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Abstract LaAlO3:Eu’t, CsAlO:Eu®t and LiLaO,:Eu?t phosphors with varying concen-
trations of Eu3* from 3 to 10mol% were prepared by combustion synthesis method and the
samples were further heated to 1,000 °C to improve the crystallinity of the materials. The
structure and morphology of materials have been examined by X-ray diffraction and scan-
ning electron microscopy. SEM images depicted that the morphology of crystallites have no
uniform shapes and sizes. Small and coagulated particles of irregular shapes of different sizes
are obtained. The characteristic emissions of Eu3T were clearly observed at nearly 580, 592,
650, 682 to 709 (multiplet structure) nm for 5D0 — TF, transitions where n = 0, 1, 3, 4
respectively, including the strongest emission peaks at 614 and 620nm for ° Dy — 'F,
transitions in CsAlO,:Eut and LiLaO,:Eu’* host lattices. The intensity of emission peak
corresponding to °Dy — ’F transitions in LaAlO3:Eu’* material is comparable to that
of °Dy — 'F, transitions which is also a singlet. Photoluminescence intensity follows
the order as in LiLaO; > LaAlO3z > CsAlO; lattices. Remarkable high photoluminescence
intensity with 7mol% doping of Eu?* in LiLaO, makes it a strong contender for red colored
display applications.

Keywords Combustion synthesis - Phosphor materials - Down conversion - LaAlO3:Eu’t -
CsAlO,:Eut - LiLaO,:Eu3t

1 Introduction

Rare-earth ions (Eu3+, Sm3t, Th3+, etc.) have been widely used as luminescent centers
in phosphor materials due to their sharp 4f-intra shell transitions (Solovyev and Malkin
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2007; Ogasawara et al. 2007; Shi et al. 1996). Among the rare-earth ions, europium is an
attractive activator and has been used in phosphor materials for an efficient red and blue
emission. The europium emission in the phosphor material is strongly dependent on the
host lattice and it is possible to obtain different colors from blue to red. Europium can act
as an activator in two forms, viz. Eu’t and Eu?t. Eu?T or Eut can be identified from
their characteristic photoluminescence spectrum (Mao et al. 2009). For many years, optical
properties of the trivalent europium (Eu®*) doped crystals and glasses have been studied
by numerous research groups. They have investigated Eu3* emission in borates, oxides,
silicates, phosphates, sulfates and fluorides (Zhang et al. 2012; Bae et al. 2009; Zhou and
Yan 2008; Huang et al. 2009; Kijima et al. 2008; Kharbache et al. 2009). These materials
find their applications in lighting, information display, and optoelectronics technology. The
photoluminescence properties of RE-doped compounds not only depend on the composition
and local structure of the host but also are affected by its crystal size and morphology.

It is our main interest to synthesize yet another family of newly developed Eut doped
phosphors via low temperature initiated combustion process and investigate their photolumi-
nescence properties in view of the commercial importance of reddish-orange color emitting
phosphors. The emission and absorption spectra of LaAlO3:Eu’+ nanocrystals have been
investigated and a detailed mechanism of luminescence has been proposed in literature by
many researchers (Dereni and Krupa 2003; Hreniak et al. 2006). The mixed emission consist-
ing of Eu?* and Eu3* in LaAlO3 has been reported by Mao et al. (2009). There are very few
references about the luminescence properties of CsAlO,:Eu®t and LiLaO,:Eu* phosphors
though their crystal structures are identified in literature (Perez and Vegas 2003; Pieterson
et al. 2000). The structure of CsAlO, has been interpreted in the light of Zintl-Klemn con-
cept as if the alkali metal atoms would donate electrons to the Al atoms. The compounds
of stoichiometry MAIO; crystallize as stuffed cristobalites in which the Al array adopts
the diamond like structure of Si (Perez and Vegas 2003). The LiLaO, material is found to
have a-NaFeO;-related crystal structure (Pieterson et al. 2000). But Abbattista and Vallino
(1983) have concluded from the study of the La,O3-Li,O binary system between 750 and
1,000°C that LaliO, occurs as the only binary compound. It is characterized by a mono-
clinic cell (ag = 5.88A; by = 6.22A; ¢co = 5.84 A; B = 102.53°) and is isomorphous with
a —EuLiO,. Any orthorhombic polymorph of this compound is excluded between 750 and
1,000°C.

