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Abstract

Novel Eu** doped zirconate garnet-type ceramics, Li;(Laz _ Eu,)Zr,O,, with x=0, 0.001-1.0, have been synthesized by solid state reaction
and the purity phase of the samples was checked by XRD. Room temperature steady and time-resolved emission spectra, under UV and visible
light excitation energy, have been investigated. The concentration effect on the quenching blue emission, due to the Zr—O charge transfer
transition and *Dy— "F, emission transition of Eu®* were studied in detail. The results indicate that there exists efficient energy transfer from host

to Eu®*. The mechanism of interaction between Eu>* ions has also been investigated by means of the Inokuti—Hirayama model.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Rare earth ions activated phosphors exhibit excellent optical
properties. They have a wide variety of applications in the
fields of lighting, display, laser, scintillator, and amplifiers for
fiber-optic communications, etc [1]. The recent developments
of solid state lighting have attracted more attention in search-
ing for novel efficient inorganic luminescent materials [2—4].
Especially, investigation of luminescence properties of Eu’*
ions in various host lattices is of immense interest both from
scientific and technological points of view [5-7]. Indeed Eu’*
ions are stable at ambient conditions and exhibit a narrow band
emission due to the f~f transitions.

Among the various lattices studied, the molybdates, tung-
states, vanadates and phosphates have been reported to be
good phosphor hosts [8—12]. Zirconates are characterized with

*Corresponding author. Postal address: College of Materials Science and
Engineering, Central South University of Forestry and Technology, Changsha
410004, China. Tel.: +86 731 85623303; fax: +86 731 85623303.

E-mail addresses: zhxmuga@163.com (X. Zhang),
hjseo@pknu.ac.kr (H.J. Seo).

high melting point, low thermal conductivity, high thermal
expansion coefficient, high chemical stability, and so on. They
have wide applications in the fields of refractory, thermal
barrier coating material and solid electrolyte material [13,14].
However, the optical properties of zirconates and rare earth
ions activated zirconates have not been studied extensively
[15,16].

Usually, the luminescence properties reported in zirconates
host are due to the Zr-O charge transfer transition. The Zr*
*_related emissions were reported in Ca3ZrSi,Oy and Sr,ZrO,
at low temperature [17,18]. However, the visible Zr** related
emission at room temperature has been rarely reported [19].

In this paper, we report the Zr**-related emission in the
visible region and the energy transfer from host to Eu®" ions in
novel Lis(La;_Eu,)Zr,0;, phosphors. The mechanism of
interaction between Eu®" ions is also investigated by means
of the Inokuti—Hirayama model.

2. Experimental

Li;(La; _,Eu,)Zr,O,, phosphors were prepared by high
temperature solid state reaction. Raw materials Li,CO;5 (excess

0272-8842/$ - see front matter © 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

http://dx.doi.org/10.1016/j.ceramint.2013.07.135


www.sciencedirect.com/science/journal/02728842
http://dx.doi.org/10.1016/j.ceramint.2013.07.135
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2013.07.135&domain=pdf
www.elsevier.com/locate/ceramint
http://dx.doi.org/10.1016/j.ceramint.2013.07.135
http://dx.doi.org/10.1016/j.ceramint.2013.07.135
http://dx.doi.org/10.1016/j.ceramint.2013.07.135
mailto:zhxmuga@163.com
mailto:hjseo@pknu.ac.kr

2174 X. Zhang et al. / Ceramics International 40 (2014) 2173-2178

20 mol% to compensate the evaporation), La,O3, Eu,O3, and
ZrO, (all materials are bought from Aldrich, 99.99%) were
thoroughly mixed in an agate mortar. The sintering process
consists of two steps: the first step is at 900 °C for 5 h, and the
second step is at 980 °C for 5 h. Both steps are carried out at
air atmosphere. X-ray powder diffraction (Beijing Puxi, XD-2,
Cu Ka, 41=1.5405 A) was used to identify the structure of the
final product. Excitation and emission spectra were carried out
by a fluorescence meter (Shimadzu, RF 5301PC) with a 150 W
Xe lamp as an excitation source. The decay curves were
recorded by the 500 MHz digital storage oscilloscope (LeCroy
9350 A) in which the signal was fed from PMT. The samples
were excited by 266 nm UV laser. All measurements were
carried out at room temperature.

