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CaAl,04:Eu®t (1 mol.%) co-doped with varying concentration of Gd** (1, 2, 5, and 10 mol.%) were prepared
by combustion synthesis method at 600 °C and further annealed at 1000 °C. All the compositions were investigated
for their structural and photoluminescence properties. It was observed that both states of europium i.e. Eu* and
Eu®T were present and ratio of these states changes on heating at 1000°C. The materials synthesized at 600°C
showed high intense peak around 440 nm due to presence of Eu?* and less intense peaks in the red region which
were due to presence of Eu®*. On annealing the compounds at 1000 °C, intensity of peak around 440 nm decreases
and intensity of peaks in the red region increases significantly. The ® Dy —7 F transition due to Eu®™ at 657 nm
appears as the highest intensity peak. All co-doped samples annealed at 1000 °C showed the higher intensity
than the mono doped sample which is due to energy transfer from the Gd** to Eut. The second rare-earth ion
(Gd**) acts as sensitizer and enhances the photoluminescence intensity. The X-ray diffraction spectra reveal the
monoclinic phase of CaAl,Oy in all the samples which showed that Eu®** and Gd®" do not change the crystalline

structure of calcium aluminate.
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1. Introduction

The synthesis of inorganic luminescent materials is an
area of great interest [1-7]. This area have attracted
much attention due to the unique properties of lumi-
nescent materials particularly applied in light emitting
devices like color displays, plasma display panels, fluo-
rescent lamps, fiber amplifiers etc. [8-11]. Inorganic lu-
minescent materials are also widely used for solar cells
for enhancing sunlight harvesting to increase the effi-
ciency of solar cells [12-14]. These luminescent mate-
rials are synthesized by doping of rare earth (RE) ions
into host lattices. Among luminescent materials, alka-
line earth aluminates MAl;O4 (where M = Ca, Sr, Ba)
doped with various kinds of RE ions or other metal ions
(M* or M2 or M3*) show strong luminescence prop-
erties in the visible region. Aluminate-based phosphors
have good thermal and chemical stability [15]. The other
benefit of using alkaline earth aluminates as the host lat-
tice specially CaAlyOy, is its long persistence, which is
highly applicable in optical devices like luminous paints
on highways on airports and buildings [16, 17].

The phosphors with a long after glow have important
application in the display devices. The long persistent
glow can be improved by co-doping of certain rare-earth
ions like Gd3*, Nd3* etc. The CaAl,O4: Eu?t, Gd3*
phosphor is one kind of the long after glow phosphors.
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In these phosphors, Eu?* ions play the role of activa-
tors, whereas Gd3* ions generated hole traps that re-
sulted in the long persistent phosphorescence and also
act as a sensitizer in the phosphor [18, 19]. The con-
centration of Gd®* ion as co-dopant has strong influence
on the luminescence time and luminescence intensity of
phosphor. CaAl;O4:Eu?t co doped with Nd3* has been
reported with very high after glow as compare to mono
doped CaAlyOy4: Eu?* [20]. The lifetime of luminescence
of co-doped materials increases as compared to singly
doped materials. CaAl,O4 doped with Eu?* prepared by
combustion synthesis method was reported [21] showing
good luminescent properties in blue-green region. The
SrAl,O4:Eu?t co-doped with Dy3* and Yb3* shows that
there is an increase of photoluminescence intensity with
increase in Yb3T concentration [22]. Similarity among
ionic radii of Ca?t (1.26 A), Eu®* (1.206 A) and Eu**
(1.16 A) make the CaAlyO,4 a promising host lattice for
Eu®* or Eu?* ion |21, 23]. Europium can be incorpo-
rated into CaAl,O4 lattice in Eut or Eu?t or both
valence states together [24]. There are various meth-
ods to prepare these rare earth doped compounds like
solid state reaction, combustion reaction, hydrothermal
method, precipitation method, micro emulsion method,
microwave method, sol gel synthesis method [25-31].

In this paper, we report our investigations on
photoluminescence  properties of  nanocrystalline
CaAl,O4:EuT:Gd?t materials synthesized by com-
bustion method. This method provides an interesting
alternative over other elaborated techniques because it
offers several attractive advantages such as: simplicity of
experimental setup; surprisingly short time between the
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preparation of reactants and the availability of the final
product. The obtained materials are crystalline and may
be applied in the field of photovoltaic as a down shifting
material and in the fabrication of light emitting devices.

In this study, we observed the effect of Gd3* co-doping
on structural and luminescence properties of CaAlyOy:
Eu®" (1 mol.%) compound. The effect of annealing is
also studied on the existence of prominent valence state
of europium (Eu®* /Eu?*") in CaAlyO4:Eu. Powder X-
ray diffraction is used for phase and crystalline structure
determination. Photoluminescence characteristics were
studied by excitation of powder material by 325 nm laser
radiation.

