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ABSTRACT

Double perovskite Ca;LaSbOg, successfully synthesized by solid state reaction method, was identified
by Rietveld refinements to crystallize in the monoclinic space group P2,/n, which is isostructural to
Ca;LaMOg (M=NDb, Ta). Excellent red luminescence of Eu-doped Ca,LaMOg (M=Sb, Nb, Ta) can be
obtained and no luminescence quenching effect was observed when Eu-doping level reached 40%. For
CayLaggNbOg:0.4Eu*, quantum efficiencies of 20.9% and 27.7% were reached to show high light
conversion and bright red emission excited at 465 nm (blue light) and 534 nm (green light),
respectively, comparable to the commercial phosphors. Through systemic investigation for the series
of double perovskite compounds, the excellent red emission in Ca,LaMOg is attributed to highly
distorted polyhedra of EuOg (low tolerance factor of the pervoskite), and large bond distances of La—0
(low crystal field effect of the activator).

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The development of efficient white light emitting diodes
(WLEDs) based on IlI-V wide bandgap semiconductors has led
to the considerable progress in the field of solid state lighting
with high efficiency, good reliability and long lifetime. As an
indispensable component, phosphors play a key role in WLEDs.
The commonly used combination of blue chips with yellow
phosphors (Y3Als015:Ce>*) suffers from undesirably low color
rendering index and high color temperature which red phosphors
are demanded to adjust [1]. The commercial red phosphors of
sulfides are unstable and oxynitrides and nitrides need rigorous
synthesis conditions. For example, Y,0,S:Eu usually undergoes
degradation under high current densities in the application of
field emission display technology [2]. For Sr,SisNg:Eu, the synth-
esis processes are usually under higher temperature ( > 1600 °C)
and need the N, gas atmosphere to prevent oxidization [3].
Therefore, the oxide-based red phosphors are desirable [4-7].
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Luminescent properties of phosphor materials are tightly corre-
lated to the motions of energy carriers (electron, photon, and
phonon), and the energy transfer is the central issue [8]. Due to
relatively easy energy transfer when B site is occupied by the
transition metal, most of perovskites ABOs are not good phosphors,
although they are very stable, such as CaZrOs:Eu>* [9]. The ordered
double perovskites A,LnMOg (A=alkaline earth metal; Ln=rare earth
element; M=transition metal, d-block metal), which can be structu-
rally modulated with an abundant of elements, concentrate lots of
interests [10-13] and may be suitable candidate phosphors. The
alternative arrangement of octahedron LnOg (AOg) and MOg in
A>LnMOg can reduce the symmetry of A sites and contribute a variety
of environments for dopants.

With these considerations, we have synthesized a series of
double-perovskite compounds A,LnMOg (A=Ca, Sr, Ba; Ln=La, Gd,
Y; M=Sb, Nb, Ta) by conventional solid state reaction method. By
doping Eu>* ions, the intense red emission was successfully excited
by blue light (465 nm) to match blue InGaN chips, and high quantum
efficiency is achieved with an optimal doping content up to 40%.

2. Experiments
2.1. Sample preparation

Polycrystalline powder samples A,LnMOg:Eu (A=Ca, Sr, Ba;
ILn=la, Gd, Y; M=Sb, Nb, Ta), as well as SrZrOs:Eu>*Li*,
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LaAlO5:Eu®* and Sr,Ca(Mog1Woo)Os:Eu3*Li* for comparison, were
obtained by conventional solid state reaction starting from CaCOs,
SrCOs, BaCOs, Lay03, Gd203, Y503, Sb203, Nb205, Tay0s, ZrO,, A1203,
MoOs, WOs, and Eu,0s. All the reagents were purchased from
Sinopharm Chemical Reagent Co. Ltd. with the purity of 99.99% and
used as-received. In a typical procedure, stoichiometric amounts of all
the reagents were ground and mixed thoroughly in an agate mortar.
Then the mixture was transferred into the crucible and precalcined at
1000 °C in the electric stove. For A,LnSbOg, the mixture is precalcined
at 625 °C to ensure the full oxidization of Sb>* to Sb>* and then at
1000 °C. Subsequently, the mixture was reground and calcined at
1400 °C for 24 h for the complete reaction.