3. Results and discussion

The selected powder XRD patterns of Li;(La;_ Eu,)Zr,04,
phosphors are shown in Fig. 1. Li;La3Zr,O;, has a garnet type
crystal structure that has two stable phases: tetragonal phase
and cubic phase. A close inspection of the patterns has
revealed that the peaks shown in Fig. 1(b), (c) and (d) are
consistent with that of JCPDS 80-0457 [Fig. 1(a)] [20],
indicating that these samples have cubic crystal structure and
the doped Eu’" ions can substitute for the cations sites without
disturbing the host’s structure. In this case, the doped Eu’*
should replace the La*" sites if the charge and radius of ions
are taken into consideration. When x > 2.0 the XRD patterns
of samples cannot be indexed to either tetragonal or cubic
Li;La3Zr,O;,, which could be attributed to the radius differ-
ence between Eu’™ and La®" ions resulting in the different
crystal structure. The influence on crystal structure at higher
doped concentration is under investigation.

Under 254 nm UV lamp radiation, undoped Li;La3Zr,0O,,
gives a blue emission. The emission and excitation spectra of
undoped Li;La3Zr,O, are shown in Fig. 2. It is found that the
host lattice emission occurs as a broad band peaking at

—~ |(c

5 (c) ¢ x=0.08
@©

; WMMMMWWW»M
.g T T T T T T T T
(0]

£ |(b) x = 0.001

JCPDS 80-0457

(a)

10 20 30 40 50 60 70 80
2 0 (degree)

Fig. 1. XRD patterns of Li;(La;_Eu,)Zr,O,, samples with different Eu’*
concentration.

430 nm. Considering the garnet type crystal structure of
Li;La3Zr,04,, constituted by dodecahedral LaOg and octahe-
dral ZrOg [21]. The emission at 430 nm can be attributed to the
Zr—O charge transfer transition. Broad UV-visible emissions
have been reported in compounds with tetravalent (M*")
cations such as Zr** [17], Ce**[22], and Ti** [23] in which
the M**—0% charge transfer (M—O CT) transition is respon-
sible for the emissions. The M—O CT transition takes place
uniquely from the M** ions with octahedral coordination of
oxygen ions [19]. The excitation band obtained by monitoring
the 430 nm emission has a maximum at around 247 nm. The
decay curve of blue emission under pulsed laser excitation
(A=266 nm) is shown in the inset of Fig. 2. It can be seen that
the decay curve is non-exponential. The average decay time
has been estimated by means of the formula [24]

_ Jt()dr
= [ 1(t)dt

where I(f) represents the luminescence intensity at time 7. The
derived 7 is about 4.08 ps.

The excitation and emission spectra of Li(Las70Eug30)
71,0y, sample are shown in Fig. 3. The excitation spectrum
consists of a broad band peaking at 277 nm and sharp peaks in
the range of 350-550 nm. Compared to the excitation spectrum
shown in Fig. 2, the broad band in Fig. 3 shifts to lower energy,
which may attribute to the overlap of charge transfer absorption
from the O®~ ligands to the d orbitals of the Zr and the f orbitals
of the Eu ions. The sharp peaks originate from the transitions
with the f-configuration from ’Fj to the excitation states.

The emission spectra when excited by different light are
dominated by the two transitions of SDy—F, (588 nm) and
Dy—"F, (608 nm). It is well known that *Dy—F; is a
magnetic dipole transition in nature and is also independent of
the crystallographic site of the Eu’ ions. *Dy—F, is an
electric dipole transition and the intensity is stronger than that
of magnetic dipole transition. This indicates that Eu’* ions
occupy the non-centrosymmetric sites and is consistent with
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Fig. 2. (a) Emission (4.,,=247 nm) and (b) excitation spectra (Ao, =430 nm)
of Li;La3zZr,O1,. The inset shows the decay curve of blue emission band in
undoped Li;La;Zr,O,. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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analysis of crystal structure [20,25]. It is noted that in
Li;(Las 70Eug30)Zr,O;, sample the host emission does not
appear when excited by UV radiations (247 nm, corresponding
to the host absorption), which is not consistent with the
emission spectrum in Fig. 2. The result could be attributed
to the energy transfer process from host to Eu*.

