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Abstract. Absorption, reflection as well as luminescence emission, excitation, and decay
curves for single crystals of LuAlO3:Ce3+ and LuAlO3:Pr3+ grown by the Bridgman technique
have been measured at various temperatures. The fluorescence spectra photo-excited over a
wide energy domain ranging from the UV to the x-ray region, and the kinetics are typical of
the cerium and praseodymium ions. These experimental results show that the exciton transfer
to the dopant occurs at around 8 eV, and the energy transfer via sequential hole and electron
trapping is dominant at higher energy. This process must be considered as the main scintillation
mechanism in this crystal. The high efficiency of this mechanism is explained by the small
energy difference between the 4f level of the dopant and the top of the valence band, estimated
from XPS measurements.

1. Introduction

Research into and development of inorganic scintillators is very active nowadays, because
radiation detectors are used in many devices, and there is a strong demand for improving
performances. Since scintillation detectors are found in many and various fields, scintillator
requirements are correspondingly different [1]. For many applications, like medical
diagnostics, using x-ray computing tomography or positron emission tomography, high
light yield, fast scintillation, and high stopping power are the most important requirements.

The development of new scintillator crystals needs a good understanding of the
scintillation mechanisms. When a high-energy photon is absorbed, a large number of
secondary excitations are generated. The energy relaxation and interactions between these
excitations lead to low-energy photons: the luminescence. The main processes involved
in the scintillation mechanisms are: (i) multiplication of excitations (Auger relaxation
of holes and inelastic scattering of electrons); (ii) thermalization of the excitation and
migration; (iii) autolocalization and excitation transfer to the states in the forbidden band;
and (iv) radiative and non-radiative recombination.

Each process occurs in its own energy and time ranges. Synchrotron radiation (SR)
exhibits a continuum spectrum from the UV to the x-ray region, with light pulses with time
resolution below 1 ns. Time-resolved spectroscopy using SR is a very efficient method for
the analysis of scintillation processes [2].
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Orthoaluminate crystals with a perovskite-like structure and doped with Ce3+ or Pr3+

ions have been investigated for scintillator applications—in particular, YAlO3 [3–5]—and
a high light output has been measured (26 000 photons MeV−1 for YAlO 3:Ce3+ crystal).
However, YAlO3 material has a low density (5.35 g cm−3). On the other hand, lutetium
compounds doped with Ce3+ ions seem to have attractive scintillation properties. Examples
are orthosilicate [6] Lu2SiO5:Ce3+ and orthophosphate [7] LuPO4:Ce3+. The substitution
of Lu for Y in YAlO 3 increases the density to 8.34 g cm−3. Nevertheless, the176Lu
isotope is radioactive (1 MeV/β), but gives rise to a small background count of 200 s−1

[8]. LuAlO3:Ce3+ is nowadays very actively investigated, but the scintillation mechanisms
[9–13] are not yet well understood.

The purpose of this paper is to determine the luminescence properties of LuAlO3 doped
with Ce3+ and Pr3+ ions, and to propose a model which can describe the scintillation
mechanism involved in these compounds.

2. Experimental details

2.1. Crystal growth

Single crystals of the LuAlO3:Ce3+ and LuAlO3:Pr3+ orthoaluminates (space group D2h
16—

Pbnm) were grown using the Bridgman technique, details of which have been given in
references [14] and [15]. High-purity oxides of lutetium, cerium, and praseodymium, and
small-grain vacuum-melted crystalline sapphire (all of 3 to 4N specification) were used. The
melts, of stoichiometric compositions, were prepared in Mo crucibles under argon/hydrogen
atmosphere. The melting temperature has been recorded as 1900◦C± 15 ◦C using the
melting temperatures of Y3Al 5O12 (YAG) (1940◦C) and Tb3Al 5O12 (1865◦C) as calibration
points. Growth rates of 1.5–2 mm h−1 were used. The resulting crystals were optically
transparent, single phase, and free of light scattering, as checked by x-ray diffraction and
optical microscopy. The Ce content was measured for two samples (0.05 at.% and 0.47 at.%)
using the spectra emission technique. The concentration of praseodymium in the Pr-doped
crystals investigated was not measured; the Pr concentration in the melt was 0.6 at.%, and
the real concentration is expected to be much less, due to the low distribution coefficient
(0.17 for Ce in LuAlO3) [15].