2.2. Characterization

Powder X-ray diffraction patterns were collected at room
temperature on a Bruker D8 Focus diffractometer using Cu Ko
radiation with the scanning speed of 12°/min in the range of
5-85°. The XRD data for the Rietveld refinement was recorded
with the scanning speed of 0.1°/min and the range of 10-85° on
the same diffractometer. Rietveld refinements were performed
with EXPGUI and GSAS program packages [14,15]. The refined
parameters include the scale factor, the terms for background
function, unit cell parameters, zero point error, profile coeffi-
cients, atomic positions, isotropic displacement parameters, and
the phase fraction. The excitation and emission spectra of the
samples were recorded on a Horiba Jobin Yvon Fluoromax-4
Spectrofluorometer. The measurement was performed at room
temperature using the excitation wavelength of 465 nm and the
emission wavelength of 615 nm. Quantum efficiencies were
obtained from this setup with the integrating sphere and the
spreadsheet of ISO PLQY Calculator.
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3. Results and discussion
3.1. Crystal structure

The crystal structure of Ca,LaSbOg was determined by the
powder X-ray diffraction. The refined results for Ca,LaSbOg are
shown in Table S1 of Supplementary Materials in detail, which
agree well with Faik’s refined results. Ca,LaSbOg crystallizes in
the space group P2;/n with cell constants of a=5.6852(1)A,
b=5.8781(1) A, ¢=8.1723(1) A, and $=89.99(4)°. As shown in
Fig. 1b, the crystal structure contains six unique crystal sites (Ca1,
Ca2, Sb, 01, 02, 03), where the Cal site is occupied by the
disordered 50% Ca and 50% La. Ca,LaSbOg can be denoted as (Cay >
Lay/,),CaSbOg to follow the typical double perovskite A,B1B20g
(A=CayjzLlaqj2, B1=Ca, B2=Sb). The large differences of ionic radii
and oxidation state between Ca?* (1.00A) and Sb>* (0.60 A)
result in the ordering of B1 (Ca) and B2 (Sb). Both of the cations
are arranged alternately and have a rock salt sublattice. The
selected bond distances of Ca,LaSbOg are listed in Table S2. The
Sb atom is in the center of the octahedral SbOg (Sb—0: 2.00(8)-
2.07(8) A). The Ca2 atom is octahedrally coordinated to six O
atoms, and the Ca2—-0 bond distances range from 2.222(9) to
2.288(9) A, as shown in Fig. 1d. The Cal (La) atom is located in a
highly distorted polyhedron surrounded by eight O atoms
(Fig. 1c), which is evident by much larger deviation of Cal(La)—0
bond distances (2.38(1)-2.97(1)A) than that of Ca2—0 in the
Ca20g octahedron. It is also reasonable for the larger La®+
(1.16 A) to occupy an eight-coordination cavity. Both Ca20g and
SbOg have an inversion center, but CalOg does not. In
Ca,La; _,SbOg:xEu®>*, the doping Eu>* atoms mainly occupy at
the eight-coordinated Cal site, and very small amount of Eu®™*
may go to the six-coordinated Ca2 site due to the ionic radius of
Eu** (0.95 A) close to Ca®* (1.00 A).
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Fig. 1. (a) Rietveld refinement results of double perovskite Ca;LaSbOg. (b) Crystal structure of Ca;LaSbOg viewed along [1 0 0]. (¢) Highly distorted polyhedron Ca10g (Cal:

50% Ca+50% La) and (d) octahedron Ca20g.
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The structure of Sr,LaSbOg (A;B1B20g: A=Sr, Bl1=La, B2=Sb) is
different from that of Ca,LaSbOg, which can be derived from the
crystal structure of Ca;LaSbOg. The Sr atom prefers to occupy the Cal
site of Ca;LaSbOg to form a highly distorted polyhedron SrOg, and the
La atom is at the Ca2 site to form LaOg instead of LaOg. It is easy to
understand the structure difference between CapLaSbOg and
Sr,LaSbOg from the different ionic radii of Ca®* (1.12A), Sr2*
(1.26 A), and La* (1.16 A). Larger cations enter into larger coordina-
tion environments. The La atoms in CaLaSbOg are mainly at the
larger Cal site instead of the Ca2 site, and the La atoms in Sr,LaSbOg
have to occupy at the octahedral site. Sr,GdSbOg and Ba,LaSbOg
(space group: P24/n) is isostructural to Sr,LaSbOe. But Sr,YSbOg and
Ba,LnSbOg (Ln=Gd, Y) crystallize in the cubic system with the space
group of Fm-3m, and the basic crystal structure and the coordina-
tion environments of La and Sb are similar to Sr,LaSbOg. In
A;LnSbOg:Eu®* (A=Sr, Ba), the doping Eu®>* atoms prefer to occupy
at the six-coordinated Ln site.