In order to investigate the energy transfer behavior from host
to Eu in Li;LasZr,Op,:Eu®*, the emission spectra of
Li;La;Zr,0,:Eu®" with different Eu®* concentrations were
measured and the results are shown in Fig. 4. It can be seen
that both the host emission and Eu®* emission are observed at
lower Eu™™ concentration. The intensity of host emission band
decreases as the Eu®* dopants are increased; while the intensity
of Eu* emission increases when Eu®* concentration is up to
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Fig. 3. (a) Excitation (e, =608 nm) and (b, ¢, and d) emission (1., =247, 393
and 463 nm) spectra of Li;(Lay 70Eug30)Z1,0;, sample.

00 02 04 06 08 10

x=0.30, and then decreases because of concentration quench-
ing (see detail in the inset of Fig. 4). This phenomenon
suggests that energy transfer takes place from host to Eu®*.
At the same time we observe that quenching of emission
intensity occurs when x exceeds 0.30. So the critical distance
for energy transfer (R.) can be calculated using the equation
proposed by Blasse [26]

3V 1/3
2 2
(47rch ) @

where x. is the critical concentration of the activator ion, N is
the number of the center cations ions in the unit cell, and V is
the volume of the unit cell. In Li;LasZr,0;,, V=2145.39 A3
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Fig. 5. Eu>* concentration dependence of decay curves of host emission
(Aex=266 nm, Ac;, =430 nm) for Li;(Las_ Eu,)Zr,0, phosphors. The inset
shows the energy transfer efficiency from host to Eu’* in Li;(Las _ ,Eu,)Zr,015
samples.
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Fig. 4. Emission spectra of Li;(La; _Eu,)Zr,O;, phosphors (dex =247 nm). The inset shows the Eu** concentration dependence of emission intensity of Eu’**

and host.
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[21], N=S8, the critical concentration x. is about 0.30 in this
system. The critical distance R is calculated to be 12 A.

In order to further verify the energy transfer from the host
lattice to the Eu>* ions, the emission lifetimes of host emission
and Eu®* emission were measured. In Fig. 5 the decay curves
of the host luminescence (430 nm) are plotted for different
Eu*" concentrations. It is found that when the Eu®™ concen-
tration is increased, the decay curve becomes more and more
non-exponential and the lifetime of host emission becomes
short. The lifetime declines as a function of Eu®* concentration
can be attributed to the introduction of extra decay pathways
due to the Eu*"-doping: energy transfer from host to Eu’*
enhances the host emission decay rate [27]. The presence of
Eu’ ions can also be used to explain the different non-

exponential behavior at intermediate doping concentrations.
At intermediate doping concentrations the Eu®* and the La**
ions are randomly distributed over the RE*" lattice sites. Thus
the host environment at different Eu* doping concentrations is
different, which leads to a variety of transfer rates [28].

From the luminescence decay curves in Fig. 5, the energy
transfer efficiency can be determined. The energy transfer
efficiency from the host to Eu" ions is defined as the
following formula [29]:

T

Hr=1-— 3)
70

Based on the average lifetime data derived from Fig. 5 when

using Eq. (1), the transfer efficiency is plotted against Eu*
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Fig. 6. (a) Decay curves of the Eu*t 5D0—>7F2 luminescence as a function of Eu**

concentration in Liy(La;_ Eu,)Zr,O, phosphors. (l.x=266 nm); (b) single

exponential fit to the decay curve of Li;(La; g99Eug 001)Zr,015 and the I-H model fit to the decay curve of Li;(La, oEu; 0)Zr,O45; (c) the enlarged view of zone
marked in Fig. 6. (a); and (d) the fit of Eq. (5) for the decay curve of Li;(Las 99Eug 01)Zr,0;, sample.
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concentration in the inset of Fig. 5. When the Eu®" concentra-
tion is increased, the transfer efficiency shows an increase up
to a maximum value of 60%. As the concentration of Eu*"
increases up to 0.30, the energy transfer is close to saturation.

Fig. 6(a) shows the decays curves of Eu** 5D0—>7F2 lumines-
cence for different Eu** concentrations. It can be seen that the
decay profiles exhibit single exponential for concentrations up to
0.30, and the lifetimes do not change a lot. They can be fitted well
with single exponential equation:I(r) = Iy + Aexp(—7/7). The
decay time 7 of Li;(Lay g99Eug001)Z1,01, derived from the fitted
curves is close to 1.19 ms [see Fig. 6(b)]. It is also found from
Fig. 6(a) that as the Eu** concentration is further increased, the
decay patterns become increasingly non-exponential and the decay
time decreases. When the doped concentration is increased, the
sample have more and more quenching centers and the non-
radiative rate increases, which causes the lifetime to be shortened
[30].