As known, different material preparation methods have some important effects on material
microstructure and physical properties. The combustion synthesis method had been earlier
used by us to prepare phosphor materials consisting of ZrO,, BaZrO3 and MLn,O4 (M=Ba
or Sr, Ln=Gd or La) doped with Eu?* and Tbt ions (Mari et al. 2010; Mar{ and Singh 2013).
This method provides an interesting alternative over other elaborated techniques because it
offers several attractive advantages such as: simplicity of experimental set-up; surprisingly
short time between the preparation of reactants and the availability of the final product; and
being cheap due to energy saving. The main point of this method is the rapid decomposition of
the rare earth nitrate in the presence of an organic fuel. During the reaction, many gases, such
as COy, Ny, NO; and H»O as well as a large amount of heat are released in a short period
of time before the process terminates with white, foamy and crisp products. Many times
final products are found to be composed of nanosized particles (Ekambaram and Patil 1997).
This work has been carried out with the aim to prepare and compare the down conversion
property of nanosized crystalline powders of LaAlO3, CsAlO5 and LiLaO, doped with Eu3+
and sintered at a temperature of 1,000 °C. The crystalline structure, morphology of particles
and their photoluminescence properties are characterized by XRD, SEM and emission spectra
under 325 nm laser excitation.
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Synthesis and down conversion emission

2 Expérimental

High purity CsNOg3, LiNO3, [AI(NO3)3], [La(NO3)3], [Eu(NO3)3], HM.T.A. (Hexa
Methylene Tetra Amine) and carbohydrazide from Aldrich chemicals were taken as starting
materials. Carbohydrazide was used as a fuel for preparation of CsAlOy:Eu’* phosphors
while HM.T.A. was used for synthesis of LaAlO3:Eu®*, and LiLaO,:Eu3t powders. Eu3*
doped nanocrystals with general formula CsAl(j_x) 0,:xEut, Lag—x) AlO3:xEu?t and Li
La(j_x)O2:xEu** where x varies from 3 to 10mol%, were prepared by heating rapidly an
aqueous concentrated paste containing a calculated amount of metal nitrates and a fuel in
a preheated furnace maintained at 500 °C. The amount of fuel was calculated using total
oxidizing and reducing valences (Ekambaram and Patil 1997). (1—x) moles of [AI(NO3)3]
were taken for preparation of CsAl(j_x)02:xEu®* phosphor while for La(j_x),AlO3:xEu’*
and LiLa(l,X)Ozszu}" materials preparation, (1-x) moles of [La(NO3)3] were used. The
material undergoes rapid dehydration and foaming followed by decomposition, generating
combustible gases. These volatile combustible gases ignite and burn with a flame, yielding
a voluminous solid. The combustion process utilizes the enthalpy of combustion for the for-
mation and the obtained solid was again annealed at 1,000 °C for 3 h to increase crystallinity
and photo luminescence intensity.

The morphology of the crystals was studied by scanning electron microscopy (SEM)
using JEOL JSM6300 scanning electron microscope operating at 10kV. 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 emitted light was analyzed by HR-4000
Ocean Optics USB spectrometer optimized for the UV-Vis range. For the photoluminescence
measurement, 0.05 g powder samples were pressed into pellets (10 mm diameter and 1 mm
thickness) and then exposed to a UV laser at 325nm. All measurements were carried out
at room temperature. The structural characterization was done by a high resolution X-ray
diffraction (XRD) using a Rigaku Ultima IV diffractometer in the 6—26 configuration and
using Cu Ko radiation (1.5418 A).

