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The luminescence of Ce** in perovskite (ABO3) hosts with nd® B-site cations, specifically Ca(Hf,Zr)O
and (La,Gd)ScOs, is investigated in this report. The energy position of the Ce>* excitation and emission
bands in these perovskites is compared to those of typical AI>* perovskites; we find a Ce** 5d! centroid
shift and Stokes shift that are larger versus the corresponding values for the AI>* perovskites. It is also
shown that Ce®* luminescence quenching is due to Ce>* photoionization. The comparison between
these perovskites shows reasonable correlations between Ce®>* luminescence quenching, the energy

ce* position of the Ce3* 5d! excited state with respect to the host conduction band, and the host

Luminescence composition

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

The relative simplicity of the Ce>* energy levels has led to
phenomenological models for the position of the 5d! centroid and
the crystal field splitting of the 5d! levels [1,2]. There are also
empirical rules to understand the parameters for Ce>* photo-
ionization quenching, starting with a minimum host bandgap for
efficient Ce>* luminescence in oxides [3] with further work
towards understanding the position of the Ce>* 4f! ground state
within the host lattice bandgap [4]. This work to quantify and
understand Ce®>* 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 Ce** 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 Ce** 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 AI**
perovskites has studied the effect of composition on the energy
position of the Ce>* 4f' »5d! transitions [1] as well as photo-
ionization quenching [6,7]. We expand upon this prior work by
studying Ce** luminescence in perovskite hosts that have B-site
cations with nd® configurations, specifically LaScOs;, GdScOs,
CaHfOs3, and CaZrOs. Using the relationship between the average
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cation electronegativity and A-O bonding in perovskites and the
Ce** 5d' centroid shift and crystal field splitting [1,2], it is
possible to correlate the perovskite composition to the energy
position of the lowest Ce3* 4f! - 5d! transition. In regard to the
Ce3* luminescence quenching, while the absorption edge of these
perovskites are at relatively low energies (<5.9eV) [8,9],
there are significant differences in the thermal quenching of the
5d! > 4f' Ce>* luminescence. A Born-Haber method [10] is used
to analyze the photoionization thresholds and gives a qualitative
correlation between the Ce®*" luminescence efficiency and
perovskite composition. Therefore, we demonstrate systematic
compositional trends in these perovskites for both the energy
position of the lowest Ce** 5d' level and photoionization
quenching of Ce* luminescence.

2. Experimental procedure

Standard solid-state synthesis methods using high purity
CaCOs, Lay03, Gd203, Lu,03, Scy03, Hf02, Zr0o, and CeO, were
used to make powder samples. Ce>* ions replace the larger A-site
cations at nominal levels of 0.1-1%, and for Ca(Hf,Zr)Os, 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 LaScOs that has a trace ( < 5%)
of unreacted La,0s;. However, La,05:Ce®>* 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 BaSO, (Kodak)
as a reflectance standard. Time resolved measurements from 77 to
450K 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 300K also used powder pressed
into a Al plaque with cartridge heaters, thermocouples, and a
Watlow temperature controller and a tripled Nd:YAG laser at
355nm (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 ~1ns. Measure-
ments of the thermoluminescence excitation spectra (TLES)
followed previously reported procedures [11].

3. Results and discussion
3.1. Luminescence of CaHfO5:Ce** and CaZrOs:Ce**

The emission and excitation of CaHfO5:Ce®* are indicative of
typical Ce>* luminescence with a doublet emission band consist-
ing that can be fit by two Gaussians separated by ~2000cm ™!
with Apnax~430nm (Fig. 1a). The maximum of the excitation band
is at ~335nm (~29900cm~') giving a Stokes shift of
~6700cm~!. When accounting for the ~12240+750cm™!
energy difference between the lowest energy Ce>* 4f' - 5d! and
Pr** 4f2 - 4f'5d" transitions [12], the position of the CaHfO3:Ce3*
excitation band reported here is in reasonable correlation with
the position of the main Pr®* excitation band in CaHfOs
(~41700cm~"') [13]. In addition, the Stokes shift for Ce>* and
Pr3* 4fN-15d' 5 4fN emission is similar (6700cm~! for Ce3* vs.
7600cm~! for Pr’*) as expected. The Stokes shift for Ce3*
luminescence is also larger in comparison to the AI*
perovskites but is similar to the Stokes shift for LaLuOs;: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* 5d! level in CaHfO5 is lower when compared to
the AI** perovskites (Table 1); this is primarily due to the lower
electronegativity of both Hf** and Ca?* versus AI** and the
trivalent lanthanides [15], respectively. The lower average cation
electronegativity increases the O~ anion polarizability and the
covalency of the Ce>*-02~ bond (via an inductive effect), leading
to a larger Ce®** 5d' centroid shift [2].

