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a b s t r a c t

The luminescence of Ce3 + in perovskite (ABO3) hosts with nd0 B-site cations, specifically Ca(Hf,Zr)O3

and (La,Gd)ScO3, is investigated in this report. The energy position of the Ce3 + excitation and emission

bands in these perovskites is compared to those of typical Al3 + perovskites; we find a Ce3 + 5d1 centroid

shift and Stokes shift that are larger versus the corresponding values for the Al3 + perovskites. It is also

shown that Ce3 + luminescence quenching is due to Ce3 + photoionization. The comparison between

these perovskites shows reasonable correlations between Ce3 + luminescence quenching, the energy

position of the Ce3 + 5d1 excited state with respect to the host conduction band, and the host

composition.

& 2010 Elsevier Inc. All rights reserved.

1. Introduction

The relative simplicity of the Ce3 + energy levels has led to
phenomenological models for the position of the 5d1 centroid and
the crystal field splitting of the 5d1 levels [1,2]. There are also
empirical rules to understand the parameters for Ce3 + photo-
ionization quenching, starting with a minimum host bandgap for
efficient Ce3 + luminescence in oxides [3] with further work
towards understanding the position of the Ce3 + 4f1 ground state
within the host lattice bandgap [4]. This work to quantify and
understand Ce3 + luminescence has practical implications since
Ce3 + luminescence is used in many efficient phosphors and
scintillators, and additional progress towards the relationship
between host composition and Ce3 + luminescence could lead to
insight for the design of these materials.

One approach to understand host lattice effects on lumines-
cence is to analyze the luminescence properties versus composi-
tion for a set of isostructural hosts [5]. For Ce3 + luminescence, the
ABO3 perovskites could be instructive for comparisons with
compositional variations of the larger A cation and the smaller,
octahedral B cation (with a caveat for distortions in the octahedral
arrays for different A/B combinations). Prior work in Al3 +

perovskites has studied the effect of composition on the energy
position of the Ce3 + 4f1-5d1 transitions [1] as well as photo-
ionization quenching [6,7]. We expand upon this prior work by
studying Ce3 + luminescence in perovskite hosts that have B-site
cations with nd0 configurations, specifically LaScO3, GdScO3,
CaHfO3, and CaZrO3. Using the relationship between the average

cation electronegativity and A–O bonding in perovskites and the
Ce3 + 5d1 centroid shift and crystal field splitting [1,2], it is
possible to correlate the perovskite composition to the energy
position of the lowest Ce3 + 4f1-5d1 transition. In regard to the
Ce3 + luminescence quenching, while the absorption edge of these
perovskites are at relatively low energies (o5.9 eV) [8,9],
there are significant differences in the thermal quenching of the
5d1-4f1 Ce3 + luminescence. A Born–Haber method [10] is used
to analyze the photoionization thresholds and gives a qualitative
correlation between the Ce3 + luminescence efficiency and
perovskite composition. Therefore, we demonstrate systematic
compositional trends in these perovskites for both the energy
position of the lowest Ce3 + 5d1 level and photoionization
quenching of Ce3 + luminescence.

2. Experimental procedure

Standard solid-state synthesis methods using high purity
CaCO3, La2O3, Gd2O3, Lu2O3, Sc2O3, HfO2, ZrO2, and CeO2 were
used to make powder samples. Ce3 + ions replace the larger A-site
cations at nominal levels of 0.1–1%, and for Ca(Hf,Zr)O3, there is
no intentional charge compensation. The compositions reported
here are nominal compositions and all samples are single-phase
orthorhombic perovskites as determined by powder X-ray
diffraction with the exception of LaScO3 that has a trace (o5%)
of unreacted La2O3. However, La2O3:Ce3 + does not have any
luminescence at liquid He temperatures [3] and should not
interfere with the luminescence studies reported here.