The Scherrer equation:

KA
TE
B cosb

where:

e 7 is the mean size of the ordered (crystalline) domains, which may be smaller or equal
to the grain size;

e K is a dimensionless shape factor, with a value close to unity. The shape factor has a
typical value of about 0.9, but varies with the actual shape of the crystallite;

e A is the X-ray wavelength;

e f is the line broadening at half the maximum intensity (FWHM), after subtracting the
instrumental line broadening, in radians. This quantity is sometimes denoted as A(20);

e 0 is the Bragg angle.

was used to calculate the crystallite size of all materials. At least five prominent peaks from
each XRD (samples with various Eu?t concentration) were used for calculation and peaks
belonging to different phases were also taken into consideration. Maximum and minimum
values obtained for each type of lattice are reported as range of crystallite size (e.g. 30—40nm
for LaAlO3).
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3 Results and discussions
3.1 XRD studies

Figure la—c shows the X-ray diffractograms of Eu>* doped LaAlO3, CsAlO; and LiLaO,
powders. The phase analysis demonstrates that LaAlO3:Eu?t belongs to trigonal crystal
system with R3 m (160) space group having unit cell dimensions: ¢ = b = 5.364 A and
¢ = 13.11 A (Fig. 1a). This is in good agreement with the standard JCPDS files No. 031-0022.
In this phosphor, trivalent lanthanum ions are replaced by trivalent europiumions. Dopantions
(Eu?t) concentration variation from 3 to 20 mol% have no noticeable effect on the obtained X-
ray diffractograms of the as-prepared LaAlO3:Eu** phosphors, indicating that the doped ions
occupied the primordial La3* sties. However, the XRD patterns of, Eu’*doped LiLaO; and
CsAlO; phosphors show the presence of two and three phases respectively. In Fig. 1¢ the XRD
spectra show the presence of orthorhombic LiLaO; (JCPDS No. 019-0722) and hexagonal
LayO3 (JCPDS No. 005-0602) crystalline phases in LiLaO,:Eu’t powders. The presence of
orthorhombic LiLaO, phase is contrary to the monoclinic phase as observed by Abbattista
and Vallino (1983). With the increase of dopant concentration of Eu’t separation of Lay O3
phase becomes more evident. Intensity of diffraction peaks corresponding to LiLaO, phase
decreases and Lay O3 phase increases with the increase of Eu3* concentration. The presence
of Lay O3 phase also indicates that Eu?t ions are preferred in LiLaO; lattice than that of La3t
ions. Taking into account the radii fit of ions involved in the host lattice, the substitution of
Eu?t(0.109 nm) for La’t(0.117 nm) is preferred since there is large radii difference between
Li*(0.090 nm) and La3*(0.117 nm) which may cause more strain. The absence of any cluster
phase like Eu, O3 at all doping concentrations of Eu®* ions shows the substitution of all Eu’*+
ions in LiLaO; lattice is complete.

The XRD patterns of CsAlO,:Eut powders are compared in Fig. 1b. The presence of
three crystalline phases CspO!11A1,03 (JCPDS No. 023-0883), Cs,O!Al,O03 (JCPDS No.
023-0882) and Csp0O3 (JCPDS No. 010-0248) belonging to hexagonal and cubic crystal
systems are detected. Cs»O3 phase is more prominent at low doping concentrations of Eu3t,
but Cs»0!11A1,03 phase is more favorable at higher Eu>* concentrations. The ionic radius of
Eu’* (0.109 nm) ions is lying between the ionic radii of Cs*(0.181 nm) and A3+ (0.0675 nm)
ions, therefore its substitution for former will cause distortion in lattice parameters as well
as charge imbalance, while for the latter it will cause only distortion. The substitution of
Cs+ ions with Eu’t ions has to be accompanied by the creation of some defect in lattice
for charge balance. These defects may facilitate the radiationless transfer of energy, thus
affecting the luminescence intensity of the phosphor. Again the absence of any cluster phase
of EuyO3 at all doping concentrations shows the substitution of all Eu’t ions in CsAlO,
lattice is successful.

