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New red phosphors have been investigated in this study with europium as an activator added to
Lij+x—yNbi_x_3y Tix+4y03 (LNT) solid solutions with an M Phase superstructure. The photo-luminescence
intensity of LNT:Eu solid solutions was dependent on the levels of both the Eu doping and the TiO, content,
and was superior to that of LiNbO3:Eu. LNT:Eu solid solutions with 2.5 wt.% Eu,03 showed the highest
performance in this work, and maximum intensity was observed when the TiO, content of LNT:Eu solid
solutions was 10 mol.%. Structural analysis by XRD and HREM showed that in these new phosphors the
M Phase superstructure was affected by the doping, with the periodicity of the superstructure becoming

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Liq4x+yND1_x_5yTix+4y03 (0.11 % £0.33, 0 <y £0.09) (hereafter
LNT) forms solid solutions with a superstructure, known as the
M Phase, in the Li;O-Nb,05-TiO, ternary system. Since the dis-
covery of this M Phase by Villafuerte-Castrejon et al. [1,2], both
its crystal structure [3-6] and the applications of Phase M [7-9]
have been studied. LNT solid solutions of M Phase have a hexago-
nal subcell similar to the unit cell of LiNbO3, which belongs to the
trigonal system (R3c), and has lattice constants of a=0.5148 nm,
c=1.3863 nm. The superstructure of LNT solid solutions was identi-
fied using HREM as having layer-like domains [4,5], where stacking
faults are inserted parallel to the c axis in the LiNbO3 structure.
The stacking faults have a rock-salt structure and the dimension
of the domain along the c axis based on a LiNbO3-like subcell has
been controlled by TiO, content and sintering temperature [5]. The
period of superstructure was shown to decrease with increasing
TiO, content.

Eu doped LiNbO3 thin films showing stress luminescence have
been reported [10] and recently, LiNbO3 (hereafter LN) as a host
crystal for phosphors has been studied [11]. The ionic radius of Eu
is sufficiently larger than that of Li or Nb and if not controlled via
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sintering temperature, Nb,Os reacts with Eu,03 to form EuNbO4
[11].

Fluorescent thin films with a superstructure formed by CVD
have been researched, and it was reported that the luminescence
was superior to that of a thin film with normal structure [6]. These
superstructures consist of periodic layering where each layer has
the same crystal structure, but the lattice constants and composi-
tions of individual layers are different. Distortion of the structure
introduced by differences in the two lattice constants was inserted
periodically in the microstructure of the solid solution. This leads
to improved properties when compared to the base compound due
to the strain energy. However, in order to prepare them, special
equipment is required such as CVD for semiconductor manufactur-
ing equipment. In addition the applications of such superstructured
materials are limited in the thin film field.

On the other hand, M Phase solid solutions have a self-organized
super lattice which can be prepared in a commercial furnace. The
super-periodicity of M Phase solid solutions can be controlled by
the composition and sintering temperature, and employing this
spontaneous superstructure it is possible to prepare by materials
by a commercial powder mixing method and sol-gel method [5].
Therefore M Phase has the advantage that the sintered bodies can
be prepared as single crystal [12,13], bulk body [5], powder and
thin film [12,13].

In this work we have prepared Eu doped LN and Eu doped LNT
solid solutions of M Phase. In terms of improving the luminescence
property of LNT:Eu, the relationship between Eu additive amount or
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Fig. 1. The schematic of structure of LiNbOs3, LNT solid solution and Eu doped LNT
solution.
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has been clarified.

2. Experimental procedure

The compositions of LNT:Eu solid solutions in this work were 0 <x <0.33 and
y=0.Starting materials of Li CO3 (Wako), Nb, 05 (Wako, 3N), TiO, (Wako) and Eu, 03
(Wako, 3N) were prepared by dry mixing. The mixed powder was sintered at both
1000°C(3 h)and 1120°C(10h)inair. The Eu, 03 content was varied from 1 to 5 wt.%.

The excitation and emission spectra of the samples were measured by a spec-
trometer FP-6500 model (JASCO). XRD was carried out using a RINT2500 (Rigaku Co.
Ltd.) at 50kV and 200 mA. Structural images and selected area electron diffraction
patterns (SAED) were observed by high-resolution TEM (JEM-3000F, JEOL Co. Ltd.) at
300 kV. Chemical composition was analyzed using a HREM, which makes it possible
to provide electron probes with at half maximum of ~0.5 nm, and also with suffi-
ciently high current for a point analysis by energy dispersive X-ray spectroscopy
(EDS) (Noran Instruments Voyager III).