It is well known that there are three different regimes of donor
decay: no diffusion, diffusion limited decay and fast diffusion.
It is found from Fig. 6(b) that the decay of Eu’™ in Liy
(Lay oEu, ¢)Zr,01, has an initial fast decay component followed
by a more linear, slow decay component. This behavior is a
characteristic of diffusion-limited relaxation, which leads us to
conclude that this sample diffusion does not play a significant
role in the relaxation process [31]. So we apply the direct energy
transfer based Inokuti-Hirayama model to analyze the decay
curves [32]. This model is satisfactory to describing energy
transfer processes in which the donor—acceptor transfer is much
faster than the diffusion among the donors. In this model the
experimental decay curve can be described as

16 = Toexp | ~(1/7)~(Ca/ COT(1-3/ )/, @

In Eq. (4), I is the gamma function, Cy is the concentration of
acceptors, Cy is the critical concentration of acceptors, 7, is the
lifetime of the donor in the absence of the acceptor, and g=6, 8,
or 10 depending on whether the multipolar interaction is dipole—
dipole, dipole—quadrupole, or quadrupole—quadrupole, respec-
tively. The critical concentration is defined as 3/ (47rRS), where
R. is the critical distance. A best fit of the decay curve to this
equation can be used to determine the type of interaction. In this
case, Eu®* is both donor and the acceptor ion. The concentra-
tions used are put in units of the number of ions/cm’. The donor
lifetime 7, (1.19 ms) is taken from lifetimes of the sample
of x=0.001. Parameter C, is allowed to vary during the fit.
The excellent fits of Eq. (4) to the experimental data are achieved
when we set g=6, and one of the results is shown in Fig. 6(b),
which leads us to conclude that the relaxation process occurs via
dipole—dipole interaction. The derived value of CA/Cy is 0.41.
The calculated critical concentration (Cp) and critical distance
(R.) are 9.01 x 10*' ions/cm® and 2.97 A. The value of R, is in
the same order of magnitude but not comparable to that from the
concentration quenching data. The discrepancy might be origi-
nated from the error of assuming that C, is equal to Eu’*
concentration [33].

Moreover, it is found from Fig. 6(c) that these decay curves
exhibit a rising part before decaying, indicating that there is a

decaying source feeding this level [27]. The initial buildup
process is significantly influenced by Eu®* concentration,
which becomes faster and faster with the increasing Eu’"
concentration. This is attributed to a faster depopulation of the
host donors due to the presence of more Eu®" acceptors [34].
These "D, decay curves are well described by a simplified
model equation [27]

I(t)= {Io + 1 (1—exp<j)>}exp(_—t) (5)
Trs 7D,

where 7, and Tp are the rise time and the decay time of the 3 Dy
level. One of the fitting result (x=0.01) is shown in Fig. 6(d).
The derived values of 7, and 7pg are 90 ps and 1.16 ms,
respectively. For all samples the derived rise times are longer
than the decay times of the host emission. We think that except
for the feeding of the Eu** excited state by energy transfer from
host to Eu**, two possible mechanisms are also possible to
populate the Dy level. One is the cross relaxation process follow-
ing the scheme,(°D, —°D,) - ("F, —"F,), between Eu*" ions
[35,36]; another is the multiphonon process from the higher
Eu’t multiplet D, [37]. This point is under investigation.

4. Conclusions

In the present work we have reported the luminescence
properties of Li;(La;_,Eu,)Zr,O, phosphors. Li;La;Zr;04,
host emits blue light under UV excitation. When doped with
Eu’t, Lis(Las_Bu)Zr,0;» phosphors exhibit band emission
from host and line emission from Eu**. The intensity of host
emission band decreases as the Eu’" dopants are increased;
while the intensity of Eu®* emission increases when Eu’*
concentration is up to x=0.30. This phenomenon suggests
that there exists efficient energy transfer from host to Eu®*.
The time-resolved luminescence decay curves of host and Eu’*
>Dy—"F, luminescence further confirm this kind of energy
transfer. The relaxation process between Eu®* ions occurs via
dipole—dipole interaction.
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