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ABSTRACT

A novel class of orange-red phosphors namely CalLa,;ZnOs (CLZ) doped with Eu** ions were prepared
by adopting citrate based sol-gel method. Those were thoroughly characterized by means of XRD, SEM,
Tg-DTA, photoluminescent (PL) spectral profiles. PL studies reveal that its emission intensity strongly
depends on sintering temperature as well as the dopant ion (Eu3*) concentration. Eu* ion doped
Cala,Zn0s phosphor has a strong excitation at 468 nm, which correspond to the popular emission line
from a GaN based blue light-emitting diode (LED) chip. The influence of the preparation method on the
luminescence property was studied by comparing the emission performance of phosphors prepared by
sol-gel and solid-state reaction methods along with a commercial red phosphor Y,0,S:Eu*. Thus, the
intense red emission (°Dy — ’F;) of the Eu3* doped CLZ phosphors under blue excitation suggests them
to be a potential candidate for the production of white light by blue LEDs.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

White light-emitting diodes (WLEDs), as an emerging solid state
lighting (SSL) source, offers benefits in terms of reliability, energy
saving, maintenance and positive environment effects and stands
a real chance of replacing the traditional light sources such as
incandescent and fluorescent lamps [1-3]. Now a days most of
the commercial solid-state devices are using nearly monochro-
matic blue emission from GaN based LEDs to excite yellow-green
emission from Ce3*-doped yttrium aluminum garnet (YAG:Ce)
phosphors. These devices produce light in the blue to yellow por-
tion of the visible spectrum, which means that orange or red
objects appear dim and colorless under this lighting. WLEDs with
YAG:Ce phosphors have low color-rendering index and high corre-
lated color temperature because of its weak emission intensity in
the red spectral region. Thus to improve their white light quality,
these devices require potential red emitting phosphors that can be
excited by blue LEDs [4-6]. Most of the red phosphors are doped
with Eu2* ions whose emissions are generally due to parity-allowed
5d-4f transitions. The 5d orbitals are spatially diffused and their
energy levels strongly depend on the local crystal field of the sur-
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rounding ions in the lattice [7,8]. This leads to the emission band
broadening because of the differences in the atomic environments
(inhomogeneous broadening) and phonon coupling (homogeneous
broadening). An undesired consequence of this broad emission is
the deep-red emission, which is insensitive to human eye. The
absorption bands are also broad, which not only enables excitations
in near-UV to visible LEDs, but also triggers needless absorption
of green or yellow emission from other phosphors in the blends.
For these reasons, we have focused on narrow band red-emitting
phosphors with blue region absorption for solid state lighting (SSL)
applications. In order to achieve high luminous output, the emis-
sion band should possess the smaller full width at half-maximum
(FWHM) values. Conventional phosphors used in Hg based fluores-
cent lamps excited at 254 nm UV light are not ideal for SSL because
they have poor absorption for LED light (in the near UV or blue
region) [9]. The presently used red and green phosphors for blue
LEDs are SrY,S4:Eu?* and SrGa,S,4:Eu?* respectively [10,11]. How-
ever, these sulfide-based phosphors are thermally unstable and
very much sensitive to moisture. Their luminescence degrades sig-
nificantly under ambient atmosphere without a protective coating
layer. Besides, they are chemically unstable due to releasing of sul-
fide gas and also the lifetime of these materials are low under UV
or blue light irradiation [11,12]. Therefore, exploring a stable, inor-
ganic rare-earth based red phosphor with high absorption in the
blue region is an essential and significant research task.
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To identify the novel efficient red phosphors for WLEDs, the
choice of the activator ions is another key factor. Among all the acti-
vators, the optical properties of the Eu3* ion doped materials are
significant because it possesses proper chromaticity coordinates.
The lowest excited level (°Dg) of the 4f® configuration is situated
below the 4f>5d configuration for Eu*. When Eu3* ions occupy the
lattice sites noncentrosymmetry lattice centers, it is favorable to
improve the color purity of the red phosphor due to their intense
5Dg — ’F, emission in the red spectral region. Moreover, most of
the Eu3* doped phosphors possess intense absorption in the UV to
blue region [13,14].