3. Results and discussions

The identification of phase and crystal structure analysis of Eu
doped LNT solid solutions were observed by XRD. The microstruc-
ture of LNT solid solutions of Phase M have a LiNbO3-like subcell
structure and the structure of stacking faults periodically inserted
inthe LNT crystal is arock-salt structure of Li, TiO3 [5]. The Ti mainly
exists in the stacking faults of the superstructure. When consider-
ing the charge balance when Eu is doped into LNT, two types of the
displacement are possible.

Li't + Nb>*t — 2Eu3*

2L + Ti*t — 2Eu3t

It was considered that the Eu can therefore exist in both
the LiNbOs-like subcell and the stacking faults. Fig. 1 shows the
schematic of structure of LiNbO3, LNT solid solution and Eu doped
LNT solution. Consequently, in these doped materials there is the
possibility that LiNbO3 and Li, TiO3 remains as a secondary phase,
or unreacted Eu,03 may be found in the product. There is also a
danger that EuNbO4 and EuTiO3 may be produced. XRD spectra of
the Eu doped LN samples are shown in Fig. 2. It can be seen that
the prepared samples have the LiNbO3 structure and EuNbO, is
observed in both 2.5 and 5% Eu;03 doped samples. The amount of
EuNbOy4 in the product increased with increasing additive amount
of Eu,05.

Fig. 3 shows the XRD patterns of LNT solid solutions with
10 mol.% TiO, and different amounts of Eu,03 additions. In these
samples no EuNbO4 was observed for Eu,03 additions up to 3%.
However, for the 5 wt.% Eu,03 additive the excess Eu reacted with
Nb to form EuNbOy4. The differences in the amount of Eu,03 that
is required before the EuUNDO4 phase is observed indicates that the
solid solubility limit of Eu for LNT solid solutions is greater than
that of LN.

The superstructure normally observed in LNT solid solutions
results can be observed as a splitting of the (0 1 2) peak of the LINbO3

@ : EuNbO,
El
=
2
2 ‘
E 5.0Wt%EU,0, o0
25w%Ew0,| @@ J\_,\A_J
| 1.0wi%Ey,0, . l W A.‘ Lol |
10 20 30 40 50 60 70

20 / deg.

Fig. 2. XRD patterns of LN:Eu. Eu,03 contents are 1.0, 2.5 and 5.0 wt.%.
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Fig.3. XRD patterns of LNT:Eu solid solution (10 mol.% TiO, ) added various contents
of Eu,03. Focused patterns of 26 =22-25° was inserted. Diamond symbol showed
ELleO4.

structure at around 260 =23, where the peak can be resolved into
4 components. Increasing separation of the split peaks relates to
a decrease in the super-periodicity of the LNT solid solution. The
insert in Fig. 3 shows a close up of this region of the spectra. It can
be seen that the LNT sample with no Eu shows peak splitting, but
this is not observed in the Eu doped samples, indicating that the
superstructure formation was obstructed by Eu doping.

It is thought that the Eu doping decreases the Ti diffusion rate
and inhibits the introduction of the stacking faults. This is con-
firmed from structural observations by HREM and an analysis of
distribution of Eu and Ti by TEM-EDS. The 10 mol.% TiO, LNT solid
solutions with 0 and 2.5 wt.% Eu doping are shown in Fig. 3. It was
observed that LNT solid solution with no Eu doping (Fig. 4a) had
a periodic structure whereas the Eu doped sample (Fig. 4b), con-
tained stacking faults that were discontinuous resulting in a loss of
periodicity. The results of TEM-EDS analysis shown in Table 1 show
that Tiand Eu elements are concentrated more in the stacking faults
than in the LiNbOs-like subcell. It is thought that Eu doping results
in the destruction of the rock-salt structure of the stacking faults.

