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Fluorescence of Ce3+ in fluorides and long-lasting
phosphorescence of Ce3+ in oxides
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Abstract

Fluoride crystals, LiYF4 and LiCaAlF6, doped with Ce3+ are useful for ultraviolet tunable lasers because of large band gaps. Although
oxide crystals doped with Ce3+ are not useful for lasing, they have an advantage to scintillators and new passive optical sources. Such optical
properties of Ce3+ strongly depend on host crystals.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

Ce3+-doped materials are attractive for applications to
asers, scintillators, and phosphors[1]. Laser action in the ul-
raviolet (UV) range has been performed using LiYF4:Ce3+

2], LiLuF4:Ce3+ [3,4] and LiCaAlF6:Ce3+ [4] because the
uoride crystals have high energy band gaps. However, it has
ot been achieved for oxide crystals, for example, Y3Al5O12
YAG):Ce3+ [5] because of the excited state absorption
ESA). Recently, Lu2SiO5 (LSO):Ce3+ [6] and LuAlO3:Ce3+

7] were developed as new scintillators having high conver-
ion efficiency from high energy to visible light. In addi-
ion, long-lasting phosphorescence in Ca2Al2SiO7:Ce3+ [8],
hich is a great disadvantage to the above two applications,
as been attractive for new passive optical sources emitting
ersistently for several hours.

The Ce3+ luminescent materials have a variety of applica-
ions, which depend on host crystals. In this paper, we discuss
ptical properties of Ce3+-doped fluoride and oxide single
rystals in which the effects of the strength and symmetry of
he crystal field depending on host crystals can be assessed.

Furthermore, a new model of a mechanism that the after
observed in Ca2Al2SiO7:Ce3+ persists for several hours af
removal of excitation is proposed.

2. Crystal field splitting of Ce3+ in crystals

The lowest energy state of Ce3+ in crystals has a single
electron outside the closed shells. The state is split into2F5/2
and2F7/2 with separation energy of 2250 cm−1 by spin–orbi
interaction. The next highest state with 30,000–60,000 c−1

in energy has a 5d electron. The 4f↔ 5d transitions corre
sponding to optical absorption and fluorescence of Ce3+ in
crystals are parity- and spin-allowed so that lifetimes of
fluorescence are in the range of 10–60 ns.

The spatially diffuse 5d electron orbital extends outw
from the ion to overlap the neighbouring ligand ions, an
more strongly influenced by their motion. In conseque
the optical properties depend strongly on structure of
crystals.

Fig. 1 shows schematic energy levels of the 4f and
states of Ce3+ in cubic crystal field. The 5d excited state
∗ Corresponding author. Tel.: +81 58 293 3052; fax: +81 58 293 3052.
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split into E and T2 orbital states with separation energy of
10Dq. The magnitude of 10Dq is determined by distances
between Ce3+ and ligand ions, valence of ligand ions, and
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Fig. 1. Schematic energy levels of 4f and 5d states of Ce3+ in cubic crystal
field.

number of surrounding ligand ions. In a strong crystal field,
the five absorption bands spread toward high and low energies
so that luminescence is red-shifted.

Fig. 2 shows the typical vacuum ultraviolet (VUV) and
UV absorption and UV fluorescence spectra in CaF2 crystals
codoped with Ce3+ and Na+ as charge compensators. Two
groups of the broad bands are composed with 303 nm, and
179, 186 and 192 nm. These bands correspond to the tran-
sitions from the2F5/2 ground state of the 4f configuration
to the2E and2T2 excited states of the 5d configuration of
Ce3+, respectively, as shown inFig. 1. These bands have been
assigned as being due to the transitions from cubic centers
[9,10]. The UV fluorescence has double peaks at 315 and
335 nm corresponding to the ground state splitting.

When anions are changed from fluorine to oxygen ions,
the crystal field is enhanced because the change in the valence
of the anions is from−1 to−2. Then, the crystal field of Ce3+

in oxide crystals is increased so that the fluorescence is red-
shifted as shown inFig. 1. The peak wavelengths of the Ce3+

luminescence bands in Ca2Al2SiO7 [8] and YAG[5], being
located at 410 and 560 nm, respectively, are shifted toward

F
C

Fig. 3. Relationship between peak wavelengths and lifetimes of Ce3+ fluo-
rescence in various fluoride and oxide crystals.

long wavelengths compared with those observed in fluoride
crystals. The red-shift of the luminescence is also caused by
the nephelauxetic effect[11].