In spite of the low energy position of the absorption edge and
the relatively large Stokes shift, CaHfO5:Ce®* has weak thermal
quenching at room temperature (Figs. 1b and 2), and initial
measurements of the quantum efficiency (lex~335nm) at room

Table 1
Emission and excitation peaks for Ce>*-doped perovskites.

temperature is ~30% of a standard BaMgAl;q0;7:Eu®* blue
phosphor, a reasonably high value for unoptimized samples. As
the initial decay time of CaHfO;:Ce3* begins to decrease, the
decay profile deviates from a single exponential with an
additional weak component that has a decay time of >30ns,
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
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Fig. 1. (a) Emission (Jex=335nm) and excitation spectra of (lem=430nm) of
Capo9Cep01HfO3 at ~10K and (b) Decay profiles (Aex=320nm, Aem=440nm)
versus temperature for Caggg9Cep001HfO3. The background has been subtracted
from these decay profiles.

Host Excitation (cm 1) Emission (cm ') Stokes shift (cm~1!) Reference
CaHfO3 29900 23200 6700 This work
LaScOs3 30950 23300 7700 This work
GdScO3 28650 23300 5350 This work
YAIO3 33000 28500 4500 [26]
GdAIO; 32500 29590 2900 [27]
LaAlO3 31750 No emission [6]
LaLuOs3 29850 22400 7450 [12]
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Fig. 2. Decay time versus temperature for LagggoCeppoiluOs (Aex=
320nm, Adem=440nm for T<300K; Aex=355nm, Ae;=460nm for T> 300K),
Lap.999C€0.001SC03 (Zex=320nm, Aem=440nm), Gdp999C€0.001Sc03 (Lex=320nm,
Zem=440nm) and CagggoCeppo1HfO3 (Aex=320nm, Aey,=440nm). The drawn
lines are the best least-squares fit to Eq. (1) for the non-radiative rate with a
constraint that the attempt frequency, A, is greater than 10'3s~ 1,

Table 2
Activation energies and attempt frequencies for Ce>* 5d! ionization in perovskite
hosts.

Host E, (eV) A Reference
CaHf03 0.39 1 x 103 (fixed) This work
LaScO5 0.29 3.0x 10" This work
GdScO5 0.26 1.2 x10"3 This work
LaLuOs 0.39 2.1x10" This work
GdAIO; 0.29 (PL intensity) Not reported [27]
0.34 (photoconductivity) 1.5 x 102
LaAlO; <0 6]

emission quenching and the presence of a slower afterglow
component in the decay profile is experimental evidence of
photoionization-based quenching since photoionization is the
first step for afterglow for excitation energies less than the
bandgap [21]. The assignment of Ce?>* luminescence quenching by
photoionization in CaHfO5 is then similar to other perovskites,
such as GdAIO; [6] and LaAlO; [7], where Ce** luminescence
quenching has also been assigned to photoionization.

The analysis of the decay time versus temperature (Fig. 2) uses
an Arrhenius relationship for the rate of thermal ionization from
the Ce3* 5d! level

I'pi = Aexp(—Eq/KT) (1)

where E, is the activation energy and A is an attempt frequency.
The high temperature (T>300K) afterglow complicates this
analysis since afterglow makes the decay profiles non-exponen-
tial. We minimized the effect of the afterglow by analyzing the
time constant of the initial component (0-50ns) of the decay
profile. Using this procedure, the least-squares fit of A and E, for
the CaHf0;:Ce®* decay time versus temperature for gives
A=29x10'""s"! and E,=0.28eV. However, when comparing
the values of A and E, for quenching in CaHfO3:Ce3* with the
other hosts studied in here (vide infra and Table 2), this attempt
frequency is ~2 orders of magnitude lower for CaHfO;:Ce3*
versus other perovskite hosts that have more typical values of
A ~10"s~'. When constraining the attempt frequency to be

greater than 10'3s~ 1, the least-squares fit gives E,=0.39 eV. Since
we have no physical reason for a 2 orders of magnitude lower
attempt frequency in CaHfO5:Ce®*, except for an overestimate in
the high temperature decay times due to afterglow, we use
E,=0.39eV as the activation energy for Ce>* quenching in CaHfO;
when comparing with other perovskite hosts.

