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Abstract

The Pr’*-doped NaNbOs perovskite is introduced as a new red phosphor excitable in the near
UV region at around 350 nm. A bright single red emission is observed at room temperature and
ascribed to transitions between the 'D, excited state and the ground state 3Hy4 of P ions. This
peculiar behavior is related to the presence of a low-lying intervalence charge transfer state that
contributes to quench the emission from the otherwise emitting 3Py level. Red afterglow is also

evidenced in NaNbO3:Pr3*. A preliminary model is discussed to clarify the afterglow

mechanism.

1. Introduction

In the past years, a systematic investigation of Pr3*-doped
oxide-based lattices, incorporating closed shell transition metal
groups, has led to a model which explains the particular
luminescence properties of these materials. The model is
based on the formation of a metal-to-metal intervalence charge
transfer state (IVCT) that was shown to interfere with the
excited states dynamics of the Pr’* ion by providing an
efficient quenching channel by cross-over to the 3P level and
in a few cases to the 'D, level [1-5].

A preliminary equation (1) connecting the experimental
energy position of the IVCT observed on excitation spectra
to the optical electronegativity (Xopt(M"’L)) of the d° metal
cation M"T = Ti*t, V>, Nb>*+, Ta>T and the shortest Prit—
Mt distance d(Pr’t—M"") in the host structure has been
formulated [5]. This empirical equation has the form

Xopt (M”Jr)

IVCT(Pr’*, cm™') = 58800 — 49 800—————.
d(Prt-M"+)

ey
This equation allows the location of the IVCT state in a
given host within £1500 cm™' from its known structural
features.

Additionally, this equation may serve as a predictive
tool for the design of red emitting compounds doped with
Pr’*. In particular, the IVCT mechanism allows specific
tailoring of the photoluminescence for applications requiring

I Author to whom any correspondence should be addressed.

0953-8984/09/025901+06$30.00

low energy excitation or pure color outputs (i.e. down-
conversion phosphors for photovoltaic purposes or phosphors
excited by near UV LED chips).

The Pr’*-doped perovskite NaNbOs;, whose lumines-
cence properties have not yet been described, is one
representative example of this approach. In this paper,
we propose to investigate the luminescence and afterglow
properties of NaNbO;:Pr3* in the light of the IVCT
model.

In order to achieve better understanding of the afterglow
mechanisms in NaNbO3:Pr’* a parallel is made with two well
known compounds: CaTiOs:Pr3*, whose luminescence prop-
erties obey equation (1) and for which persistent luminescence
has been demonstrated [6—12], and LiNbO;:Pr>T, that also
glows in the red spectral region [13] but shows no persistent
luminescence at any temperature.

2. Experimental details

NaNbO;:Pr** and LiNbO3:Pr** polycrystalline samples were
prepared by routine solid state reaction involving typically a
heat treatment for 6 h at 1200°C under air. The reagents
were sodium or lithium carbonates, Nb,Os and PrgO;;. The
nominal doping rate was 0.1 mol%. No charge compensation
was achieved.

The powders were carefully checked to be single phased
by x-ray diffraction. The diffraction patterns matched the
JCPDS powder diffraction cards 33-1270 for NaNbO3 and 20-
631 for LiNbOs3. LiNbOs is a superstructure of corundum with

© 2009 IOP Publishing Ltd  Printed in the UK
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Figure 1. Steady state luminescence spectra of NaNbO3:Pr3*. The
excitation spectra (left) in solid and dotted lines were monitored at
Aem = 620 and 570 nm, respectively. The emission spectra (right) in
solid lines were recorded upon excitation at Ae. = 350 nm.
Emission spectra in dotted lines were measured for A = 320 nm
(a) or Aexe = 300 nm (b).

the rhombohedral space group R3c. It is expected that the Pr3+
ions enter the octahedrally coordinated Li™ sites, which have
nominally C; point symmetry since the Li* ions occupy an
off-centered position [14]. The average Li—O distance in the
octahedron is 2.15 A and the shortest LiT-Nb>* distance in
LiNbOs3 is 3.05 A. This distance is even expected to be slightly
lowered after substitution of Li* to Pr’* due to the ionic size
mismatch.

Sodium niobate is one of the more complex perovskite
materials as it shows up to six phase transitions from the low
temperature ferroelectric phase of space group R3c to the high
temperature paraelectric cubic phase with space group Pm3m,
through different antiferroelectric and paraelectric phases of
other symmetries [15].