To obtain red luminescent materials with high quantum effi-
ciencies, the nature of host matrix is worthy to be taken into
account. The ternary oxides XY,Z0s5 (X=Ba, Y=rare-earth, Z=Cu,
Zn) are receiving much attention because of their very interest-
ing structural, physical and chemical properties and additionally
they exhibit special magnetic, optical and superconducting prop-
erties [15-17]. Owing to these reasons, in the present investigation
we have chosen Cala,ZnOs as the host matrix for doping Eu3*
ions. Phosphors that are synthesized by the conventional solid
state reaction method usually require a relatively long-term sin-
tering at the higher temperature consuming huge energy, which
is also contradiction to the motto of energy saving characteris-
tics of SSL. The grinding process is necessary to prepare phosphors
by solid-state reaction method. However, it generally degrades
luminescent efficiencies due to the introduction of surface defects
that act as non-radiative recombination sites. Therefore, phosphor
synthesis techniques that can overcome the disadvantages of high-
temperature solid-state reaction method are of great importance
[18,19]. Here, we have adopted citrate based sol-gel method which
is a simple, economical and yet an effective method for prepar-
ing luminescent materials, because it offers many advantages like
high purity, relatively lower sintering temperature and in a much
shorter sintering time. In the present paper we report our investiga-
tions on the structural and photoluminescence properties of Eu3*
doped CLZ phosphors prepared by adopting citrate based sol-gel
method. As far as our knowledge is concerned, this novel piece of
work has not been reported earlier on the CLZ host matrix.

2. Experimental

A series of red phosphors namely CalLa,_yEu,ZnOs (x=0.001, 0.005, 0.01, 0.05,
0.1 and 0.12) were synthesized by the citrate sol-gel method (SG) using CaCOs,
La, 03, Zn0, Eu, 05 as the starting materials. Stoichiometric amounts of correspond-
ing oxides were dissolved in HNO3 (AR grade) under vigorous stirring. De-ionized
water and ethanol was then added to the above solution in the volumetric ratio of
1:4. Later, certain quantity of citric acid (AR grade) was added to the above solution
as a chelating agent such that the molar ratio of total metal cations to citric acid
should be in the ratio of 1:3. Finally, the pH of the resultant solution was brought
down to 7 by adding the suitable amount of NH3 aqueous solution. Highly transpar-
ent solution was obtained after stirring it for a few minutes. The resulted transparent
solution was heated at 80 °Cand stirring it for while yielded a light-brown gel. The gel
thus obtained was collected and oven-dried at 120°C for 12 h in order to obtain the
CLZ phosphor precursor. This precursor was then heated at 400 °C for 3 h followed
by sintering at required temperatures from 750°C to 1150°C for 5h to obtain the
phosphor samples. Apart from this, 10 mol% Eu3*-doped CLZ phosphor was also pre-
pared by a solid-state reaction method (SSR) a comparison purpose. Highly pure and
reagent grade chemicals, such as CaCOs, La; 03, ZnO and Eu, 03 were used as starting
materials. Required chemicals were weighed based on its stiochiometric composi-
tion and grinded in an agate mortar with acetone in order to obtain a homogeneous
chemical mixture. This chemical mixture was then transferred to an alumina cru-
cible and heated in an electrical furnace from room temperature to 1100 °C. It was
sintered at this high temperature for about 5 h with an intermediate grinding.

The structure of these samples were investigated by employing a Philips X'pert,
MPD 3040 X-ray diffractometer with Cu Ko radiation (A=1.5406A) at 40kV and
30 mA. Thermogravimetry (TG) and differential thermal analysis (DTA) of the CLZ
phosphor precursor was studied on a TA 5000/SDT 2960 DSC Q10 in N, atmosphere
with an heating rate of 10°C/min. Morphological features of the prepared phos-
phors were observed by field emission scanning electron microscope (Tescan, MIRA
I LMH) with a working distance of 5 mm, 20 kx magnification and 20kV operating
voltage. The photoluminescent excitation and emission spectra of these phosphors
were recorded on Shimadzu, RF-5301PC spectrofluorophotometer.
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Fig. 1. Tg-DTA profiles of CLZ phosphor precursor.