2. Experimental

The combustion synthesis method was used to pre-
pare CaAl,O4:Eut, Gd*+ with varying concentration
of Gd3* (1, 2, 5, and 10 mol.%). The Eu** concen-
tration were kept fixed at 1 mol.% for all compositions.
High-purity [Ca (NO3)z], [Al (NO3)s], [Eu (NOs)s], [Gd
(NO3)3] and urea from Sigma Aldrich were used as start-
ing material. Materials in their stoichiometric ratio for
the formation of CaAl,O4:Eu?t:Gd3t complexes were
taken and mixed with a calculated amount of urea and
a paste material was prepared by adding few drops of
deionized water. The amount of urea was calculated
using total oxidizing and reducing valencies [32]. The
paste of mixture was transferred to preheated furnace
at 600°C. At high temperature material undergoes
rapid dehydration, combustion and a voluminous solid
is formed with the generation of combustible gases. The
solid obtained is further annealed at 1000°C for 3 h to
increase the crystalline character.

The structural characterization was performed by high
resolution X-ray diffraction (XRD) using Rigaku Ul-
tima IV diffractometer in the #—26 configuration with
Cu K, radiation (1.54184 A). The morphology of the
crystals was studied by scanning electron microscope
(SEM) using JEOL JSM6300 model operating at 10 kV.
Photoluminescence (PL) experiments were performed in
backscattering geometry using a He—-Cd laser (325 nm)
with an optical power of 30 mW for excitation. The emit-
ted light was analyzed by HR-4000 Ocean Optics USB
spectrometer optimized for the UV—vis range. For photo-
luminescence measurements, 0.05 g powder samples were
pressed into pellets (10 mm diameter and 1 mm thick-
ness) and then exposed to a 325 nm He-Cd laser. All
measurements were carried out at room temperature.

3. Results and discussion
3.1. XRD analysis

Figure la and b represents the XRD pattern of the
CaAly04:Eu (1 mol.%):Gd3* (1, 2, 5, 10 mol.%) as pre-
pared at 600°C and annealed at 1000°C, respectively.
From XRD patterns of CaAlyO4:Eu (1 mol.%):Gd3* (1,
2, 5, 10 mol.%) powder materials it was observed that all
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the samples show good crystalline behavior with mono-
clinic CaAl>04 as the main phase and the same structure
is retained after doping of Eu* (1 mol.%) and Gd3* (1,
2, 5, and 10 mol.%) which showed that the introduction
of RE ions did not alter the crystal structure of host lat-
tice. All the peaks were identified and well matched with
CaAl,O4 [JCPDS No 001-0888]. The peaks correspond-
ing to Gdy0O3 were found due to formation of separate
phase and that appears with Gd3* concentration higher
than 2 mol.%. The peaks correspond to GdOs3 arise at
260 29.11° and 51.88° [JCPDS card no. 024-0430] while
peaks for Al,O3 were detected (Fig. 1) at 260 36.81° and
59.38° [JCPDS 023-1009]. The peak due to CaAlyO4
at 37.30s merged with Al,O3 peak at 36.81°. The Eu?*
(1.20 A), Eu?* (1.20 A), Gd3* (0.93 A) all occupies Ca?*+
(1.26 A) sites due to almost similar radii [33]. The crys-
tallite size was calculated by the Debye—Scherrer relation
using Gaussian fitting for the most intense peak (220) at
30.18° in the XRD pattern. The crystallite size for all
samples was found in the 40-45 nm range. Co-doping
of Gd3T ion and annealing did not show any significant
effect on crystallite size.
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Fig. 1. XRD pattern for CaAloO4: Eu®t, Gd*T (1, 2,
5 and 10 mol.%) as prepared at 600 °C (a) and annealed
at 1000 °C.

3.2. SEM analysis

SEM images of CaAl,O4: Eu?t: Gd3t samples are
shown in Fig. 2. The images show particle clusters and
flaky aggregates. SEM images clearly indicate the pres-
ence of grains with non uniform shape and sizes. This
might be due to unequal distribution of temperature and
mass flow in the combustion flame. This observed mor-
phology is consistent with combustion derived products
compounds [15]. The flakes also have porosity with dif-
ferent dimensions. Several pores are observed in SEM
image which are formed by the escaping gases during the
combustion reaction. Also, several small particles can be
seen within grains.

3.8. Photoluminescence properties of
OaAlz 04 :Eu3+ N Gd3+

The photoluminescence spectra of CaAl,O4: Eut:
Gd3* (1, 2 and 5 mol.%) as prepared materials at 600 °C
and samples annealed at 1000°C are shown in Fig. 3a
and b, respectively. PL emission spectra of all pre-
pared compounds showed the presence of both valence
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Fig. 2.