At room temperature, NaNbQOs is orthorhombic with the
space group normally considered as Pbma. Two sodium
sites are present in the structure. The coordination number
is 12 for both sites but with Na—O distances ranging from
2499 to 3.282 A in one of the sites and from 2.303 to
3.188 A in the second site, giving an average Na—O distance
of 2.77 A in both cases. The shortest Na*—Nb’* distance
in NaNbO; is 3.29-3.30 A, depending on the considered
site. This distance should not be significantly affected by the
substitution of Na* to Pr** since both ions have very similar
ionic radii.

It is worthwhile noting the similarity existing between
the LiNbOs3 and the perovskite structure [16], both structures
consisting of corner shared niobate octahedra. However,

T=77K
3P, — °H, D, — %H,
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s 15
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Figure 2. Steady state luminescence spectra of LiNbO3:Pr’*. The
excitation spectra (left) were monitored at A.,, = 620 nm. The
emission spectra (right) were recorded upon excitation at

Aexe = 350 nm.

one significant difference between the two structures is that
the maximum Nb-O-Nb angle between shared octahedra
increases from 140° in LiNbO3 to about 160° in NaNbOs. In
addition, in the latter case, up to four angles are found in the
range 153°-164° against only one angle at 140° in the former
case (the others being lower).

The photoluminescence and afterglow spectra were col-
lected using a continuous wave monochromatized xenon lamp
as excitation source (TRIAX 180 from Jobin-Yvon/Horiba)
and a TRIAX 550 Jobin-Yvon/Horiba monochromator
equipped with either a R928 Hamamatsu photomultiplier or a
nitrogen-cooled CCD camera as detector.

The afterglow emission spectra were recorded after
irradiation of the samples for 1 min at 350 nm. Each spectrum
was acquired during 1 s and the delay between two successive
spectra was 2 s. A first emission spectrum was recorded upon
irradiation (not shown in the figures) and the incoming beam
was switched off 1 s before the recording of the first afterglow
spectrum. All the afterglow spectra were collected using the
same experimental conditions and are displayed on the same
intensity scale.

The high temperature data were acquired with the help
of a home-made copper holder heated by a thermocoax wire
connected to a Thermolyne regulator. The decay profiles were
recorded at 300 and 77 K using a nitrogen laser (Aexe =
337 nm) and a 400 MHz LeCroy digital oscilloscope with an
input impedance of 50 €2.

3. Results and discussion

3.1. Luminescence and excited state dynamics

Representative steady state photoluminescence spectra of
NaNbO;:Pr** and of LiNbO;3:Pr** are reproduced in figures 1
and 2, respectively. At room temperature, both compounds
show single red D, — 3H, emission from the Pr’* ions
upon excitation at 350 nm. At 77 K, emission features from
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Figure 3. Decay profiles of NaNbO3:Pr3* and LiNbO;:Pr** excited at 337 nm at different temperatures. The solid line is the fit of the

experimental data (see the text).

the 3P, level are observed in NaNbOs:Pr3t but remain almost
indiscernible in LiNbO5:Pr*t. In the latter case, however, a
magnification of the spectrum allows the observation of 3Py —
3H, transitions with principal peaks positioned at 509.9, 518.4
(hump) and 521.2 nm, in fair agreement with data reported
in [17].

The excitation spectra related to the red luminescence at
room temperature are dominated by a broad band centered
at 344 nm (*29070 cm™!) and 368 nm (27175 cm™'),
respectively in NaNbO3:Pr** and LiNbO3:Pr’*. In agreement
with previous investigations, we ascribe this band to
intervalence charge transfer (IVCT) [4, 5, 18].

The intrinsic luminescence properties of undoped lithium
and sodium niobates were studied in the 1980s by Blasse and
De Haart [19]. At 4.2 K, LiNbOj is characterized by a broad
emission centered at 440 nm with an excitation maximum
peaking at 260 nm. This luminescence is suggested to be
due to the charge transfer vibronic exciton in the regular oxy-
anion site [20]. The Stokes shift of this emission is about
15700 cm~'. It is characteristic of the intrinsic niobate
group having negligible interaction with other nearby niobate
groups [19]. In fact, the absorption edge of LiNbO3 is difficult
to determine accurately as it is very sensitive to composition.
Typical values range from about 300 to 320 nm depending on
the Li/Nb ratio [21].

Doping LiNbO; has also been experienced to induce
important shifts of the absorption edge due to a variation
of the Li/Nb ratio [22]. For instance, Pr’*-doped
LiNbOs3 crystals show an absorption edge at about 400 nm
(25000 cm™") and two excitation bands at 385 and 330 nm
(26000 and 30300 cm~!' respectively) for the red Pr’*
luminescence [18, 23]. The lower energy band was ascribed
to a trapped exciton state while the band at higher energy was
ascribed to the host.