In contrast to CaHfO5:Ce3*, the luminescence from CaZrOs:
Ce3* is almost completely quenched at room temperature.
However, CaZrO;:Ce®>* shows a strong absorption band with a
maximum at ~335-340nm (Fig. 3a), similar to the main Ce3*
excitation band in CaHfO3:Ce3* (Fig. 1a). This absorption band in
CaZrOs;:Ce>"* is assigned to a Ce** center similar to the main Ce**
center in CaHfOs. The similar energy position for the lowest Ce>*
4f' 5 5d' transition in CaZrO; and CaHfO; is reasonable since
CaZrO; and CaHfOs are isostructural with similar ionic radii for
Zr** and Hf** [16]. While there is virtually no emission intensity
when exciting the main Ce* center at ~340nm, there is a
doublet emission band (Amax~550nm) characteristic of Ce>*
emission with excitation bands at ~385 and 420 nm (Stokes shift
of ~4000cm~!) at 10K (Fig. 3a). While these luminescence
excitation bands do not correspond to the main Ce>* absorption
band that is measured in diffuse reflectance, the low temperature

a
LA I R R B EL A L
i Excitation [ i
xem=550 nm | | 1
1\
RO |
2 i
‘»
S Emission |
= A,,=430 nm
T T T T 1T \t T T T T T T
300 350 400 450 500 550 600 650 700
Wavelength (nm)
b 1F [ ] T T T T T T 3
2 04k ¢ §
c i ]
3 B
2 ]
S i
©
E’ 0.01¢ e
n s ° E
) ]
® i
360 380 400 420 440

Excitation Wavelength (nm)

Fig. 3. (a) Emission (Zex=430nm) and excitation spectra of (lem=550nm) of
Capo9Cep01Zr03 at ~10K with the room temperature diffuse reflectance; and
(b) Integrated thermoluminescence excitation spectra of CagggCe01ZrOs (the y-
axis has a logarithmic scale).
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decay time of this emission is ~40ns, characteristic of the
allowed Ce3* 5d! - 4f! emission transition. This emission band is
assigned to a minority Ce®>* center in CaZrOs; that arises from
differences in the local charge compensation when Ce®* replaces
Ca%* in CaZrOs. This minority site apparently has a higher crystal
field splitting and/or centroid shift since the lowest Ce>* 5d! level
is at lower energy. There is still strong thermal quenching of this
minority Ce** luminescence with virtually no luminescence
intensity at ~200K. TLES experiments directly indicate that the
strong luminescence quenching for majority and minority Ce3*
sites in CaZrOs:Ce>* is due to photoionization. The approximate
onset of the thermoluminescence (TL) signal at ~435nm
corresponds to the minority Ce* 4f' -5d! excitation band in
CaZrOs, and there is stronger TL signal when exciting into the
main Ce®* center in CaZrOs (Fig. 3b). Therefore, mobile charge
carriers are formed when majority and minority Ce>* sites are
excited at ~80K, indicating that the two main Ce>* centers in
CaZrOs ionize under 4f! - 5d! excitation. Presumably, most (but
not all) of the electrons in the conduction band reach quenching
sites before recombining with Ce?* ions that are created by
optical excitation and photoionization.

3.2. Luminescence of LaScO5:Ce>* and GdScO5:Ce>*

The position of the Ce®>* emission and excitation bands in
LaScO5:Ce3* and GdScO5:Ce3* are also at lower energies versus
the AI>* perovskites with larger Stokes shifts (Fig. 4 and Table 1).
The Ce3* excitation spectrum in GdScO5:Ce®** has the Gd3*
85,2 — 1) absorption transition (Fig. 4b), evidence of Gd** —Ce3*
energy transfer from the spectral overlap between Gd** °P;— 58S,
emission and Ce>* 4f'-5d! absorption transitions. Since we
cannot determine the energy position of each Ce** 5d! level in the
Sc3* perovskites, changes in the Ce3* 5d! centroid shift, ¢, are
quantified using the average cation electronegativity combined
with RE3"-02~ bond lengths [2,17]