3. Results and discussion

The Tg-DTA profile of the CLZ phosphor precursor was shown
in Fig. 1. The total weight loss occurred can be roughly divided
into four stages: (1) from 100°C to 180°C, 3% weight loss due
to the evaporation of the water and ethanol accompanied by the
endothermic peak at 175°C; (2) from 180°C to 265 °C, about 54%
weight loss due to the burning of the citric acid ligand and the
decomposition of metal nitric, which was accompanied by the two
exothermic peaks at 209 and 240 °C; (3) 23% weight loss from 265 °C
to 800°C arising from the further combustion of the citric acid
as well as the de-hydroxylation and oxidation of the decomposed
fragment, which was accompanied by the two exothermic peaks
around 330°C and 570°C; (4) in the final stage only 5% of weight
loss from 800°C to 1200°C, which aroused due to decomposition
of any other organic residue. The exothermic peak observed at
890 °C represents the crystallization process of CLZ phosphor. The
obtained results are in good agreement with the earlier reported
results [20,21].

Fig. 2a depicts the excitation spectrum of 10 mol% Eu3*-doped
CLZ phosphor sintered at 1100°C and monitored with 627 nm as
the emission wavelength. We noticed sharp excitation bands cor-
responding to the characteristic f-f transitions of Eu3* ions within
its 4f5 configuration. These bands were aroused due its transition
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Fig. 2. (a) Excitation; (b) emission spectra of CLZ:Eu3* (10 mol%) phosphors at var-
ious temperatures.
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from the ground state 7Fg to Gy 4, °Lg, D3 and °D; at 386,396,415
and 468 nm respectively. Among all the excitation bands observed,
the intense excitation band at 468 nm (?Fy — °D,) was suitable to
make use of the emission light generated by the blue LED chip.
No remarkable difference was found with regard to the location of
the Eu3* emission lines in the above phosphor excluding their rel-
ative intensities when the excitation wavelengths are 396 nm and
468 nm. For this reason, emission spectra of 10 mol% Eu3*-doped
CLZ phosphors sintered at various temperatures and excited with
468 nm are alone displayed in Fig. 2b. It consists of lines in the
orange and red spectral region exhibiting the characteristic f-f tran-
sitions of Eu3*. They are °D; — ’F; (541 nm), °D; — ’F, (557 nm),
>Dg — ’Fg (582 nm), °Dg — “F; (590 and 598 nm), °Dg — ’F; (615
and 627 nm) and °Dg — ’F3 (654 nm) respectively [22-24]. It can
be seen from this figure that the spectra is dominated by the
prominent band at 627 nm due to the 5Dg — ’F, transition. It is
well known that the Dy — ’F, emission belongs to hypersensi-
tive transition with AJ=2, which is strongly influenced by the
outside surroundings. When the Eu3* is located at a low symme-
try local site, this emission transition is often dominated in their
emission spectra. The splitting of >Dy-’F; emission peak might be
due to spin orbital interactions of Eu3*. It was also observed that,
with the increasing of sintering temperature, the emission intensity
enhanced significantly and reaching a maximum value for 1100°C.
This phenomenon occurs due to the reduction of non-radiative re-
combination effects, quenching sites, and surface defects trapped
by increased crystallinity and decreased defects in the crystal. The
better crystallinity of the Cala,ZnOs:Eu3* phosphors sintered at
1100 °C was the main reason for its superior emission when com-
pared to the other samples. It is also in agreement with the results
of the XRD analysis, as optimum crystallinity was obtained at
1100 °C. When sintering temperature (1100 °C) is increased further,
the emission intensity is decreasing significantly as a result of the
agglomeration caused by specific sintering between the grains at a
higher sintering temperature. Also, energy transfer to neighboring
ions will be quenched by the grain boundaries and defects that are
introduced by further sintering of the sample. No distinct variations
in the shape and position of emission spectral features were noticed
when the sintering temperature was varied in a wide range. These
results indicate that the order of the environment surrounding the
Eu3* ions have a great impact on the PL emission intensity.