SEM micrographs for CaAlgO4:Eu3+7 Gd3t:
1 mol.% (a) and 5 mol.% (b).

states of europium (Eu?T/Eu3t). It has been observed
that in some special type of lattices where the reduc-
tion of Eu*t —Eu?t could occur when the compounds
were prepared in air. Some of the reported lattices for
this type of reduction are SrB4O7 [33], SrsAl;4095 lat-
tice [34], BaBsO13 [35], Bag (POy4)2 [36]. We observed
this Eut —Eu?t reduction in the CaAl,O4: EudT:
Gd3* compounds which may be due to charge compensa-
tion [37]. When trivalent Eu®* was doped into CaAlyOy,
they would replace the Ca?T ions of CaAl,Oy4. For keep-
ing the charge balance three Ca?T should be replaced
by two Eu?*. Hence one vacancy defect is created with
two negative charge, and two positive defects (Euc,) were
created due to replacement of Eu?t in lattice of CaAl,Oy.
The vacancy defect may act as donor and Euc, defect act
as accepter. Consequently, by thermal stimulation the
electron is transferred from the vacancy defect to Euc,
sites and there is the reduction of Eu?* to Eu?t. The
more electrons released by negative defects were created,
the more Eu®t ions would be reduced to Eu?t.

Figure 3a shows the photoluminescence spectrum of
CaAl,Og:Eu®t (1 mol.%): Gd3* (1-10 mol.%) phosphors
prepared at 600°C by combustion synthesis method.
The photoluminescence curves showed the presence of
both Eu?t and Eu3t valence state of europium. The
curves show a broad emission peak in the blue-green re-
gion at 441.5 nm due to Eu?T and other peaks at 576
(SDO -7 F()), 587 (5D0 7 Fl), 614 (5D0 =7 FQ), 657
(°Dy —7 F3), 681, 703 (°Dy —7 F4) nm due to Eu?*
ion in the crystal lattice of CaAl,O4. This emission at
441.5 nm in the blue-green region arises due to a typi-
cal 4f55d' to 4f7 transition of Eu?* ion. The emission
intensity of this peak decreases with increase in Gd**
concentration and almost diminishes when concentration
of Gd3T was 10 mol.%. This decrease in intensity is com-
pensated by increase in intensity of peaks near 657 nm
due to the presence of Eu®* (Fig. 3a) when the concentra-
tion of Gd3™ increases from 0 to 2 mol.%, the peak inten-
sity due to Eu?T at 441.5 nm decreases, and that decrease
in intensity is compensated by the increase in intensities
of peaks due to Eu*. On further increase of the concen-
tration of Gd3* due to concentration quenching there is
a decrease in intensity of both the peaks. The increase in
intensity of photoluminescence at 657 nm and decrease
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in intensity of peak situated at 441.5 nm showed that the
Gd?** introduction increases the overall red emission of
the phosphor and decreases the blue green emission [38]
which showed that Gd3T act as emission wavelength tun-
able agent for the phosphor material. This increase in
brightness indicates that the energy absorbed by Gd3*
ions can be transferred efficiently to Eut due to some
energy matching so Gd3t perform the function of sen-
sitizer as explained above. This type of energy transfer
between Gd*T and Eu' was also reported earlier [39)].
This shows the energy transfer through cross-relaxation
from Gd** to Eut.

The reported work [38] also observed two peaks due
to Gd®t at 273 and 311 nm, which were attributed to
the 857/2 —6 I; and 857/2 —6 P; transitions, respec-
tively. These types of emission peaks corresponding to
Gd3* are also observed in earlier reported articles [40].
This energy can be transferred to Eu®* in the sample
and consequently increase the photoluminescence inten-
sity. The maximum intensity was observed for CaAl;Oy4:
Eu®*t (1 mol.%) Gd*T (1 mol.%) compound (Fig. 3b)
which was threefold as that of non co-doped CaAl;Oy:
Eu?t (1 mol.%) compound. All compounds with co-
doping of Gd3* have higher intensity than non co-doped
CaAl;O4: Eudt (1 mol.%) compound.
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Fig. 3. PL emission spectra for CaAlgO4:Eu3+,Gd3+
(1, 2, 5 and 10 mol.%) as prepared at 600°C (Aexc =
325 nm) (a) and annealed at 1000 °C (Aexc = 325 nm)

(b).

4. Conclusion

CaAl,04:Eu®t compounds co-doped with varying con-
centration Gd3T were synthesized by combustion synthe-
sis method. The X-ray diffraction study shows the retain-
ing of monoclinic phase of CaAl,O4 on doping of Eu3™
and co-doping of Gd3* which showed that the crystal
structure remains unaffected by introduction of RE ions.
With the change in concentration of co-dopant (Gd*")
the ratio of peaks intensities due to Eu?T and Eu®t
changes. Thus changing concentration of co-dopant is ex-
pected to provide a means to tune the emission spectrum
of RE doped aluminates. As prepared material showed
most intense peak around 440 nm due to Eu?t which
on annealing at 1000°C diminished due to oxidation of
Eu?t to Eu?t. In the annealed compounds, highest in-
tense peak is due to the Dy —7 F3 transition in the red
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region at 657 nm due to Eu?t.

N. Verma et al.

It was found that due

to sensitizing effect of Gd3* co-doped materials showed
higher PL intensity as compared to CaAl,O4 mono doped
with Eu ion.
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