2.2. The experimental set-up

Absorption measurements were made using a Cary UV–visible–NIR spectrophotometer,
model 2300, at room temperature, and with a cryostat from SMC at low temperature. The
samples used were made very thin (≈100µm) owing to the strong absorption coefficient. In
the region of the fundamental absorption above 7 eV, reflectivity spectra were recorded using
the synchrotron radiation of the SuperACO storage ring of LURE in France. The reflectivity
was measured in the direction making a 20◦ angle with the incident light beam. The
reference beam was given by the excitation spectrum of sodium salicylate. Using Kramers–
Krönig transformations, the absorption spectrum from 7 eV to 40 eV was calculated from
the reflectivity measurements.

For excitation with energy from 4 eV to 100 eV, the light source used was the storage
ring of SuperACO. It operates in a multiple-bunches mode (24 bunches per repetition period
of 240 ns) for excitation spectra. The normal-incidence monochromator, with a 3 mtoroidal
holographic grating with 300 lines mm−1 at the beam line SA61, allowed us to excite crystals
in the range 4–40 eV, whereas the grazing-incidence monochromator, with a 2.2 m toroidal
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Figure 1. LuAlO3:Ce3+. (a) At room temperature. 1: the absorption spectrum; 2: the excit-
ation spectrum (λem = 360 nm); 3: UV-induced emission (λexc = 320 nm); 4: x-ray-induced
emission; and 5: the high-energy part of the x-ray-induced emission (×15). (b) 1: the absorption
spectrum atT ≈ 10 K; 2: the x-ray-induced emission atT ≈ 77 K; and 3: the high-energy part
of the x-ray induced emission (×10).

grating with 1800 lines mm−1 at the beam line SA71, was used to excite crystals with
photons in the range 22–100 eV. The fluorescence was detected with a photomultiplier:
Hamamatsu 5321. Emission light was selected through interference filters. For decay
measurements, SuperACO synchrotron radiation in the two-bunches mode was used. The
width of the pulses was 0.6 ns, with a repetition rate of 120 ns. A time-to-pulse converter,
and a multichannel analyser (150 ps/channel) were used for recording the decays.

Emission spectra obtained under UV excitation were taken at the laboratory in Lyon
using Q-switched Y3Al 5O12:Nd3+, the pumped-dye-laser beam being frequency doubled
and mixed with the fundamental. The analysis and the detection of the fluorescence were
performed with a computer-scannable 1 m Hilger monochromator and a Hamamatsu 9789
phototube.



5232 C Dujardin et al

Luminescence spectra and the decay kinetics under x-ray excitation have been measured
using synchrotron radiation from the wiggler of the storage ring VEPP-3 (INP, Novosibirsk).
SR x-ray exciting pulses of 106 photons, with a repetition rate of 250 ns, cover the spectral
range from 1 to 100 keV. For the luminescence measurement, a monochromator, MDR-23,
and a dissector, LI-602 [16], with time resolution of 20 ps have been used. The FWHM of
the SR pulses was 0.5 ns, leading to a time resolution of 100 ps.