3.2 SEM micrograph and particle size analysis

Crystallinity, particle size and surface roughness of the phosphor have strong effects
on the photoluminescence. Figure2a—f exhibit surface morphologies of Eu’t doped
LaAlO3, CsAlO; and LiLaO; particles. It is clear from SEM images that the morpholo-
gies of crystallites have no uniform shapes and sizes. Generally non- uniformity of shape
and size is associated with the non-uniform distribution of temperature and mass flow
in the combustion flame. Several pores are observed in SEM images (Fig.2b) which are
formed by the escaping gases during the combustion reaction. Also, several small par-
ticles can be seen within grains. Above mentioned features are inherent in combustion
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Fig. 1 X-ray diffractograms (XRD) of the Eu3t doped a LaAlO3, b CsAlO; and ¢ LiLaO» crystals

derived powders. The SEM images of CsAlO:Eu* particles (Fig. 2e, f) and LiLaO,:Eu’+
lattices (Fig.2c, d) show that small and coagulated particles of irregular shapes of dif-
ferent sizes are obtained. However, the surface morphology of LiLaO,:Eu3t particles is

@ Springer

= | Journal: 11082-OQEL Article No.: 9997 [_]TYPESET [_]DISK [_]LE [_]CP Disp.:2014/9/8 Pages: 10 Layout: Small




G
)
=
S
Ay
—
o
=
+—
=
<

161
162
163
164
165
166

B. Mari et al.

4pm

10pm 4um

| P — | r

10um

6um
Fig. 2 SEM micrographs of particles a, b LaAlO3 :Eu?t ¢, d LiLaOy:Eu3™ and e, f CsA10,:Eu3t

smooth. The smooth surface of phosphor free of defects can reduce the non-radiation
and scattering resulted from coarse surface, thus beneficial to the luminescence effi-
ciency in application (Liu 2007). The dense packed small particles can prevent the phos-
phors from aging. The average particle size as calculated from the Scherrer equation for
LaAlO3, CsAlO; and LilLaO; crystallites varies between 30-40, 40-70 and 26-30nm,
respectively.
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Synthesis and down conversion emission

Table 1 The exact positions of emission peaks in various lattices

Lattice 5Dy — Fo 5Dy — Fy 5Dy — F» 5Dy — F3 5Dy — Fy
CsAlO:Eu3t 577 588-593 612-618 649 682-701
LaAlO3:Eu’t 581 592 617 649 684-691
700-705-709
LiLaO,:Eu3t 580 588-596 613-625 653 685-694-708

3.3 Photoluminescence properties

The room temperature emission spectra of Eu’* doped LaAlO3, CsAlO; and LiLaO, crystals
with different doping concentrations are shown in Fig. 3a—c. The UV light of 325 nm is used
for excitation of the luminescence. The obtained products emitted the red luminescence
of varying intensities, which showed the activator Eu’* has successfully entered the host
lattice of LaAlO3, CsAlO, and LiLaO,. The characteristic emissions of Eu?t were clearly
observed with sharp and strong peaks at 614 and 620nm for Dy — ’F, transition, and
others at nearly 580, 592, 654, 705 nm for 5D0 — 7Fn transitions where n = 0,1, 3,4
respectively. The exact positions of emission peaks in various lattices are shown in Table 1.
The °Dy — ’F; transition is well known to be mainly a magnetic dipole transition when
the Eu>T ions locate in a high symmetric position while the °Dy — 7F2,4 transitions are
essentially electric dipole transitions which appear dominantly only when Eu?t ion locates
at sites without inversion symmetry (Ningthoujam et al. 2007; Gao et al. 2008).

In Fig. 3a, the emission intensity of all peaks rises with increase of doping concentration
from 3 to 5% and then starts decreasing. It becomes nearly one fifth with 20% doping
of Euw’T in LaAlO3:Eut phosphors. It is expected that with the increase of Eu*t ions,
photoluminescence should increase. However, the emission intensity decreases above 5 mol%
of Eu?™ ions due to concentration quenching, because of non-radiative interaction between
ions, the resonant energy transfer becomes stronger. As the concentration is increased, the
Eu?t ions are packed closer and closer together, which favors the transfer of energy from
one europium ion to the next by a resonance process; the energy eventually reaches a trap
from which it is dissipated by non-radiative processes rather than by the emission of visible
light (Perea et al. 1998; Hayakawa et al. 1996). In the present investigation, the intensity of
5Dy —7 F; transition at 591 nm is comparable to 5Dy — F, transition at 616 nm. It may be
mentioned that a similar behavior of magnetic dipole transition *Dy — ’F;) was observed
for Bu’t doped LaAlO3 host (Kharbache et al. 2009; Derenn and Krupa 2003; Hreniak et
al. 2006). In some cases, the magnetic dipole transition is stronger (Singh 2011), in others
the electric dipole transition dominates (Maczka et al. 2012). Other weak intensity peaks are
seen on either side of strong peaks. The two weak emission peaks at 536 and 557 nm are
due to’Dy — "Fz and °D; — ’F, transitions as reported in reference (Mao et al. 2010).
The intensity ratio of 591 nm peak to 616 nm peak is a measure of asymmetry of the Eu3*
site in the host lattice (Blasse and Grambier 1994). The orange-red emission of the prepared
LaAlOs3:Eu?t phosphor was proposed for its probable utility for display applications.