The luminescence of the LNT solid solutions with Eu as acti-
vator were measured by excitation at A =380nm. The emission
spectra presented in Fig 5a show that the main emission peak of
Eu doped LNT solid solutions was at A =625 nm. An additional peak

Table 1
Compositions of LNT:Eu solid solution (10 mol.% TiO,) analyzed by TEM-EDS.
Additive Non-additive
Subcell Stacking faults Subcell + stacking faults
Nb 91.78 87.99 92.17
Ti 6.10 9.23 7.83
Eu 2.12 2.77 0.00

Atom?%.
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Fig.4. (a)High-resolution TEM photograph and electron diffraction pattern of LNT solid solution (10 mol.% TiO, ). (b) High-resolution TEM photograph and electron diffraction

pattern of Eu doped LNT solid solution (10 mol.% TiO>).
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Fig. 5. (a) Relationship between emission spectrum excited by A=380nm and
Eu,03 content for LNT:Eu solid solution (TiO, =10 mol.%). (b) Emission spectra of
EuNbO4 (excited by A =538 nm).

at A =612 nm was observed only for the sample doped with 5wt.%
Eu,03. Fig. 5b shows the emission spectra of pure EuUNbO4 where it
can be seen that this peak is associated with the EuNbO4 phase. The
emission spectra results therefore support the XRD results where
the EuNbO,4 phase was observed only for the 5wt.% Eu doped sam-
ple.

Fig. 6a shows the excitation spectra of the Eu doped LNT
solid solutions. All of the spectra show three absorption peaks at
A =398 nm, 468 nm and 541 nm. For Eu contents up to 3%, which
all emitted at A=625nm the intensity of the 398 nm excitation
peak showed the highest intensity. The 5wt.% Euy03 doped LNT
solid solutions showed two different spectra. The EuNbO,4 as a
secondary phase was identified by XRD, and the luminescence of
this EuUNbO4 was observed. For the 5% doped sample which emit-
ted at A =612 nm, the strongest absorption peak was the one at
A =538 nm. This is again related to the presence of the EuNbOy4
phase as indicated by Fig. 6b which shows excitation spectra for
EuNbO4. When the samples were excited at A =398 nm there was
no difference in the emission spectra of the samples with differ-
ent Eu contents as shown in Fig. 7. The luminescence intensity of
LNT samples with different amounts of Eu additive when chang-
ing the TiO, content (varying composition of LNT solid solutions)
is shown in Fig. 8 These samples were excited at A =398 nm. The
luminescence intensities of LNT solid solutions:Eu were higher than
that of LN:Eu, and for all Eu contents the maximum intensity was
observed at 10 mol.% TiO,. For LN:Eu samples the highest intensity
was observed for the 2.0 wt.% Eu sample, and for the LNT:Eu sam-
ples the highest intensity was obtained with 2.5 wt.% doping. The
relationship between the compositions and emission spectra of the
LNT:Eu 2.5wt.% is given in Fig. 9. For TiO, contents up to 10 mol.%
there is a clear separation of peaks at A=618 nm and A =625 nm.
For higher TiO, contents there was broadening of the peak at
X =618 nm until it becomes absorbed by the peak at A =625 nm. It is
thought that this is due to a change in the electron state associated
with the change in crystal structure symmetry.

Comparing the luminescence of LNT:Eu phosphor with commer-
cial phosphors of blue, green and yellow were shown in Fig. 10. It
was thought Eu doped LNT phosphor prepared in this work was
adapted to a phosphor for a white LED.

4. Summary

Eu doped LiNbO3; and Eu doped LNT solid solutions were pre-
pared and it was found that for small amounts of a LiNbO3 type
structure was observed. For the LN materials, Eu;O3 amounts
greater than 2.0 wt.%, resulted in a secondary EuNbO,4 phase whilst
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in the LNT solid solutions this was not observed for Eu, 03 amounts
up to 3.0wt.%. This suggests that solubility of Eu is greater in the
LNT compositions. When TiO, and Eu, 03 were added to LiNbO3, the
luminescence intensity of the solid solutions markedly improved
over that of the LN:Eu. In terms of luminescence intensity it was
observed that the most suitable Eu additive density was 2.0 wt.% in

LiNbO3 and 2.5 wt.% in the LNT solid solutions, and it was confirmed
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Fig. 10. The emission and excitation spectra of LNT:Eu and commercial phosphors.
BAM: blue, Green: green and YAG: yellow.
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that the intensity of LNT solid solutions was twice as large as that
of LiNbOs. In LNT solid solutions, the most suitable TiO, content
was 10 mol.%. LNT solid solutions with 10 mol.% TiO, usually have
a superstructure, but it was discovered that Eu doping prevented
the formation of such a superstructure in LNT solid solutions. XRD
measurements showed that no such structure was observed in
the Eu doped LNT solid solution at the same level of TiO,, and
the destruction of the periodicity of the M Phase superstructure
was confirmed by HREM. It is concluded that the increase in lumi-
nescence intensity does not arise from the superstructure, but is
related to the most suitable density of Ti and Eu in the LNT solid
solutions.
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