3. Experimental results

3.1. UV absorption and emission spectra

The optical properties of LuAlO3:Ce3+ are presented in figure 1. The electronic config-
uration of Ce3+ is 4f 1, giving rise to two spin–orbit levels,2F5/2 and 2F7/2, separated by
roughly 2000 cm−1. In the UV range 200–400 nm, only f→ d allowed electric dipole
transitions are expected. The spatial extent of the wave function of the 5d electron is
large, and the energy of the d states strongly depends on the crystal field. The absorption
was examined in the near-ultra-violet region, from 200 to 400 nm, at liquid helium and
room temperature. No resolved vibronic structure has been detected. In the spectral range
between 200 and 320 nm, the spectra exhibit five main bands. The excitation spectrum
(figure 1(a)) shows two groups of bands, one at low energy in the same range as the three
absorption bands, and the other involving two bands between 200 and 250 nm. Finally,
the five bands peaking at 216.4 nm and 231.7 nm for the first group, and at 275.6 nm,
292 nm, and 304 nm for the second group, can be assigned to the transitions from the
ground state to the 5d level, which is completely split into five components as expected
from the very low Cs point symmetry of the Lu sites occupied by the Ce3+ ions in LuAlO3.
The 5d levels of Ce3+ in perovskite-like compounds are usually split into two groups (e
and t2) of levels [17]. An additional narrow peak is observed at around 274 nm at low
temperature. Its width is much smaller, and it probably does not have the same origin as
other bands. It can be connected with the 4f7(8S)→ 4f 7(6I) transition of Gd3+ impurities
which has been observed at 279 nm for LaF3:Gd3+ [18]. These impurities also exhibit a
very weak emission peak at 316 nm under x-ray excitation (figure 2(b)), which is assigned
to the 4f7(8P)→ 4f 7(6S) transition of Gd3+.

The absorption coefficient at 250 nm is not zero, while no luminescence of Ce3+ is
detected under this excitation. The same phenomenon has been observed for YAlO3:Ce3+,
and was explained by a broad absorption of Ce4+ ions extending to 400 nm and overlapping
the Ce3+ emission [19]. As Ce4+ has no 4f electron, this ion cannot absorb at this energy.
But recent measurements show that the absorption coefficient at 250 nm depends upon the
cerium concentration [20]. So the 250 nm absorption might be due to defects induced by
Ce4+, because the supplementary positive charge of this ion must be compensated by a
structural defect for reasons of local electroneutrality. The 250 nm excitation gives rise to
a 650 nm emission, but its assignment to defects associated with the presence of Ce4+ is
not clear, since this red emission is also observed for undoped LuAlO3 crystal in which no
Ce3+ emission is detected [20].

Luminescence spectra have been obtained with different excitation sources (figure 1).
Under x-ray synchrotron excitation, a strong broad emission was observed at around 375 nm,
which is resolved into two components at liquid nitrogen temperature. The two peaks at
381 nm and 355 nm are separated by 1923 cm−1, which represents the energy difference
between the2F7/2 and2F5/2 spin–orbit levels of the 4f1 configuration of Ce3+. Under 290 nm
laser excitation at room temperature, the emission spectrum exhibits only the unresolved
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Figure 2. LuAlO3:Pr3+. (a) At room temperature. 1: the absorption spectrum; 2: the excitation
spectrum (λem = 260 nm); and 3: x-ray-induced emission. (b) 1: the absorption spectrum at
T ≈ 10 K; and 2: the UV-induced emission atT ≈ 10 K (λexc = 230 nm).

band of Ce3+ ions.
We should point out that no garnet phases are present in our crystals, since we did not

observe the green emission that Moseset al [9] saw. This is in good agreement with our
x-ray diffraction measurements.

The emission band appearing in the region 250–320 nm under x-ray excitation cannot
be related to the Ce3+ fluorescence, since it occurs in the range of the Ce3+ absorption.
This emission had already been observed, and assigned to self-trapped excitation [12].

The optical properties of LuAlO3:Pr3+ are presented in figure 2. The fundamental
electronic configuration of Pr3+ is 4f 2, with many excited states, and3H4 as the ground
state. The absorption spectrum at liquid helium temperature exhibits three main absorption
bands in the near-UV region (figure 2(b)), peaking at 206 nm, 214 nm, and 225.6 nm.
These bands are assigned to the 4f2(3H4) → 4f5d transitions. Similarly to the case for
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Figure 3. XPS spectra of LuAlO3, CeAlO3, and PrAlO3. The energy level scheme is deduced
from the XPS and excitation spectra of LuAlO3:Ce3+ and LuAlO3:Pr3+.