N OCi
£e=179x10°S — =2 2
‘ * i:Zl(R,-—O.GAR)S )
48
dep =033+ — 3)

vav

where R; is the RE3*-anion distance, N is the number of anions
coordinated to Ce®>*, AR is the difference in ionic radii for RE**
and Ce**, and Zav 1S the weighted average of the cation
electronegativity. Using the crystallographic data for LaScOs
[18], GdScOs [18], and LaAlOs; [19], the calculated Ce3* 5d!
centroid shifts are 15950, 15750, and 14500 cm ', respectively.
The difference in the estimated Ce>* 5d! centroid shift between
LaScOs and LaAlOs is close to the energy difference between the
lowest energy Ce®* 4f' - 5d' transition in these hosts (Table 1).
Therefore, it is likely that the Ce®>* 5d! crystal field splitting is
similar for LaScOs; and LaAlOs;. Within perovskite hosts, the
Ce3" 5d' crystal field splitting is dependent upon both the
Ce**-0%~ bond length and the distortion from the ideal
12-coordinated A-site in cubic perovskites [1]. Typically, this A-
site distortion is larger when the A and B-site perovskite cations
are closer in size. Therefore, the larger A-site distortion in LaScO3
versus LaAlO; may compensate for the longer bond length in
LaScO5 [18], giving a similar Ce®* 5d' crystal field splitting in
LaAlOs and LaScOs. However, for GdScOs, the smaller Gd>*-02~
bond length [18] and the larger A-site distortion should lead to a
larger crystal field splitting [1] versus both LaScOs; and LaAlOs,

explaining the lower energy for the lowest energy Ce>* 4f! - 5d!
transition.
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Fig. 4. (a) Emission (Jex=340nm) and excitation spectra of (Aem=450nm) of
Gdp.999Ce0.001Sc03 at ~10K; and (b) Emission (lex=325nm) and excitation
spectra of (Aem=425nm) of Laggg9Cep001ScO3 at ~10K.

Comparing the Sc3* perovskites with the Hf**/Zr** perovs-
kites, the estimated centroid shift in the Sc* perovskites is
~1000cm™~! smaller (e.~16700cm~! in CaZrOs), due to the
larger average cation electronegativity. Therefore, a lower energy
Ce3* 5d' centroid can explain the relative energy differences
between the lowest Ce®* 4f'>5d! transition in LaScOs; and
CaHfO5 (Table 1) since La®>*/Sc®* and Ca?*/Hf** have similar ionic
radii [16]. However, differences in the 5d! centroid cannot
account for the trend between CaHfOs; and GdScOs. When
comparing CaHfO3; and GdScOs, the lower energy of the lowest
Ce3* 4f' - 5d! transition in GdScOs is likely due to a stronger
crystal field splitting of the Ce>* 5d! levels, from the smaller ionic
radii of Gd3* [16] and the larger A-site distortion in GdScOs.

While the position of the Ce>* emission and excitation bands
in the Sc3* perovskites is not unusual compared to other
perovskites (Table 1), the Ce** emission in LaScO; and GdScOs
is strongly quenched at room temperature unlike CaHfO3:Ce3*
and LaLuOs;:Ce®** (Fig. 2). The Ce®*" concentration in these
Sc3* perovskites is ~0.1%, and the spectral overlap between the
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Ce3* 4f' - 5d! absorption and Ce®** 5d!—4f' emission is small
(Fig. 4). Therefore, energy migration and concentration quenching
should be minimal in the thermal quenching of Ce** lumines-
cence, making it intrinsic in nature.

The two main causes for intrinsic, thermally activated non-
radiative transitions from the Ce3* 5d' are ionization or level
crossing between the lowest energy 5d! level and the 4f! levels. In
the Sc3* perovskites, the thermal quenching is assigned to Ce>*
5d! jonization as in LaAlOs [6], GdAIOs [7], and Ca(HfZr)Os and
not due to level crossing. First, if level crossing is the primary
quenching mechanism, the position of the lowest Ce3* 5d! level
and the Stokes shift should be indicators for the quenching
temperature [20]. Comparing the energy positions of the lowest
Ce>* 5d! level and the Stokes shift in LaScOs3, GdScO5, CaHfO3, and
LaLuOs (Table 1), there is no correlation between these factors
and the quenching of Ce>* 5d!—4f' emission. For example,
LaLuO;:Ce3* and LaScO5:Ce®* have similar Stokes shifts but the
energy position of the lowest Ce3* 5d! level is much lower in
LaLuOs. If level crossing is the primary quenching mechanism,
LaLuO;:Ce3* should have a much stronger thermal quenching
versus LaScO5:Ce®*; this is directly opposite to these experi-
mental observations (Fig. 2). In addition, as the initial decay time
of LaScO;3:Ce®* and GdScOs;:Ce®* decreases, the decay profile
deviates from a single exponential with an additional weak
component (intensity is < 10% of the main Ce** decay compo-
nent) that has a decay time of >50ns (Fig. 5). Similar to
CaHfO5:Ce®*, 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. Again, the correlation between afterglow and a reduction
in decay time is evidence for Ce** luminescence quenching by
photoionization.