The XRD patterns of Ca,La;_,SbOg:xEu®>* (x=0, 0.12, 0.35,
0.75, 1) are shown in Fig. 2a. The samples possess the same
monoclinic double perovskite structure as Ca,LaSbOg, and no
impurity peaks were observed. The peak gradually moves slightly
towards the higher diffraction angle with increasing x (e.g. the
enlarged XRD patterns ranging from 43.5° to 46.5° are shown in
the right part of Fig. 2a), which is consistent with the solubility of
the smaller Eu™* ions in the host lattice.

3.2. Luminescence properties

The room temperature excitation spectra of Casla;SbOg:xEu+
(x=0-1) monitored at 615 nm were performed, as shown in Fig. 2b
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(e.g. x=0.40). The broad band around 300 nm is attributed to the
overall combination of charge transfer transition in metal —oxygen
polyhedron of the compound [7]. Several sharp peaks at visible range
such as 395 nm, 465 nm, and 534 nm are from Eu®* ions character-
istic inner-4f transitions, “Fo—°Lg, “Fg—°D., “Fg— °D;, respectively.
It indicates that the Eu-doped samples can be excited by violet light,
blue light, and green light. Excited at 465 nm, intense red emission
was obtained from the transitions ®Dy to “F; (J=0-2) (Fig. 2c). Being
different from many reported luminescence materials excited by
ultraviolet or near-ultraviolet light [16-18], the double-perovskite
phosphor can be excited by blue light, matching well with the
emission wavelength of the blue chips (e.g. InGaN) utilized currently
in LED devices.

The inset of Fig. 2c displays the relationship between red
emission intensity at 615 nm and Eu* ions concentration. The
emission intensity increases with increasing the Eu* doping
content and declines at x > 0.4. The upslope at 0 < x < 0.4 is due to
the increase in the optical active centers (Eu®>*). Compared with
the other Eu-doped phosphors [3-5,19], the optimal doping
content up to x=0.4 in Ca,LaSbOg is unique, indicating a weak
non-radiative energy transfer between Eu* pairs. The critical
Eu®*...Eu®* distance (R) can be calculated from R=2(3V/
(4nx.N))'? [20], where x. is the optimal doping content, N is the
number of total Ln®* sites per unit cell, and V is the volume of
unit cell. Using x.=0.4, N=2, and V=273.11A3, the critical
distance is determined to be ~8.67 A. At this distance, both the
exchange and multipolar interaction exist for the energy transfer.
Taking the simple perovskite SrZrO5:0.2Eu®*+,0.2Li* for compar-
ison (x.=0.03, V=285.24 A3, N=4) [21,22], the critical distance is
about 16.56 A, much larger than in Ca,LaSbOg. This indicates the
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Fig. 2. (a) XRD patterns of Ca,La; _,SbOg:xEu®* (x=0, 0.12, 0.35, 0.75, 1) in the left side, and enlarged XRD patterns from 43.5° to 46.5° in the right side. (b) Excitation
spectrum (Lem=615 nm) of Ca,LaggSb0g:0.4Eu>*. (c) Emission spectrum (Lex=465 nm) of Ca,Lag ¢Sb0g:0.4Eu®*, and the plot of the intensity from Dy — ’F, versus Eu®*
doping content in the inset. (d) Emission spectra of A;Lag ¢Sb0g:0.4Eu* (A=Ca, Sr, Ba) excited by 465 nm, and the plot of the intensity versus tolerance factor in the inset.
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energy transfer in such simple perovskites can be easily occurred
even when the distance between Eu®* ions pairs is much larger.
Due to the strong energy transfer, the emission intensity of these
simple perovskite compounds of both SrggZrOs;:0.2Eu+,0.2Li*
and LaAlO5:0.2Eu>* [23] is much lower, as shown in Figure S1 of
Supplementary Materials. The higher doping level in the double
perovskite may be due to the specially distorted environment
formed by the orderly alternative arrangement of octahedron
Ca20¢ and SbOe.