The emission spectra of CsAlO; and LiLaO; as shown in Fig.3b, c also exhibit the
concentration quenching effect of Eu>* above 7mol% doping. However the emission peaks
at 614 and 620nm for 'Dg — ’F, transitions are the strongest and small triplet of low
intensity near 590nm corresponding to °Dy — 'Fj transitions depicts the occupancy of
Eu’™ ions at the low symmetry sites in CsAlO, and LiLaO, lattices. The comparison of
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Fig. 3 Photoluminescence spectra of Eu3t doped a LaAlO3, b CsAlO,, ¢ LiLaO; phosphors with different
doping concentrations and d comparison of luminescence spectra of LaAlO3 Eu3t (5%), CsAlOy:Eudt (7%)
and LiLaO,:Eu3t (7 %)

emission spectra of Eu>* doped LaAlO3, CsAlO, and LiLaO, phosphors as shown in Fig. 3d
reveals the increase of nearly 450 % luminescence intensity of LiLaO,:Eu** and decrease
of 25% of CsAlO,:Eu’t intensity in comparison to LaAlO3:Eu™ phosphor. Low emission
intensity of Eu3* ions in CsAlO, may be due to lack of energy transfer from Cs+ or AT ions
to Eu* ions or due to the presence of some surface impurities or surface defects. The smooth
morphology and compact packing of LiLaO,:Eu** particles as compare to CsAlO,:Eu®*or
LaAlO3:Eu?t particles as depicted in SEM images may be a contributory factor for high
luminescence intensity of LiLaO>:Eu®* samples. The LiLaO,:Eu®* material showing very
high red luminescence of nearly 620nm is definitely a material for further investigation for
its use in display applications.

4 Conclusion

LaAlO3:Eu?t, CsAlO,:Eu®t, and LiLaO,:Eu®t powders were prepared by combustion
synthesis method and the samples were further heated to 1,000°C to improve the crys-
tallinity of the materials. XRD analysis demonstrated that LaAlO3:Eu>* belonged to trigo-
nal crystal system. Two and three phases were present in LiLaO,:Eu3t and CsAlO,:Eu’t
powders respectively. The presence of orthorhombic LiLaO; and hexagonal La;Os crys-
talline phases was detected in LiLaO,:Eu’t powders while three crystalline phases
Cs,0!11A1,03, Cs;0!Al, 03 and Cs, 03 belonging to hexagonal and cubic crystal systems
were present in CsAlO:Eu?t materials. The SEM images of crystallites showed small and
coagulated particles of irregular shapes of different sizes. However, the surface morphology of

@ Springer

:',-‘: Journal: 11082-OQEL Article No.: 9997 [_]TYPESET [_]DISK [_]LE [ CP Disp.:2014/9/8 Pages: 10 Layout: Small



Author Proof

225
226
227
228
229

230

231

232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278

= | Journal: 11082-OQEL Article No.: 9997 [_]TYPESET [_]DISK [_]LE [_]CP Disp.:2014/9/8 Pages: 10 Layout: Small

Synthesis and down conversion emission

LiLaO,:Eu?t particles was smooth. The emission peaks at 614 and 620 nm for Dy — Ry
transitions were strongest for CsAlO, :Eu3t, and LiLaO, :Eu’T materials. However, the inten-
sity of 5Dy — 7F transition at 591 nm was comparable to 5Dy — F; transition at 616 nm
in LaAlO3:Eu’t powder. The LiLaO,:Eu’t material showing very high red luminescence
of nearly 620 nm is definitely a material for further investigation for its use in display appli-
cations.
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