The activation energy for thermal ionization from the lowest
Ce®* 5d! level is estimated using the decay times for the initial fast
component of the Ce>* decay profile of LaScOs, GdScOs, and LaLuO3
using Eq. (1) for thermal ionization rate, I'p (Table 2). The least-
squares fit of the decay time versus temperature gives
A=3.0x10"%s"! and E,=029eV for LaScOs; A=1.2x10"3s"!
and E,=0.26 eV for GdScO5; and A=2.1 x 10"*s~ ! and E,=0.39 eV
for LaLuOs (Fig. 3a). These activation energies are comparable to
the activation energy for luminescence quenching and photocon-
ductivity in GdAIOs;, ~0.3eV [7] but are much smaller than the
activation energy for luminescence quenching in YAIOs, 1.2 eV [22].
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Fig. 5. Decay profile for Gdpg99C€0.001S€03 (Lex=320Nnm, Aey;=440nm) versus
temperature. The background has been subtracted from these decay profiles.

3.3. Comparison of Ce** 5d' ionization in perovskite hosts

From these experiments, thermally activated ionization is the
main Ce** 5d'-4f' luminescence quenching mechanism in
the nd® perovskites, similar to the aluminate perovskites [6,7].
The key parameter for thermally activated ionization is the energy
difference between the lowest Ce®>* 5d! level and the host
conduction band. This section discusses how this parameter is
affected in the orthorhombic perovskites through the host
bandgap, the position of the Ce** 4f' ground state within the
bandgap, and the position of the lowest energy 4f'—5d'
transition. These parameters are connected using a Born-Haber
relationship to estimate photoionization thresholds [10]

Eg = Epi(Ce® " ) +Ecrp(Ce* ™ —0%") 4

where E; is the host lattice bandgap, Ep(Ce*) is the Ce*
photoionization threshold from the 4f' ground state, and
Ecrp(Ce**-0%7) is the energy for the Ce**-0?~ charge transfer
band (CTB). The photoionization barrier from the lowest energy
Ce3* 5d! level is then the energy of the lowest 4f! - 5d! transition
subtracted from Ep(Ce3™).

Within this analysis, the charge compensation for main Ce3*
center in CaHfO; and CaZrOs; is assumed to be distant. This
assumption is supported by the correlation of the position of the
lowest Ce3* 5d! level to the estimated Ce>* 5d! centroid shift and
the Stokes shift for Ce** luminescence in CaHfOs; local charge
compensation would strongly affect the position of the lowest
Ce3* 5d! level and the Stokes shift. However, this is a tentative
assumption, and local charge compensation in the Hf** and Zr**
perovskites could affect the position of the Ce>* 4f! ground state
in the host bandgap [23]. In addition, as discussed in detail in
Section 3.1, the estimate of E, for CaHfO5:Ce3* is problematic.
Therefore, it is important to note that this discussion is primarily
qualitative.

The most straightforward comparison within these perovskites
is between the main Ce®** centers in CaZrO; and CaHfOs;. The
coordination of the main Ce3* center is very similar in these
perovskites as shown by the similar energy for the lowest energy
Ce3* 4f! - 5d"! transition. Given the similar size and electronega-
tivity for Hf** and Zr** [15,16], the energy position of the 4f! Ce>*
ground state versus the valence band should be similar for the
main Ce3* center in CaZrO; and CaHfOs5. Therefore, the main
difference between the main Ce>* centers in CaZrO; and CaHfOs is
that the relative energy position of Ce>* 5d! level versus the host
conduction band is lower by ~0.5eV due to a smaller CaZrO;
bandgap. This difference leads to total quenching of the main
center Ce>" luminescence in CaZrOs; in comparison to
CaHfO5:Ce®** where the onset for thermal quenching is ~270K.
It is more difficult to make comparisons with the secondary Ce**
center in CaZrOs (Fig. 3a) since the local coordination is not
known. In a qualitative sense, however, the lower energy position
of lowest 5d! level for the minority Ce* center in CaZrOs should
increase the activation barrier for ionization as observed in the
higher quenching temperature for this minority Ce* center in
CaZrOs.