Excitation and emission spectra were measured using a
Spex Fluoromax 2 spectrofluorometer with a closed cycle He
cryostat that has a cold finger attachment. Diffuse reflectance
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measurements used the same spectrometer with BaSO4 (Kodak)
as a reflectance standard. Time resolved measurements from 77 to
450 K used a LED excitation source filtered through a narrow band
interference filter (10 nm width) driven by the amplified (Avan-
tec) pulses of an Avtech AVP-C pulse generator. The emission was
filtered through a 0.5 m McPherson monochromator and detected
with a Hamamatsu R212 PMT detector. The time resolved
fluorescence was recorded through a photon counting system
consisting of an Ortec 567 time-to-amplitude converter in
conjunction with an EG & G pulse height analyzer. The temporal
response for this experimental setup was measured at 2 ns. Time
resolved measurements above 300 K also used powder pressed
into a Al plaque with cartridge heaters, thermocouples, and a
Watlow temperature controller and a tripled Nd:YAG laser at
355 nm (JDS Uniphase) coupled into an Edinburgh F900 spectro-
fluorometer with a Peltier cooled R928-P Hamamatsu photo-
multiplier tube (PMT) detector. The FWHM of the laser pulse
convoluted with the overall system response is �1 ns. Measure-
ments of the thermoluminescence excitation spectra (TLES)
followed previously reported procedures [11].

3. Results and discussion

3.1. Luminescence of CaHfO3:Ce3+ and CaZrO3:Ce3 +

The emission and excitation of CaHfO3:Ce3 + are indicative of
typical Ce3 + luminescence with a doublet emission band consist-
ing that can be fit by two Gaussians separated by �2000 cm�1

with lmax�430 nm (Fig. 1a). The maximum of the excitation band
is at �335 nm (�29 900 cm�1) giving a Stokes shift of
�6700 cm�1. When accounting for the �12 2407750 cm�1

energy difference between the lowest energy Ce3 + 4f1-5d1 and
Pr3 + 4f2-4f15d1 transitions [12], the position of the CaHfO3:Ce3 +

excitation band reported here is in reasonable correlation with
the position of the main Pr3 + excitation band in CaHfO3

(�41 700 cm�1) [13]. In addition, the Stokes shift for Ce3 + and
Pr3 + 4fN�15d1-4fN emission is similar (6700 cm�1 for Ce3 + vs.
7600 cm�1 for Pr3 +) as expected. The Stokes shift for Ce3 +

luminescence is also larger in comparison to the Al3 +

perovskites but is similar to the Stokes shift for LaLuO3:Ce3 +

[14] (Table 1), indicating a potential relationship between the
B-site cation size and the Ce3 + Stokes shift. The energy position of
the lowest Ce3 + 5d1 level in CaHfO3 is lower when compared to
the Al3 + perovskites (Table 1); this is primarily due to the lower
electronegativity of both Hf4 + and Ca2 + versus Al3 + and the
trivalent lanthanides [15], respectively. The lower average cation
electronegativity increases the O2� anion polarizability and the
covalency of the Ce3 +–O2� bond (via an inductive effect), leading
to a larger Ce3 + 5d1 centroid shift [2].

In spite of the low energy position of the absorption edge and
the relatively large Stokes shift, CaHfO3:Ce3 + has weak thermal
quenching at room temperature (Figs. 1b and 2), and initial
measurements of the quantum efficiency (lex�335 nm) at room

temperature is �30% of a standard BaMgAl10O17:Eu2 + blue
phosphor, a reasonably high value for unoptimized samples. As
the initial decay time of CaHfO3:Ce3 + begins to decrease, the
decay profile deviates from a single exponential with an
additional weak component that has a decay time of 430 ns,
slower than the radiative decay rate (Fig. 1b). This slower decay
component is assigned to an afterglow luminescence that occurs
after charge carriers are created, trapped at defects, and slowly
detrapped from those defects. The correlation between the

Table 1
Emission and excitation peaks for Ce3 +-doped perovskites.

Host Excitation (cm�1) Emission (cm�1) Stokes shift (cm�1) Reference

CaHfO3 29 900 23 200 6700 This work

LaScO3 30 950 23 300 7700 This work

GdScO3 28 650 23 300 5350 This work

YAlO3 33 000 28 500 4500 [26]

GdAlO3 32 500 29 590 2900 [27]

LaAlO3 31 750 No emission [6]

LaLuO3 29 850 22 400 7450 [12]

250 300 350 400 450 500 550 600

Emission
λex=335 nm

Excitation
λem=430 nm

In
te

ns
ity

 (a
.u

.)

Wavelength (nm)

0 50 100 150 200 250 300

1E-3

0.01

0.1

1

In
te

ns
ity

 (a
.u

.)

Time (ns)

175 K

300 K

400 K

Fig. 1. (a) Emission (lex¼335 nm) and excitation spectra of (lem¼430 nm) of

Ca0.99Ce0.01HfO3 at �10 K and (b) Decay profiles (lex¼320 nm, lem¼440 nm)

versus temperature for Ca0.999Ce0.001HfO3. The background has been subtracted

from these decay profiles.
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