Ce3+, the 5d levels of Pr3+ split into two groups of t2 and e levels. The e levels can be
detected through the excitation spectrum at wavelengths below 200 nm (figure 2(a)). The
peak at 179 nm is assigned to the absorption of one of the two e levels, while the other one
at lower wavelengths is not clearly identified, because of the overlap with the band-to-band
transition. The maximum of the absorption coefficient is around 600 cm−1, ten times that
of LuAlO3:0.05 at.% Ce. If we consider that the oscillator strengths of f→ d transitions
are roughly the same for Ce3+ and Pr3+ ions, we can deduce that the real Pr concentration
in LuAlO3 is much higher than 0.05%.

The long tail observed probably has the same origin as the 250 nm absorption observed
in LuAlO3:Ce3+, since the crystal also exhibits a 650 nm fluorescence when a 250 nm
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excitation is used [20].
The emission spectra taken under x-ray synchrotron and laser excitations at room and

low temperatures are shown in figures 2(a) and 2(b). Under 230 nm laser excitation, the
spectrum exhibits atT = 10 K several bands which reflect the transitions from the lowest
5d state to the different states of the 4f2 configuration. In figure 2(b) are reported the
calculated energies of the excited states related to3H4 for LaF3:Pr3+, supposing that the
band of highest energy is assigned to the 4f5d→ 3H4 transition [18]. A very good agreement
with experimental data can be seen.

The weak peak observed at 316 nm (figures 2(a)) is attributed to Gd3+ impurities, as in
the Ce-doped compound.

3.2. X-ray photoelectron spectra

In order to understand the type and the energy of the electronic excitations formed at
various energy excitations larger than the bandgap energy of the crystal, it is very important
to have a knowledge of the band structure of the crystal and of the impurity-ion energy
level positions. The technique of electron spectroscopy can be used to obtain the energies
of the core levels in the crystal. X-ray photoelectron spectroscopy (XPS) measurements
were performed on various scintillating materials [21], and the results for compounds with
the perovskite-like structure were used to construct the energy level schemes presented in
figure 3. These measurements give information about the energies of the levels, taking as a
reference the Fermi level of the crystal. In our schemes, we have chosen arbitrarily as the
origin of the energy the top of the valence band. On the basis of XPS measurements on
LuAlO3, we have represented the valence band formed by the 2p levels of O2−, the 4f levels
(4f7/2 and 4f5/2) of Lu3+ which overlap the valence band, the 2s levels of O2−, and the 5p
levels (5p3/2 and 5p1/2) of Lu3+. The low concentration of Ce3+ or Pr3+ ions prevents us
from obtaining direct information about the position of the 4f levels of the dopants from
the XPS technique. We have therefore performed measurements on CeAlO3 crystal fibres
grown in our laboratory, and PrAlO3 powders. The 4f level of Ce3+ was found to lie 1 eV
above the top of the valence band. The 4f2 level of Pr3+ is at the same energy as the top
of the valence band. We observed the same situation for CeF3 and PrF3. In the fluoride
crystals the energy difference between the 4f level and the top of the valence band is smaller
for Pr3+ ions (3.1 eV) than for Ce3+ ions (4.7 eV) [21]. Using these data, we estimate that
in LuAlO3 crystals the 4f level of Ce lies 1 eV above the top of the valence band, and the
4f level of Pr overlaps the valence band.

We had to estimate the forbidden bandwidth of LuAlO3. The bandgap of YAlO3 was
calculated as around 8 eV [22, 23]. Excitation spectra obtained for the mixed powder
Lu1−xYxAlO3:Ce3+ exhibit a regular decrease of the band-to-band transition energy, asx

is increased from 0 to 1 [24]. The total shift from LuAlO3 to YAlO3 is 0.5 eV, leading
to a forbidden bandwidth of 8.5 eV for LuAlO3. The bottom of the conduction band is
composed of the 5d levels of Lu3+, and 3s and 3p levels of Al3+. Finally, from UV
absorption measurements, it is easy to see that the excited states of Ce3+ and Pr3+ ions are
located in the bandgap of the crystal (figure 3).

