samples are presented in Table 1. The E/M ratio varies from
1.20 to 1.31. It is evident that the Eu®* ion has no inversion symme-
try. It is noticed that the local symmetry is not significantly af-
fected by the Eu®* dopant content in the host and there was no
much influence on the morphology and size of the particle. This
is in agreement with the increasing particle size as calculated from
the Scherrer’s formula. Well known to all, the lower concentrations
of dopant lead to weak luminescence, while the high concentra-
tions of activator cause concentration quenching. With the in-
crease of Eu®* content, the dominant red emission gradually
increases reached maximum for 5 at.% and further increase of dop-
ant concentration, the intensity decreased for 7 at.%. The concen-
tration quenching effect is due to the rise in the number of non-
radiative decay channels, as promoted by the interaction with
quenching centers during the cross relaxation or energy transfer
process between excited and unexcited Eu>* ions. Therefore, the
solubility of Eu*>* content in host was found to be 5 at.%.

In order to obtain additional information on the luminescence
properties of Eu>" ions in BazCas(PO,4), phosphors, the decay curves
have been measured. Fig. 12 shows the decay curves for Do — Fy
(616 nm) emission for these samples when excited at 394 nm. All
the decay curves are well fitted by the single-exponential equation
[46],

I = Ipexp(—t/7) (6)

where I and Iy are the luminescence intensity at time t and O,
respectively, and 7 is the PL lifetime. The estimated lifetime values
from the fits are presented in Table 1. The single exponential behav-
ior of fits for all samples evidences the presence of the Eu>* environ-
ment is unique in according to the crystal structure. In addition,
there is no wavelength shift or peak for new site has been observed
for various concentrations. This strongly suggests that the local
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Fig. 12. Photoluminescence decay curves of BasCas(PO4)4:Eu®" phosphors (excited
at 394 nm, monitored at 616 nm).
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Fig. 13. CIE chromaticity diagram for BasCas(PO4)4:Eu>* phosphors.

environment of the Eu* ions in the lattice is the same in different
positions. It is noticed from the table that the slight variation of life-
time values for different concentrations may be due to the different
particle sizes of the synthesized phosphors, which is in consistent
with those results obtained from XRD analysis.

In general, the emission color of two phosphors is compared by
means of color coordinates and is a good certification for photolu-
minescence applications. In 1931, the Commission International de
I’Eclairage (CIE) established a universal quantitative model of color
space. The chromaticity coordinates of Eu®* doped BasCas(POy4)4
phosphors are calculated (using CIE calculate software) from their
corresponding emission spectra excited by 394 nm and have
shown in Fig. 13. The obtained color coordinates of these samples
are lies in the orange-red region. The changes in the color coordi-
nates may be due to the variation of the asymmetric ratios of var-
ious concentrations of Eu** ion in BasCa3(PO4)4 phosphors. Further,
the present color coordinates are comparable with the commer-
cially available red phosphor of Y,0,S:Eu®* (0.622, 0.351) [47].

4. Conclusions

In summary, a series of novel BasCa3(PO4)4:Eu®" red-emitting
phosphors were synthesized via the high temperature solid-state

reaction method. XRD and FTIR analysis indicate that these phos-
phors exhibit a single phase orthophosphates without any poly-
phosphates and the sizes of particles are found to be 40-65 nm
range. It is evident from the FE-SEM analysis that the phosphor is
formed by nearly spherical and to even rodlike crystallite, which
is in several nanometers. UV-Vis diffuse reflectance spectra of
these phosphors exhibited a little red shift (i.e. lower energy) due
to the Eu®* content in host matrices. Moreover, the optical bandgap
also calculated from the Mubelka-Munk function, ranging from
5.67 to 5.96 eV. Photoluminescence spectra of all samples show
the characteristic sharp lines of the intra 4f-4f transitions of Eu3*
with similar shapes, but changes in their emission intensities.
These emission lines were ascribed to °Dg — “Fo_s4 transitions.
The calculated asymmetric ratios indicating the Eu?* ion has no
inversion symmetry. Moreover, the optimum Eu3* concentration
in BaszCas(P04)4 host matrix is found to be 5 at.%. The results ob-
tained above demonstrated the potentiality of BazCas(PO4)4:Eu®*
phosphors as red-component for white LEDs in solid-state lighting
application.
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