The emission spectra of A,Lag gSb0g:0.4Eu* (A=Ca, Sr, Ba) are
displayed in Fig. 2d. For the activator of Eu>*, the magnetic dipole
transition Dy — ’F; occurs near 594 nm, and the electric dipole
transition °Dy—’F, is near 615 nm. The emission intensity is
normally hypersensitive to the crystal environment of Eu>* ions
[24,25]. The evolution of the emission ratio (°Dg— "F»)/(°Do— "F1)
depends on the variation of Eu>* ions site symmetry. When the
emission ratio is more than 2:1 the emission transition is mainly
5Dy—F, (615 nm) from the Eu3* sites without inversion sym-
metry, otherwise, when the ratio is less than 2:1 the transition is
mainly from °Dy—’F; (594 nm) with inversion symmetry [6,26].
The ratios in A,;LageSb0g:0.4Eu+ (A=Ca, Sr, Ba) are 2.2:1, 1.4:1,
and 0.18:1, respectively, consistent with the doped Eu>* located
at eight-coordinated sites (EuOg) in CasLageEug4SbOg and at the
six-coordinated sites (EuOg) in A;LaggSb0Og:0.4Eu* (A=Sr, Ba).
The doped Eu3* ions at highly distorted eight-coordinated sites
can rapidly promote the probability of the electric dipole transi-
tion to emit intensely red light.

In order to explore the correlation between red emission
intensity and crystal structure, the tolerance factors of the double
perovskites were calculated, as listed in Table S3. Tolerance factor
of A;LnMOe, t=(ra+70)/\/2(Fwnm+To), is employed to represent
the structure distortion degree of the perovskite structure [27].
The inverse relation between the brightest red emission intensity
and tolerance factor for A,LaSbOg:xEu>+ (A=Ca, Sr, Ba) is shown
in the inset of Fig. 2d. The emission intensity increases as the
tolerance factor decreases, and the brightest Ca,LaSbOg has the
lowest value (0.8165) among the three Sb samples. The lower
tolerance factor reflects the larger distortion of the crystal
structure, which corresponds to the weaker energy transfer in
the framework of B-site and oxygen atoms.

The other similar double perovskites of A,LnMOg:0.4Eu>~
(A=Ca, Sr, Ba; Ln=La, Gd, Y; M=Sb, Nb, Ta) were also investi-
gated in details, shown in Fig. 3a. Their luminescent properties
are similar to A,LaSbOg:xEu®* (A=Ca, Sr, Ba). The ratio of
emission transitions is directly related to the site symmetry of
Ln®>*, where the luminescent activators of Eu?* are mainly
located. The Ln®>* atoms in Ca,LnMOg are mainly occupied at
the A sites of A;B1B20g, but in Sr,LnMOg and Ba,LnMOg at the B1
sites [28-30]. Therefore, in the series of A,LnMOg:0.4Eu* (A=Ca,

0]

Intensity (a.u.)
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Sr, Ba), the Ca-contained samples have more intense emission
than the other respective Sr or Ba ones, as shown in Fig. 3a. In the
series of A,LnMOg:0.4Eu>* (Ln=La, Gd, Y), the largest emission
intensity trends to be ordered by La > Gd > Y, and the Nb samples
have brighter red emission than the respective Ta or Sb ones.
Among all of the investigated samples, Ca,LaNbOg:0.4Eu" is the
brightest phosphor.

Luminescence intensity at 615 nm versus average Ln—O bond
distance in Ln—O polyhedra presenting the local size of the
doping sites was plotted in Fig. 3b. For niobates, tantalates and
antimonates, respectively, luminescence intensity increases with
the bond distance. The larger bond distance corresponds to higher
emission intensity. The phenomenon can be attributed to the
crystal field effect. Apparently, the strong crystal field effect
(short Ln—0 bond) could favor the energy transfer, which harms
the luminescence intensity from the Eu®* 4f-4f emission.