3.3. VUV absorption

The absorption spectrum from 7 to 50 eV (figure 4(b)) has been calculated from the
reflectivity measurement using the Kramers–Krönig transformations. In this energy range,
the absorption is only due to the host crystal, and the structure of the spectrum is the same
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Figure 4. (a) 1: LuAlO3:Ce3+; the excitation spectrum (λem = 360 nm) from 3.5 to 100 eV; and
2: LuAlO3:Pr3+; the excitation spectrum (λem = 260 nm) from 5 to 100 eV. The arrows show the
energy difference between the core levels and the bottom of the conduction band. (b) LuAlO3:
1: the reflectivity; and 2: the absorption calculated from the reflectivity. (c) LuAlO3:Ce3+:
the excitation spectrum corrected from the reflectivity, and the surface loss effect for different
excitation diffusion lengths. (d) LuAlO3:Ce3+; the energetic yield (curve 2 in (a) divided by
the excitation energy).

for both Ce-doped and Pr-doped systems. The absorption in the region 7.5 eV–12 eV is
attributed to the transition from 2p(O2−) states to the bottom of the conduction band. In this
region, the absorption spectrum of LuAlO3 is similar to the absorption spectra of the YAlO3

crystal taken for different polarizations of the incident light and at different temperatures
[25]. But the LuAlO3 absorption spectrum is very different from those generally observed
for alkali halide crystals, which exhibit a strong excitonic peak at energies slightly lower
than those of the band-to-band transitions. Nevertheless, the small hump observed at 8.1 eV
for YAlO 3 [25] and at 8.3 eV for LuAlO3 can be assigned to exciton formation. The relative
intensities of the peaks due to inter-band transitions and to excitons show that the direct
creation of electron–hole pairs is more probable than direct exciton formation.

The strong absorption band of triangular shape from 12 eV to 24 eV with a maximum
near 18 eV is attributed to 4f(Lu3+) → 5d(Lu3+) allowed transitions, and its width is the
sum of the 4f(Lu3+) and 5d(Lu3+) bandwidths. These wide-band transitions originate from
the oxygen valence band, which starts at 8.5 eV. According to the XPS results of figure 3,
the structures observed at 26 eV and 32 eV can be assigned to transitions from the 2s(O2−)
and 5p3/2(Lu3+) levels to the conduction band. The absorption of the 5p1/2(Lu3+) level has
not been observed, since the intensity of the reflectivity above 35 eV is too weak, due to the
exhaustion of the electronic transitions. The shape of the absorption spectrum above this
energy is the result of an extrapolation of the reflectivity using anω−4-dependence, because
integrals over domains extending to infinity are needed for Kramers–Krönig calculations.
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3.4. Luminescence excitation spectra in the VUV

For UV excitation energy, the absorption coefficient is very high, due to the host crystal
absorption. The energy transfer to the dopant can be studied in this region.

For excitation energies higher than the energy of the 4f→ 5d (Ce3+) transitions, the
excitation spectrum of LuAlO3:Ce3+ exhibits a weak broad band at 6.3 eV. Such structure
has been observed in several crystals doped with Ce3+ [26]. It has been attributed to a
self-trapped exciton formed as the result of ionization of cerium, with the hole remaining
on the Ce3+. In some alkaline-earth fluorides doped with Eu2+ or Yb2+ ions, such a process
is well established [27, 28]. In cerium-doped crystals, the confirmation of this process will
have to be provided by further experiments; the band may be due to a 4f→ 6s forbidden
transition, which can be partially allowed by the mixing of the 6s states with conduction
band states.

Since the onset of the fundamental absorption of LuAlO3 occurs at around 7 eV, it is
reasonable to attribute the increase of the light yield observed in figure 4(a) at 7.4 eV to
the transfer from electron–hole pairs or excitons to Ce3+. In the case of LuAlO3:Pr3+, this
absorption overlaps the 4f→ 5d transition.