Fig. 3 shows the relationship between the peak wave-
lengths and lifetimes of the Ce3+ luminescence in various
fluoride and oxide crystals[12]. The lifetimes (40 ns) of Ce3+

in CaF2, SrAlF5, LiYF4 and BaMgF4, where Ce3+ is eight-
fold-coordinated, are close to each other. The lifetimes in
fluorides are distributed in the range of 20–50 ns. The varia-
tions of the lifetimes and the wavelengths in the oxides are
larger than those in fluorides. The 560 nm luminescence with
the lifetime of 60 ns in YAG:Ce3+ shows the largest red-shift
in Fig. 3. The slope of the lifetime versus wavelength in the
oxides is slightly smaller than in the fluorides.

The strength of the crystal field is associated with the size
of complexes composed of central Ce3+ and anion ligand
ions. As the size becomes small, that is, the distances between
Ce3+ and ligand ions are short, mixing the wavefunctions of
Ce3+ and ligand ions is enhanced. Then, the center of gravity
of the 5d excited state energy levels is reduced. This phe-
nomenon is called as the nephelauxetic effect[11]. Lowering
symmetry, which is associated with odd-parity distortion of
the complexes, mixes the opposite-party wavefunctions into
the wavefunctions of the ground and excited states. For ex-
ample, the 4f-orbital wavefunction of the ground state mixes
with the 2s-orbital wavefunctions of ligand ions of F− or O2−,
w ixes
w .
T ergy
s n in
F ces
t life-
t ime
ig. 2. VUV/UV absorption and UV fluorescence spectra of Ce3+ in
aF2:0.01% Ce3+:1% Na+ measured at 15 K.
hile the 5d-orbital wavefunctions of the excited states m
ith the p-orbital wavefunctions of Ce3+ and/or ligand ions
he large mixing coefficients are associated with the en
hift of the lowest excited state to lower energy as show
ig. 1. The enhancement of the mixing coefficients redu

he transition probabilities, resulting in increasing the
imes of the Ce3+ fluorescence. In consequence, the lifet
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versus peak wavelength shows the linearly relation when the
fluorescence is red-shifted.

3. Applications

3.1. Laser materials

Laser action in the UV range has been performed using
LiYF4:Ce3+ [2], LiLuF4:Ce3+[3,4] and LiCaAlF6:Ce3+ [4].
Substitution of Ce3+ for Y3+ in LiYF4 does not require charge
compensators because of the same valence of Ce3+ and Y3+.
On the other hand, Ce3+ ions substitute for Ca2+ in LiCaAlF6
accompanied by charge compensators. The charge balance
between Ce3+ and Ca2+ is compensated by replacement of
Ca2+ with Li+ or dopant Na+. An excess of the charge com-
pensators leads to reduction of optical quality of crystals,
that is, creation of cation and anion vacancies in crystals. In
the case of LiCaAlF6:Ce3+, pump-induced solarization pre-
vented laser operation[13]. However, the improvement of
the optical quality could achieve laser operation in LiCaAlF6
doped with a single Ce3+ ion and codoped with Ce3+ and Na+

ions[4].
Recently, laser materials operating at near 200 nm is re-

quired. In order to satisfy this requirement, laser materials
are designed taking account of the crystal field of Ce3+ sur-
r op-
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ditions, it is possible to operate lasing in the wavelength of
150–200 nm.

3.2. Long-lasting phosphors

UV excitation in the Ce3+ absorption bands of Ca2Al2
SiO7:Ce3+ at room temperature produces an intense broad-
band of the Ce3+ fluorescence with a peak wavelength of
410 nm and a lifetime of 40 ns and simultaneously phospho-
rescence with the same line shape of the fluorescence and
fairly wide decay times of 1–103 s[8]. Laser action could not
be achieved using Ca2Al2SiO7:Ce3+.

Fig. 4shows the decay curves of the phosphorescence for
Ca2Al2SiO7:Ce3+ in the time range of 5–103 s in log–log
scales. The decay curve at 306 K fits a function oft−0.56. At
400 K, the initial intensity is about one order of magnitude
larger than that at 306 K. The decay curve at 500 K fits a
function oft−0.86.

Before we consider a mechanism of the long-lasting phos-
phorescence, it is very important to understand how UV ex-
citation energy is stored in the crystal at low temperatures. In
the previous paper[8], we have reported the ESR results that
electrons and holes produced in Ca2Al2SiO7:Ce3+ by UV ex-
citation at low temperatures are trapped at oxygen vacancies
in the form of F+ center and self-trapped at AlO4 tetrahedra,
r
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l at of
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F
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ounding in host crystals and crystal growth with high
ical quality without vacancies. Materials design is as
ows: (1) choice of fluorides as shown inFig. 3; (2) a de-
rease of number of ligand ions, for example, from cub
ctahedron; (3) larger distances between Ce3+ and ligand

ons; (4) high symmetry (cubic symmetry). Fluoride cr
als with perovskite structure are candidates for laser
rystals.