At 4.2 K, NaNbO3 shows two broad emission bands at
480 and 540 nm correlated with excitation maxima at 300
and 320 nm, respectively [19]. The Stokes shift is similar for
both of these emissions at about 12600 cm~'. According to
Blasse and De Haart, the decrease of the Stokes shift going
from LiNbO; to NaNbOj indicates stronger delocalization of

the electronic wavefunctions resulting from the increase of the
Nb—O-Nb angle.

The excitation spectra for the red luminescence in
LiNbO;:Pr3* (see figure 2) do not reveal any intrinsic feature
of the niobate host, in contrast to results reported in [18, 23].
This difference is possibly due to saturation effects that occur
more efficiently in powdered samples than in transparent single
crystals or thin films [12]. It has not been possible to observe
any emission feature from the host in LiNbO;3:Pr**, whatever
the temperature (for 7 > 77 K) or the excitation wavelength.

In contrast, the excitation spectra of NaNbO; P’ involve
two principal contributions that are clearly resolved at 77 K. At
this temperature, the bands are centered respectively at around
325 nm (30770 cm~') and 351 nm (28 490 cm~'). The latter
band is due to IVCT while the former is assigned to the niobate
host.

Exciting at either 325 or 300 nm at 77 K yields the typical
niobate emissions of undoped NaNbOj3 [19], superimposed on
the Pr3t features (see figure 1). At 77 K, the luminescence
mechanism in NaNbO3:Pr3* is dominated by host sensitization
and the luminescence efficiency of this compound in the red
region is low compared to the situation at room temperature.
Upon warming to room temperature, the IVCT mechanism
becomes prominent and the emission intensity is stronger.

The efficiency of the luminescence quenching in the
Pr3*-doped niobates was evaluated by recording the temporal
decay profiles of the red emission at either 300 or 77 K,
upon excitation at 337 nm. The results, shown in figure 3,
clearly indicate that the emission decays are much shorter in
LiNbO;5:Pr*t than in NaNbOs:Pr3*. For the red emission
in LiINbOs:Pr*t (ie. 'D, — 3H, transition), the decay is
exponential at both temperatures with a time constant varying
from 27 ps at 300 K to 31 us at 77 K. These results are in
agreement with [13].

The decay profile of the *Py emission is not shown here
as it was too short to be measured accurately with our set-up.
We note however that a time constant in the range of 0.5 us
has been reported for this level at low temperature in dilute
LiNbO;5:Pr3t [13, 17], indicating that an efficient radiationless
relaxation occurred from this level.
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The quenching of the 3Py emission in LiNbO3:Pr** was
first ascribed to cross-relaxation [17], then revisited in [18]
and finally ascribed to non-radiative relaxation by cross-over
between the Py level and a low-lying trapped exciton state.
This quenching process is qualitatively very similar to the
IVCT quenching model developed in [1-5]. Owing to this
model, strong quenching of the *Py level can be induced by
cross-over to a low-lying charge transfer state formally of the
type Pr*t—-M®@=D+ where M"T is a transition metal of d°
configuration.

In NaNbOs:Pr**, the room temperature decay profile of
the red 'D, — 3H, emission was well reproduced using the
double exponential:

I(t) = Iexp (—=1/71) + L exp (—1/12) @)

with 71 = 170 us and 7o = 1085 ps. The time constant 7 is
in the range of usual values observed for the 'D; level exposed
to relatively inefficient radiationless relaxation, for Pr’* ions
diluted in oxide-based lattices [13, 24—26]. Much lower values
of this lifetime can be measured in more concentrated systems
(quenching by cross-relaxation) or by incorporating the Pr3*+
ion in lattices having high phonon frequency modes like
phosphates or borates (quenching by multiphonon relaxation).

The time constant 7, is, in contrast, too high to be ascribed
to the 'D, level. This slow component is attributed to a post-
luminescence contribution involving the 'D, level. A very
similar behavior was evidenced upon UV irradiation in the case
of the red phosphorescent CaTiO3:Pr’* compound [6, 10, 27].

Decreasing the temperature to 77 K induced a significant
shortening of the decay profile, as shown in figure 3. This
behavior is difficult to interpret owing to the presence of several
contributions to the emission signal: a contribution from the
3Py level Py — 3Hg transition overlapping 'D, — 3Hy
transition) and the host (see figure 1), both associated with
possible ferroelectric-to-antiferroelectric phase transition [28].
The absence of any slow component in the decay suggests
however the absence of any afterglow contribution at 77 K in
NaNbO;:Prit.