In order to accurately evaluate the luminescent properties of
the double perovskite phosphors, quantum efficiencies of selected
samples Ca,LaggNbOg:0.4Eu>* and Ca,LlaggSbOg:0.4Eu* were
calculated according to the method described by de Mello [31]
and Palsson [32]. The traditional red-emitting phosphors of
Sr,CaggMog 1Wg906:0.1Eu>*0.1Li* [16], Eu,05, commercial red
phosphor Sr,SisNg:Eu?*, and commercial yellow phosphor
Y3Als0;,:Ce>+ were investigated as the reference samples by
the same method to obtain quantum efficiency. As listed in
Table 1, the quantum efficiencies of Ca,LaNbOg:0.4Eu* are
17.8% (excited by 395 nm), 20.9% (466 nm), and 27.7% (534 nm).
It indicates that Ca,LaNbOg:0.4Eu* can be excited by near-UV,
blue, and green lights. Especially the value at blue light region
(465 nm) is 20.9%, comparable with commercial red nitride
phosphor Sr,SisNg:Eu?* (18.4%). Compared with the reference
phosphors, Ca,LaggNbOg:0.4Eu+ and Ca,LaSbg g0g:0.4Eu* have
shown the superiority for high quantum efficiencies.

Table 1
Quantum efficiencies of Ca,LaMOg:0.4Eu>* (M=Sb, Nb) and the references at
different excitation wavelength.

Samples Excitation wavelength (nm)
395 465 534
Ca,LaNb0g:0.4Eu>* 17.8% 20.9% 27.7%
Ca,LaSb0g:0.4Eu>+ 12.6% 16.6% 16.2%
SryCaggMog 1 Wo906:0.1Eu>+0.1Li * 3.60% 7.60% 8.60%
Eu,03 1.00% 1.40% 1.50%
Sr,SisNg:Eu?* - 18.4% @ -
Y3Al5045:Ce3* - 38.4% ° -

2 Commercial red phosphor.
> Commercial yellow phosphor and the emission wavelength is 530 nm.

b
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Fig. 3. (a) Relationship between highest luminescence intensity excited by 465 nm and the comprised elements of A,LnMOg:0.4Eu®>* (A=Ca, Sr, Ba; Ln=La, Gd, Y; M=Sb,
Nb, Ta). (b) Relationship between luminescence intensity and Ln—O bond distance in Ln—O polyhedra.
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Fig. 4. (a) Luminescent spectra of Ca,LagsMOg:0.4Eu®* (M =Sb, Nb, Ta), SroCagsMog1Wp06:0.1Eu>*0.1Li*, and Eu,0; excited at 465 nm. (b) Optical images of

Ca,LaMOg:0.4Eu>+ (M=Nb, Sb) irradiated under a UV lamp.

The emission spectra of Sr»CagsMog1Wpo0g:0.1Eu*,0.1Li+
and Eu,05 together with Ca,LaggMOg:0.4Eu* (M=Sb, Nb, Ta) are
shown in Fig. 4a. The luminescence intensity of CasLag gEug4NbOg
is much higher than the others. The optical images of Ca,LaMOg
(M=Sb, Nb) in Fig. 4b provide direct evidence that the lumines-
cent property of the double-perovskite compounds emit the
intense orange-red light, superior to the references.

4. Conclusion

In conclusion, double perovskite Ca,LaSbOg was synthesized by
the solid state reaction method and refined by Rietveld method.
Eu3*-doped Ca,LaMOg (M=Sb, Nb, Ta) phosphors possess excellent
red luminescent emission, which can be excited by near-UV, blue, and
green light. The intense emission transition (°Dy— ’F,) results from
the highly distorted eight-coordinated sites (EuOg) with low site
symmetry presented by the tolerance factor, and the larger local size
at doping site. CapLaggEup4NbOg exhibited rather bright red emission
and very high quantum efficiencies of 20.9% and 27.7% excited by
blue (460 nm) and green (534 nm) light respectively, comparable to
the commercial red phosphors. The new finding may make the
phosphors be very promising materials for white light LED and other
optical applications.
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