The doping concentration of luminescent center is one of the
important factor that influence the efficiency of a phosphor. There-
fore, it is necessary to identify the optimum doping concentration.
The integrated emission intensities of >Dg — 7FJ (J=0-3) transitions
of CLZ phosphors doped with various Eu3* ion concentrations were
calculated, and the dependence of the emission intensity from the
5Dg — ’F, hypersensitive transition of Eu3* ion doped CLZ phos-
phor is shown in Fig. 3a. The intensity enhances with the increase
of doping concentration and reaches a maximum at 10 mol% Eu3*
ion doping concentration. For 12 mol% Eu3* ion doping concentra-
tion, the intensity of the Dy — ’F, transition was decreased by a
nominal value only. The concentration quenching here occurs at
a higher concentration. Blasse et al. proposed that the quenching
mechanism is associated with the exchange interaction and it ulti-
mately quenches the emission from the D level of the Eu3* ion
[25]. Recently, it was reported that the ratio between the inte-
grated intensity of the transitions °Dy — ’F, and the >Dy — “Fy,
represented as Ip_/Ip_1, as a local crystal field probe to measure the
nature of the local cation surroundings. That is to say, this intensity
ratio supplies a new avenue to estimate the degree of distortion
from the inversion symmetry of the Eu3* ion local environment.
We have plotted these ratios with respect to the amount of Eu3*
(x) used in the samples and is shown in Fig. 3b. For the sintering
temperature of 1100°C, the ratio of integrated intensity Ip_s/Ip_1
was found to increase with increasing Eu3* ion concentration [26].
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Fig. 3. (a) Red emission intensity (*Dy — ’F;); (b) intensity ratio Iy_»/lo_; of Eu3* as
a function of its doping concentration in CLZ:Eu** phosphors sintered at 1100°C
excited by 468 nm.

This implies that the local environment of activator Eu3* ion was
more distorted with an increased amount of its concentration in
the present series of phosphors. The relative intensity of °Dg — 7F]
multiplet emission is also an important factor that determines the
chromaticity or saturation of red color and in general, the larger
the magnitude of ((°Dg — ”F,)/(°Dg — ”F1)) (R/0), the closer to the
optimal value of the color chromaticity [27,28]. Eu3* ion is very
much sensitive to its surrounding environment. The effect of the
crystal field will cause shifts and splitting of the crystal field lev-
els. From the crystal structure considerations of CaLa;ZnOs host
matrix, the REOg polyhedra are distorted with distortions being of
both even and odd parity. In terms of even parity, the crystal field
expansion will cause splitting in the electronic energy levels of the
corresponding RE3* ions, while odd parity leads to the enhance-
ment of dipole transitions between the RE3* ion multiplets [29,30].
The complicated emission profiles of Eu3* doped CLZ phosphors
involving large scale °Dg; — 7F; (J=0, 1, 2, 3) transitions can be
ultimately ascribed to the odd parity distortions of the environment
around the Eu3* ions.