The temperature behavior of the D, — 3H, emission of
Pr3* has been investigated in the range 300-600 K. The results
are plotted in figure 4. The excitation wavelength was 350 nm
(i.e. IVCT excitation) for both samples. The luminescence
intensity was obtained by integrating the emission area in the
range 580-680 nm, after background correction.

The obtained data were reproduced using the model
introduced by Struck and Fonger in the case of cross-over
to Franck—Condon shifted states [29]. Following this model,
the temperature dependence of the emission intensity /(7)) is
described by

I(T)/Iy =[1+ Aexp(—E/kT)] ", (3)

where A is close to 107 and E is the activation energy from the
4f" state (here 'D») to its cross-over with the quenching state.
The model showed good concordance with experimental
data for NaNbO3:Pr’* but showed some divergence for 7 >
400 K in the case of LiNbO3:Pr**. This may be due to the
activation of an additional quenching channel in the latter case.

10

t .
[ ]
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(afterglow) °
.
LiINbO,:Pr3*

1024
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Figure 4. Temperature dependence of the red 'D, — 3H, emission
in NaNbO;5:Pr’* (B) and LiNbO;:Pr’* (@) excited at 350 nm. The
solid line is the fit of the experimental data using equation (3) (see
the text). The temperature dependence of the red afterglow in
NaNbO;:Pr’* (stars) is shown for comparison purposes. The dotted
line is a single exponential fit of the experimental data.

(This figure is in colour only in the electronic version)

This point was not investigated further in this paper. Using
equation (3), the energy barrier between the 'D, level and the
quenching level was estimated at 5700 cm™! for NaNbO3:Pr’+
and at 4100 cm™! (value non-accurate) for LINbO5:Pr>+.

Oversimplified single coordinate configuration diagrams
(see figure 5) were established for NaNbOsz:Pr’t and
LiNbO;:Pr’* on the basis of the optical properties described
above. For simplification, the same force constant was used for
the parabola and an average energy of 20500 and 16 500 cm ™!
was taken for *Py and 'D, levels respectively. The *Hy ground
state is arbitrarily taken at the origin of energies.

It is clear from these diagrams that the IVCT parabola
is positioned at a lower energy in LiNbOsz:Pr** than in
NaNbO;:Pr**. This has a number of consequences.

(1) There is a stronger quenching efficiency of the *Pg
emission in LiNbO3:Pr’** due to inter-system crossing
through the IVCT parabola. This is in agreement with the
luminescence spectra displayed in figures 1 and 2.

(2) As the cross-over between Py and the charge transfer state
requires thermal activation, the quenching is more efficient
at 300 K than at 77 K, as observed experimentally.

(3) At room temperature, the 'D, emission is partially
quenched in LiNbO;:Pr** and almost not quenched in
NaNbOs:Pr*, as attested by figure 4 and by the lifetime
values reported above for the 'D, level (27 us in
LiNbO3:Pr*t against 170 us in NaNbOsz:Pr’t). This
partial quenching of the red emission in LiNbO3:Pr** is
ascribed to the cross-over between the 'D, level and the
IVCT state, followed by non-radiative relaxation to the
ground state 3Hy.

3.2. Afterglow properties and possible mechanisms

The afterglow properties of Pr**-doped lithium and sodium
niobates were investigated as a function of temperature in
the range 77-400 K. The irradiation wavelength was 350 nm,
corresponding to an excitation in the IVCT band. No afterglow
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Figure 5. Schematic one coordinate configuration diagrams of Pr’* in LiNbO; and NaNbOj;. The bottom of the conduction band is

symbolized as a dotted line.

was detected with our set-up for LiNbO;:Pr*t. In contrast,
NaNbO5:Pr*t showed afterglow at 7 > 295 K but not at
T =77K.

A selection of afterglow spectra is displayed in figure 6.
The profile of the emitted afterglow is typical of 'D, —
3H, transition of Pr’* at room temperature, demonstrating
that Pr3* is the recombination center that emits the persistent
luminescence.

A similar situation has been observed in CaTiO3:Pr>* [12].
In this compound, an irradiation in the IVCT band results in
the transfer of an electron from Pr’* to a nearby Ti*t cation
located 3.17 A from the excited Pr** [30]. The same process
occurs in NaNbO;:Pr3* between Pr** and a nearby Nb>* ion
located at 3.29-3.30 A from the excited Pr'™.