From the excitation spectra measured between 4 and 100 eV (figure 4(a)), the light yield
decreases after the fundamental absorption of LuAlO3 has occurred, and reaches its initial
value (obtained by direct excitation of Ce3+) at 60 eV excitation energy. Nevertheless,
the initial part of the excitation spectrum is perturbed by the strong reflection coefficient
(R ≈ 30%) and absorption coefficient (≈2×106 cm−1) (figure 4(b)). In the region from 9 to
30 eV, there is an anticorrelation between the excitation and absorption. Such anticorrelation
can be explained by surface losses. Whenαd � 1 (α is the absorption coefficient, andd is
the thickness of the sample (≈1 mm), it was shown [29, 30] that the measured light yield
η(hν) may be related to the volume light yieldη0(hν) according to the relation

η(hν) = η0(hν)

1+ α(hν)L(1− R)
whereL is the diffusion length of the electronic excitations. The result after correction for
surface losses is presented in figure 4(c). ForL-values between 1 and 3 nm, the correction
does not change the excitation shape, from 10 to 50 eV. We consider then that the structures
observed are mainly due to changes of energy transfer instead of surface loss effects.

Since the dopant concentration is low, excitation by impact has a low probability. The
first multiplication edge in LuAlO3 is expected to be at an energy higher than twice the
gap of the host (2Eg ≈ 17 eV). The increase of the light yield in this region could then
be assigned to the increase of the number of the secondary excitations. As the full width
of the valence band(O 2p+ Lu 4f ) is around 10 eV (figure 3), all of the photons with
energies larger than 27 eV lead to secondary excitations. Some of such photons are already
able to create three secondary excitations when they come from the top of the valence
band, and an increase of the light yield can be expected. But instead of an increase, the
spectrum exhibits a plateau (figure 4(a)). This is in agreement with the modelling of the
luminescence excitation spectrum in the region of electronic excitation multiplication [31],
which indicates that the second multiplication edge does not appear in wide-valence-band
crystals (Ev ≈ Eg).

Photons with energies above 26 eV are able to excite O 2s and Lu 5p core levels
directly (figure 3). In figure 4(a) the photoionization threshold energies of the highest-lying
core levels (energy differences between the core level and the bottom of the conduction
band) are indicated. The number of secondary excitations can actually be reduced when
the core levels are excited, since a deep hole is generated, instead of the creation of a



5238 C Dujardin et al

Table 1. Results of the fitting of the kinetics for LuAlO3:0.05 at.% Ce3+ and LuAlO3:Pr3+
obtained with different excitation energies at room temperature.

LuAlO3:0.05 at.% Ce3+ LuAlO3:Pr3+

Decay Rise Decay Decay
Energy time time % slow Energy time 1 time 2 % slow
(eV) (ns) (ns) component (eV) (ns) (ns) component

4 17.1 < 0.5
5.16 17.5 < 0.5 4 5.6 7.8 9
6.5 17.9 < 0.5 4 7.3 7.8 21.4
8 17.4 2.3 18.5 8 7.7 18.5
8.55 22.4 < 0.5 35 16 9.3 17

10 23 0.8 35 20 8.7 15
16 21.4 0.9 25 25 8.2 20.7 12
20 21.6 0.9 29 28 8.2 19 12.4
25 21.6 0.9 31 33 6.9 13.9 11.6
28 21.6 0.9 28 35 7.3 15.6 12.8
35 21.4 0.8 29

hot electron occurring. For example, a 29 eV photon can produce different numbers of
electronic excitations, according to whether the excited electron originates from the middle
of the O 2p or the middle of the O 2s band. In the former case, the electron generated has
a kinetic energy of 18 eV, which allows the generation of two secondary excitations. In
the latter case, the kinetic energy of the electron is only 1.5 eV, which cannot lead to the
multiplication of the excitations. The Auger relaxation of the O 2s core hole can excite an
electron from the middle of the O 2p band to the conduction band, with a kinetic energy
of 8 eV, with no possibility of the multiplication of excitations. Summarizing, the same
29 eV photon can create directly either an O 2p hole with the production of two secondary
excitations, or an O 2s hole with the production of one secondary excitation. The efficiency
of the latter process is of course at its maximum when the incident photon energy is resonant
with the ionization energy of the core level.