Another method is frequency doubling using non-lin
aterials. There are a few of fluoride crystals having a

inear effect. BaMgF4 (BMF) crystals[14] are a candidate fo
aser host crystals with a non-linear effect. Optical and c
alline properties of the BMF:Ce3+:Na+ crystal have been r
orted by Yamaga et al.[15]. Two luminescence spectra w
ifferent peak wavelengths observed in BMF are assign

wo Ce3+ centers: one is a Ce3+ center occupied at perfect la
ices reflecting superlattice structure; the other is a Ce3+ cen-
er perturbed by charge compensators Na+. Strong UV excita
ion produces coloration of the crystal corresponding to e
ron and hole trapping, resulting in no lasing[16]. Whethe
he BMF:Ce3+:Na+ crystal performs lasing or not strong
epends on the optical quality of the host crystals. Excess
a+ produce F− vacancies in the crystal, resulting in red

he optical quality. In order to obtain the high quality cry
ith less F− vacancies keeping charge balance between3+

nd Na+, the most suitable growth conditions should be fo
hrough changing the melting temperature, the pressu
he growth atmosphere, and the ratio of starting compo
f BaF2, MgF2, CeF3 and NaF. If the crystals with less F−
acancies are obtained through the above best growth
espectively.
Let us consider the properties of the long-lasting p

horescence, taking account of the above ESR results. A
ine shape of the phosphorescence is coincident with th
he fluorescence, self-trapped holes (STH) should mo
he crystal and again be captured at Ce3+. It is assumed tha
n STH hops to an adjacent AlO4 tetrahedron through the
al activation energy as shown inFig. 5and the hopping ra

s enhanced in increasing temperature. This assumptio

ig. 4. Decay curves of phosphorescence for Ca2Al2SiO7:Ce3+ at various
emperatures.
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Fig. 5. Schematic diagram of hopping process of self-trapped holes in the
form of AlO4 in Ca2Al2SiO7 and electron–hole recombination process at
Ce3+ site.

explain enhancement of the phosphorescence in increasing
temperature 306–400 K.

Here, we discuss the hopping process using the decay
curves of the phosphorescence inFig. 4. The decay curve
at 500 K fits a function oft−0.9. As the decay curve of radia-
tive recombination of electrons and holes caused by tunneling
can be represented byt−1 [17], it is expected that holes (Ce4+)
localized at Ce3+ recombine radiatively with nearby trapped
electrons by tunneling as shown inFig. 5. On the other hand,
the decay curves at 306 and 350 K fit a function oft−0.5, that
is, the phosphorescence at 306 and 350 K persist for longer
times than that at 500 K. Therefore, this difference deduces
information on the thermal hopping of STH.

A succession of phonon-assisted hopping of STH is
strongly associated with a diffusion process. The diffusion
constant is given byD = a2R, wherea is the distance between
two adjacent STHs andR is the hopping rate of STH. A diffu-
sion timetd of STH to Ce3+ sites is given bytd = r2/D, wherer
is the distance between STH and Ce3+. STHs produced by UV
excitation at low temperatures are distributed in the crystals.
Taking account of the diffusion process, the number of holes
captured at Ce3+ sites att = td is proportional to the distribu-
tion function,n(r), of STH in the crystal. The decay curve of
the long-lasting phosphorescence produced by two processes
of hopping motion of STH and tunneling recombination is
represented by convolution ofn(r) andt−1 satisfying the re-
l ion
o as-
s f
r 00 K
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tions, it is possible to operate lasing in the wavelength of
150–350 nm.

Although oxide crystals doped with Ce3+ are not useful for
lasing, they have an advantage to scintillators and new pas-
sive optical sources. X-ray irradiation produces electron–hole
pairs in crystals. If electron–hole pairs recombine radiatively
at Ce3+ sites, intense Ce3+ fluorescence can be observed
with short lifetimes in the range of 20–60 ns. However, holes
created by X-ray or UV excitation in some oxides are self-
trapped at cation lattice sites, for example, Al3+ site forming
AlO4 tetrahedra in Ca2Al2SiO7 [8]. If self-trapped holes are
stable at room temperature, the electron–hole recombination
creates background emission, that is, afterglow. Scintillator
materials are required to reduce this background emission. On
the other hand, a new passive optical source takes an advan-
tage of the afterglow persistently for several hours. Therefore,
we must design separately host crystals doped with Ce3+ ion
for applications to scintillators or passive optical sources be-
cause such optical properties of Ce3+ strongly depend on host
crystals.
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