In CaTiO5:Pr°t, efficient afterglow has been observed at
room temperature after irradiation at 380 nm in the IVCT
band [12]. This particular situation has been examined by Jia
et al, who drew conclusions about the possible population of a
trapping center from the charge transfer state [11]. Afterglow
was then attributed to thermal activation of electrons stored in
the trap but no further detail was given about the recombination
process with the emitting species.

This model, however, is qualitatively correct and can
be transposed to the case of NaNbOsz:Pr’*. The proposed
afterglow mechanism is therefore the following:

(1) the charge transfer from Pr3* to Nb** results in a bound
exciton consisting of an electron shared among the nearby
niobium neighbors adjacent to the excited Pr3* ion;

(2) with thermal activation (i.e. at room temperature), a
probability exists that the electron is delocalized at some
distance through Nb—O-Nb bridges, thereby increasing
the probability for this electron to reach an electron trap
(e.g. an oxygen vacancy) and leaving behind a formal Pr*+
photo-thermally ionized defect;

(3) a thermal activation releases the electron from the
trap according to the Arrhenius equation P =
sexp(—AE/kT) (where P is the probability of thermal
de-trapping, s is a frequency factor and AFE is the trap

343 K
X,
334 K
. e A
1]
g M 324 K
<
= 314 K
AN
2
£
o
=
T 304 K
©
o
M
295 K
580 600 620 640 660 680

Wavelength (nm)

Figure 6. Afterglow spectra of NaNbO5:Pr** after 1 min irradiation
at 350 nm.

depth) and permits recombination with the Pr** defect
whose local Coulomb field attracts the electron;

an excited Pr** ion is formed and glows in the red from the
D, level. The determination of the nature of the shallow
traps responsible for afterglow is beyond the scope of the
present paper and will not be considered here. However,
it is reasonable to anticipate the formation of several
different kinds of defect centers acting as traps for charge
carriers after substitution of Pr>t to Nat in NaNbOs:Pr3t,
because of charge compensation requirements.

4

~

Owing to the above model, several comments can be made
regarding the afterglow efficiency in NaNbOs:Pr*.
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First, no afterglow is observed at 77 K. This is explained
by the fact that the phonon-assisted delocalization (step (2))
and charge de-trapping (step (3)) require thermal activation.
The temperature dependence of the afterglow efficiency in the
range 77-295 K will be investigated in a future study to clarify
this point.

Second, there is a fast exponential decrease of the
afterglow efficiency in the temperature range 295-343 K (see
figure 4). The rate of this thermal quenching is much higher
than the quenching rate of the 'D, emission in the same
temperature range. This indicates that the limiting steps to the
afterglow efficiency in NaNbO3:Pr** are the above steps (2)
and (3) again.

The balance between thermal trapping and de-trapping
rates that are controlled (at least partly) by the trap depth
is obviously a critical parameter. The electron traps in
NaNbO;:Pr** are presumably too shallow to induce efficient
afterglow at room temperature and probably brighter afterglow
should be observed below 295 K. Thermoluminescence
measurements will be carried out to collect information
regarding this aspect.

The density of traps and correlatively the probability to
find a trap in the nearby environment of a given excited Pr3*+
ion are also critical. The latter is closely connected with the
extension of the electron delocalization in the conduction band
after photo-thermal ionization of the Pr’* center.

As reported in section 2, the Nb—O-Nb angles between
shared octahedra are closer to 180° in NaNbOj5 than in LiNbO3.
This property allows a more extended delocalization of the
electronic wavefunctions in NaNbOs3, as confirmed by a larger
Stokes shift of the niobate emission in NaNbQOj3 than in LiNbO3
(see section 3.1). In our opinion, this difference of electron
delocalization contributes to the lower afterglow efficiency in
LiNbO;:Pr3* compared to NaNbO3:Pr+.

4. Conclusion

Pr**-doped orthorhombic NaNbO3 perovskite is introduced as
a new bright red phosphor excitable in the near UV region
at room temperature. The photoluminescence properties of
this phosphor are described in the frame of the intervalence
charge transfer model introduced a few years ago for
Pr3*-doped oxidizing lattices containing closed shell d°
transition metal ions. Afterglow is demonstrated at room
temperature in NaNbOsz:Pr’* after irradiation in the metal-
to-metal charge transfer state and explained by thermally
assisted photoionization of the Pr** ions followed by electron
delocalization in the conduction band states.
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