The typical PL spectra of the CLZ:Eu3* phosphor with that of
standard YAG:Ce3* has been shown in Fig. 4. The YAG:Ce3* phos-
phor can be effectively excited by the 470 nm blue light and emits
strong yellow emission at 540 nm. However, YAG:Ce3* does not
almost absorb n-UV (=400 nm), and its emission is silent under
the 400 nm light irradiation. The white light realized by the com-
bination with a blue LED exhibit a poor color rendering index due
to the lack of red color component. In the present investigation,
the emission of CLZ:Eu3* phosphor occurs at a fairly longer wave-
length in the orange and red spectral region under the excitation
wavelength of 468 nm, which perfectly matches with the emission
wavelength of blue LEDs. These results suggest that the CLZ:Eu3*
phosphor could be used as an efficient orange-red emitting phos-
phor in WLEDs. The Commission International del’Eclairage (CIE)
chromaticity coordinates of 10 mol% Eu3*-doped CLZ phosphor are
shown in an inset Fig. 4. The chromaticity coordinates of CLZ:Eu3*
phosphors are (0.658, 0.341) for the optimum Eu3* ion doping
concentration. The characteristic index shows that the red emit-
ting CLZ:Eu3* phosphors have higher color saturation. Furthermore,
based on its excitation spectrum we can say that the CLZ:Eu3* phos-
phors can efficiently absorb the emission of blue GaN LED and it
can also emit strong red color. Thus, the prepared CLZ phosphor
can be used to compensate the red color deficiency of YAG:Ce3*
based white LEDs or to produce white light by combining with
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Fig. 4. Typical photoluminescence spectra of CLZ:Eu3* and YAG:Ce3*. Inset shows
CIE chromaticity coordinates of CLZ:Eu*, Y,0,S:Eu?* and YAG:Ce3*.

a blue chip and another green phosphor. Therefore, CLZ:Eu3* red
phosphor might be a potential candidate for fabricating white
LEDs.

Fig. 5 shows the emission spectra of CLZ:Eu3* phosphors, which
were prepared by the sol-gel and solid state reaction methods and
those were compared along with emission performance of com-
mercial red phosphor Y,0,S:Eu3* when the excitation wavelength
is468 nm. It can be seen that all the phosphors have displayed simi-
lar emission lines but with varying intensities. We also noticed that
the emission intensity of the phosphors prepared via the sol-gel
based method was much better than that of the phosphors prepared
by solid-state reaction process as well as commercial Y,0,S:Eu3*
phosphor. In the sol-gel process, citric acid acts as a chelating agent
and forms a large amount of tiny enclosures that can effectively trap
the constituent metal ions. The enhancement in emission intensity
was observed, since the citrate based sol-gel method provides a
homogeneous environment than the solid-state mixing and besides
the uniformity in distribution of Eu3* ions in the CLZ host matrix
was also enhanced. The high crystallinity and uniform distribution
of Eu3* activators reduce the non-radiative relaxation and results
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Fig. 5. Comparison of emission intensity of CLZ:Eu3* phosphors prepared by (a)
sol-gel; (b) solid state method; (c) Y,0,S:Eu3* red phosphor.
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Fig. 6. XRD patterns of CLZ:Eu3* (10 mol%) phosphor prepared by SSR method at
1100°C along with un-doped CLZ and CLZ:Eu** (10 mol%) phosphors prepared by
sol-gel method at different temperatures.

in an increase in the emission intensity. Moreover, doping of impu-
rities is easier and effective in SG process than in conventional SSR,
since all the starting materials were mixed at the molecular level.
So the emission intensity of the sol-gel prepared CLZ phosphor has
been enhanced. Thus the citrate based sol-gel method has been
confirmed to be a valid and efficient method for the fabrication of
the CLZ phosphors.

The XRD patterns of 10 mol% Eu3*-doped CLZ phosphor synthe-
sized by the sol-gel method with different sintering temperatures
between 750°C and 1150 °C were shown in Fig. 6. Besides, in the
above figure, we have also presented the XRD patterns of the CLZ
phosphor prepared by means of solid state reaction method at
1100°C for a comparison purpose. Samples sintered at 750 °C did
not revealed any diffraction peaks, except a broad band centered
at 260 =30°, which might be due to the formation of an amorphous
product or very small crystallites. As the sintering temperature was
increased to 950°C, the XRD pattern displayed peaks that are in
close resemblance with the respective host reflections. This result
demonstrates that the activator Eu3* ion has been successfully
doped into the host lattice. However, in the present investigation
the XRD pattern of CLZ:Eu3* does not coincide with the individual
oxide systems and also it can be clearly seen that there is no exact
correlation between La,03 and CLZ:Eu3*. Based on both the theo-
retical simulation and XRD analysis by a software namely POWD,
we found that the structures of them are tetragonal natured and the
corresponding (h k1) values for the obtained diffraction peaks were
indexed appropriately. Besides, CLZ crystal structure is similar to
that of BaLa,Zn0Os5 and BaNd,ZnOs, which are well agreement with
the tetragonal structure [16,17]. Further heat treatment at 1000 °C,
1050°C and 1100°C leads to the enhancement in the diffraction
peak intensity and reduction in FWHM due to the improvement of
crystallinity and grain growth. The above results indicate that opti-
mized CLZ phosphor can be obtained at 1100 °C with 10 mol% of Eu
by sol-gel method.