It is also possible to use Eq. (4) when analyzing Ce3*
photoionization quenching in more complicated situations versus
the relatively simple comparison between CaHfO5:Ce** and
CaZrOs:Ce*. For example, CaHfO5 and the Sc3* perovskites have
similar values for the host lattice absorption edge [8,9] and the
lowest energy Ce>* 4f' -5d! transition (Table 1). However, the
larger Ep; in CaHfO3; can be explained by an effective positive
charge when Ce®* replaces Ca%*. An effective positive charge
typically lowers the energy of metal-ligand charge transfer bands
[24], leading to a larger Ep; when using Eq. (4). Taking the thermal
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activation energies for Ce*>* photoionization in the Sc* perovs-
kites, the shift in the energy position of the Ce*>* 4f! ground state
versus the valence band between CaHfO3 and the Sc3* perovskites
is estimated to be at least 0.1 eV. In addition, the difference in the
activation energy for luminescence quenching between LaS-
c05:Ce®* and LaLuOs:Ce®* is similar to the difference in the
energy position of the lowest 4f' - 5d" transition (Table 1). Using
Eq. (4), the relative position of the Ce®>* 4f' ground state versus
the host conduction band should then be similar for LaScOs
and LaLuOs;. When comparing the scandate hosts, the lower
energy position of the 5d levels in GdScOs3:Ce>* should increase
the photoionization energy barrier in GdScOs:Ce* versus
LaScO3:Ce3*. However, the shorter Gd*>*-02~ bond lengths in
GdScO5 will also increase Eqg(Ce**-02~) [25]. It appears that the
higher CTB energy counteracts the lower 5d' energy since the
activation energy for Ce>* luminescence quenching are similar for
LaScO3:Ce* and GdScOs;:Ce>* (Fig. 2 and Table 2). Since this is
mainly a qualitative analysis, further measurements and analysis
are required to determine the accuracy of these estimates using
the relationship in Eq. (4).

Finally, we briefly compare the Ce*>* quenching in these nd®
perovskites to the AI** perovskites. For example, the position of
the lowest energy Ce®* 4f' - 5d! transition of LaScO5; and LaAlO5
is similar (Table 1) as is the fundamental absorption edge [6,9].
However, Ce>* luminescence is completely quenched in LaAlO5 at
all temperatures [6]. While there are experimental uncertainties
in the exact value of the host bandgap, the relative position of the
Ce3* 4f! ground state in the bandgap can explain the differences
between LaScO; and LaAlOs. Since AI** is smaller than Sc3* and
the average La>*-0?~ bond length is smaller in LaAlO5 [19] versus
LaScO;3 [18], Ecrp(Ce**—-02~) should be at a higher energy in
LaAlOs [25]. This should lead to a smaller Ep(Ce3*) for LaAlOs
(Eq. (4)), correlating to the basic Ce>* luminescence quenching
trends. The position of the Ce** ground state with respect to the
valence band is at least ~0.3 eV higher in LaAlO5; versus LaScO3
based upon the total quenching of Ce®>* luminescence in LaAlOs.

4. Conclusions

In this report, Ce>* luminescence in several perovskite hosts
has been described and compared. When comparing the Ce3*
luminescence in these hosts to that in the AI** perovskites, we
find that the lower electronegativity of the B-site cations leads to
a larger Ce®* 5d' centroid shift, generally lowering the energy
position for the lowest energy Ce®* 4f' - 5d! absorption transi-
tion. In addition, we find a larger Stokes shift in these Hf**/Zr**/
Sc3* perovskites versus the AI** perovskites. Finally, we show
that non-radiative transitions in these materials are due to
photoionization, as in the AI** perovskites. However, in spite of
the nd® electronic configuration of the B-site cations giving
relatively low energy bandgaps, the extent of Ce** photoioniza-
tion quenching is comparable to many of the AI>* perovskites. The
differences in photoionization can be qualitatively correlated to
the relative energy position of the lowest energy Ce>* 5d! level
versus the host conduction band and the composition of these
perovskites. Additional analysis and experiments could quantify

these comparisons and accurately place the energy position of the
Ce3* 4f! ground state within the bandgap of these perovskites.
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