Above 45 eV excitation energy, both excitation spectra exhibit an increase of the
fluorescence intensity. The energetic yield of LuAlO3:Ce3+ (η0(hν)/Eexc) is presented
in figure 4(d). It is almost stable above 40 eV. After normalization of the 4f→ 5d
band, the energetic yield is measured as being 5–6%. The energy of the emitted
photons (360 nm) is≈3.4 eV. Underγ -excitation, it is therefore expected to be around
14 500–17 500 photons MeV−1, in good agreement with the values obtained with small
LuAlO3:Ce3+ samples from direct measurement of the light yield, using aγ -ray source
[7]. This means that the energy-transfer mechanism for excitation energy above the first
multiplication edge does not change.

3.5. Luminescence kinetics

Some typical fluorescence decays of LuAlO3:Ce3+ are presented in figure 5. From the
analysis of the decay profiles, we extracted three values: the rise time, the fall time, and
the fraction of the slow component. The latter is the ratio of the background signal to the
total number of counts. The rise and fall times are given by the fit of the data, taking
into account the impulse response of the experimental set-up. The kinetics parameters are
gathered together in table 1.
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Figure 5. LuAlO3:Ce3+. (a) The kinetics for three excitation energies (5.16 eV, 8 eV, and
8.55 eV). (b) The slow-component fraction and rise time observed in the kinetics for different
excitation energies.

The fluorescence decays are exponential for excitation energy below 8 eV. For these
excitation energies, in addition, a transient appears with a rise time of around two
nanoseconds, depending upon the Ce concentration. For higher energies up to x-ray ones,
the transient still occurs, with a shorter rise time of less than one nanosecond.

In figure 5 are plotted the slow-component fraction, and the rise-time dependence on the
energy excitation for the Ce-doped material. The Ce compound exhibits a small fraction of
the slow component without a rise time, for the excitation energies of 5 and 6.5 eV. These
energies correspond to 4f→ 5d transitions of Ce3+. Below 5 eV excitation, the states
involving the 5d level lie 2.5 eV below the bottom of the conduction band. The ionization
process would involve many phonons, and thus has a low probability. Such excitation
can be absorbed by traps, and then transferred to Ce3+, resulting in a delay of the cerium
emission. The traps are probably related to defects, which induce the 250 nm absorption
(5 eV≈ 248 nm). A study is in progress in order to confirm the correlation between the
slow component of the Ce3+ fluorescence decay and the 250 nm absorption. The same
behaviour is observed for LuAlO3:Pr3+ (excitations at 5.16 and 6.5 eV).
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4. Discussion

This section is devoted to the description of a possible energy transfer to the activator.
The cerium ion can be excited directly or through two main processes: radiative or non-
radiative energy transfer from excitons, and sequential hole and electron captures involving
a charge transfer. It should be noted that the probability of the excitation of activators
through the Auger process is very low in lightly doped systems, and, in addition, the
Ce 5p–Ce 4f Auger transition is forbidden even for CeF3 [31]. Both energy- and charge-
transfer mechanisms lead to differences in the excitation spectra, for which a modelling
is presented in figure 6, from reference [32]. For energy just aboveEg, the light yield is
expected to decrease in the case of energy transfer, and to increase in the case of charge
transfer. This is explained by the decrease of the number of geminate electron–hole pairs
when the excitation energy increases. At higher energy, the shape of the excitation spectrum
is controlled by the multiplication of the secondary excitations, which depends upon the
valence bandwidth.

Figure 6. Quantum yields of the two recombination channels: the solid line is for excitons,
while the dashed line is for separated electron–hole pairs. These curves are reproduced from
reference [32].

At the fundamental absorption edge of LuAlO3, the excitation spectrum exhibits a
maximum of intensity comparable with the intensity observed for direct 4f–5d excitation of
Ce3+ (figure 4(a)) (or Pr3+, figure 4(a)). Since, at 8 eV, the absorption coefficient is 2–3
orders of magnitude higher, absorption of Ce3+ (Pr3+) can be neglected. 8 eV excitation
leads to close electron–hole pairs or excitons. The absorption spectrum shows that the
dominant process is the creation of pairs of strongly correlated electrons and holes. These
pairs can be considered as free excitons. They are able to migrate along a long distance,
and then to transfer their energy to the Ce3+ (Pr3+) ions. From the shape of the excitation
spectrum, we can conclude that excitonic transfer to Ce3+ is very efficient in this excitation
energy region.