The sintering temperature used here is relatively lower than the
conventional solid-state reaction method, confirming the advan-
tage of the adopted sol-gel method. The reasons for the lower
crystalline temperature may be attributed to two aspects. Firstly,
the sol-gel method provides a molecular level mixing of con-
stituent elements due to the fact that these metal ions are
homogeneously dissolved in liquid sate and then chelated as a
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Fig. 7. SEM images of the CLZ:Eu?* (10 mol%) phosphors at (a) 850°C, (b) 950°C, (c) 1100°C and (d) 1150°C.

metal complex. This reduces the diffusion path for obtaining the
desired material and as a consequence needs lower synthesis
temperature compared to the conventional solid-state method.
Secondly, in the gel thus formed, there exits enormous polymeric
content which can act as fuel and NOs3_ as an oxidant. During
the pre-calcination process, the fuel can be ignited at low tem-
perature (about 400°C) and reaches high temperature in a short
period of time, which can possibly accelerate the crystallization
process.

Fig. 7 shows the SEM micrographs of 10 mol% Eu3*-doped CLZ
samples that were prepared by using sol-gel method and sintered
at different temperatures. Most of the particles are irregular in
shape and agglomerated. Both the particle size and the extent of the
agglomeration are increasing with the increase in sintering tem-
perature. Fig. 7a and b display the images of the sample prepared
at 850 and 950°C, among, most of the particles are smaller than
300nm in diameter, including some below 100 nm. Fig. 7c and d
shows the SEM observation of the CLZ phosphors sintered at 1100
and 1150°C, which particles are in the range of micro meter in
size. It can be seen from Fig. 7b that the grain boundaries of the
phosphor samples sintered at 950 °C are not clear due to elongated
necks between two grains. We can also observe some pores which
are probably due to the release of some gaseous byproducts during
its sintering. Therefore, its grain growth might be hindered. As the
sintering temperature increases, the necks between grains and the
pores disappear along with the conglomeration of smaller grains
in to larger grains. Higher sintering temperature enhances higher
atomic mobility and causes faster grain growth. Hence, increase in
sintering temperature will naturally lead to increase in the particle
size [31-33]. It is evident that most of the particles are in microm-
eter range, which is a suitable size for the fabrication of SSL devices
[25]. The XRD patterns also show increased sharpness of diffraction
peaks, inferring the growth of crystallite size with increased sinter-
ing temperature. The effects of particle size and agglomeration on
PL properties are quite significant.

4. Conclusions

In brief, a novel class of orange-red phosphors namely CLZ:Eu3*
phosphors were prepared by adopting citrate based sol-gel
method. Optimal sintering temperature and activator concentra-
tion have been determined to be 1100°C and 10 mol% respectively.
The prepared phosphors showed intense orange-red emissions
corresponding to the °Dgq — ’F; transitions of Eu* with blue
excitation of 468 nm, which is very close to the emission wave-
length of blue LED. The CIE color coordinates of the 10mol%
Eu3*-doped CLZ phosphor with the strong red emission intensity
is closer to the NTSC standard values. Obtained results indicate
that CLZ:Eu3* phosphor prepared by sol-gel method is better than
those of the phosphors prepared by solid-state reaction method
and commercial red phosphor Y,0,S:Eu3*. Owing to these encour-
aging photoluminescence spectral profiles, it can be concluded that
the Eu3*-doped CLZ system with a higher doping concentration
under the excitation of blue (468 nm) light could be a promis-
ing orange-red-emitting phosphor for its application in White LED
devices.
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