The capture of the hole by Ce3+ and Pr3+ is favourable, since cerium and praseodymium
are stable in the tetravalent state. The probability of this process strongly depends upon the
energy difference between the top of the valence band, and the ground level of the activator.
We saw previously that this energy separation is 1 eV for crystals doped with Ce3+ (0 eV
for the crystal doped with Pr3+). In fact, this energy mismatch is less than 1 eV if the
relaxation of the host lattice is taken into account, resulting in a shift of the configuration
curves of the Ce3+ + ec + hv and Ce4+ + ec states after the hole capture by Ce3+ [12]. If
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the lifetime of the localized hole on the ion is longer than the electron trapping time, a slow
component appears in the fluorescence decays of lightly doped crystals [29].

Table 1 shows that the fluorescence decay time changes at 8.5 eV excitation energy.
For excitation energies below 8.5 eV, it is≈17.4 ns for LuAlO3:Ce3+ (≈7.8 ns for
LuAlO3:Pr3+). For these excitation energies, the dopant is excited directly or through
exciton transfer. Above 8.5 eV excitation energy, the fluorescence decay time is above
21 ns for Ce3+ (above 8 ns for Pr3+). We suppose then that the differences in the
kinetics are due to the change of the transfer mechanism. Charge transfer to Ce3+ or
Pr3+ involves first the capture of a valence band hole by the 4f state of the dopant, and
then an electron trapping in the 5d state of Ce3+. These two captures occur with a different
timing. The electron trapping by the relaxed Ce4+ ion is followed by the Ce3+ relaxation in
the excited states. The hole trapping by Ce3+ or Pr3+ can be delayed by the valence band
hole autolocalization, which induces slower stepwise mobility, or by hole trapping by any
other defects. Such delays change the kinetics of the fluorescence, inducing rise times and
long components in the fluorescence decays. Further experiments using specific techniques
(EPR, thermoluminescence, thermal conductivity,. . . ) are needed to describe the electronic
structure of the defects, and then to establish the origin of delays, by modelling the decays
using the kinetic equation involving the trap parameters deduced experimentally, as was
done previously for Lu2SiO5:Ce3+ [33].

The analysis of the region of the excitation spectrum where one of the two energy-
transfer mechanisms dominates shows that the energy transfer from an exciton is more
efficient than the transfer through the sequential capture of the hole and the electron by
Ce3+ or Pr3+. The absence of excitonic transfer for excitation energies larger than 8 eV
can be understood by considering the low probability of exciton formation by hot electrons.
Indeed, this probability is determined by the energy-loss function, which is itself related to
the absorption. In the region around 8 eV, the spectrum does not exhibit a strong excitonic
peak (figure 4(b)). The Pr3+-doped crystal exhibits the same behaviour as regards the
energy-transfer mechanism.

5. Concluding remarks

The results obtained show that the energy transfer of the electronic excitations induced by a
high-energy photon absorption to fluorescent dopant ions occurs mainly through a sequential
electron–hole trapping process. The probability of forming excitons with hot electrons is
actually low for LuAlO3.

The Pr3+-doped crystals exhibit the same mechanism of transfer. It should be even
more efficient than that for LuAlO3:Ce3+, since the Pr3+ 4f level lies near the top of
the valence band. Unfortunately, underγ -ray excitation, LuAlO3:Pr3+ does not exhibit
any photopeak, whereas LuAlO3:Ce3+ gives rise to a well-resolved photopeak [34].
The broadening of the photopeak is substantial in the latter system, reflecting not only
inhomogeneities, but also the reabsorption of the fluorescence in the crystal due to the
overlap between the emission and the absorption bands. In the case of the praseodymium-
doped crystal, this overlap is particularly large, which could explain the absence of the
photopeak.

The development of LuAlO3-doped scintillators requires the study of hole localization,
as well as the electronic structures of the traps. These localized levels have a strong influence
on the transfer mechanisms, but also they can induce parasitic absorption, which limits the
light yield in the case of large crystals.
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