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Results on nanosized CaTiOs:Pr** phosphor
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Luminescent films of Pr3*-doped Ca TiOs, being superior to those of the type Y,03:Eu**, have been prepared by sol-gel (S-
G), dip-coating (D-C), radio-frequency sputtering (R-FS) and spray (S) technologies. The structure, microstructure and
chemical composition of these films were characterized by XDR, AFM, electron microscopy and Rutherford Back Scattering
(RBS). The response of these films under UV pumping was estimated by time-resolved laser spectrometry (T-RLS). The
irradiative transition and photoluminescence performances of films strongly depend on sintering conditions or applied
thermal treatment, that affect both the structural and microstructural characteristics. The photoluminescence intensity
increases along with growing of the sintering temperature, whilst the brightness increases for D-C films and decreases for

films prepared by (S) technique.
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1. State of the art

Nowadays, luminescent materials (otherwise called
phosphors) are more and more present in every day’s life.
Apart from traditional and historical applications in
lighting (fluorescent lamps), screens (cathodic ray tubes,
plasma display panels), solid state lasers (ALO;:Cr',
YAG:Nd*', etc.), optical communication (Er’’-doped
fibers), optoelectronics or sensors, they find more and
more applications in new technical fields like marine and
aeronautical navigation [l, 2], nuclear medicine
(bioluminescence and immunology) [3], archaeology [4],
environment (ozone analyzers, nitrogen oxides, sulphur
compounds or toxic particles), [5, 6], energetic
(monitoring the combustion processes in power stations
and at the intern combustion engines) [7], and also
bioinformatics, biophysics, biochemistry, quantum
chemistry or digital television, etc. [8, 9].

In spite of very active researches on phosphors for
more than 50 years all over the world, the lighting, display
and optoelectronics industries still face the challenge of
using more durable, energy-efficient, cost-effective and
environmentally safe phosphors to meet their increasingly
creative applications in everyday devices, such as TV
screens, mercury free and energy saving lighting,
electronic  billboards, computer monitors, portable
electronics etc. Owing to this challenge, breakthroughs are
expected from the development of new preparation
methods (especially soft chemistry routes) for obtaining
nanocrystals, fibers, functional hybrid materials or
nanostructured films. The Pr’-doped perovskite
phosphor CaTiO5:Pr’" is of special interest, both from
fundamental and applicative viewpoints [10-12].

2. Fundamental aspects on luminescence
properties of CaTiOs:Pr**

The perovskite structure is named after the mineral
CaTiO;. At room temperature, the structure is
orthorhombic and is made up of corner shared TiOg
octahedra with Ca ions in the large cavities at the corners
of the unit cell, as depicted in figure 1. The Pr’* ions are
expected to occupy the Cy, calcium sites. This situation
results in the presence of 2 very short Pr'" - Ti*'
interatomic distances of 3.17 A, which makes possible a
photon assisted energy transfer from Pr’ to Ti*" at
relatively low energy. This energy transfer, referred to as
Pr’" / Ti*" < Pr*" / Ti* Inter Valence Charge Transfer
(IVCT) has been proved to interfere strongly with the
excited dynamics of the Pr'" ion in CaTiOs:Pr’, thus
causing the quenching of the otherwise prominent
greenish-blue emission from the 3P, level (3PO — 3H,
transition, see the energy level structure of Pr’" shown in
figure 2, where the level 'S, is not shown ) [14, 15].
Consequently, only a single emission from the 'D, level is
observed in the visible ('D, — *H, transition), giving a
pure red saturated color to the Iuminescence of
CaTiO;:Pr’*, with chromaticity coordinates x = 0.68 and y
=0.31 (see figure 3, where the color point of CaTiO; :Pr’*
is indicated as the white circle), very close to those of the
“ideal” red, as defined by the International Commission on
Ilumination [17]. The quenching process of the °P,
emission by IVCT is detailed in figure 4, where the
configurationally coordinate diagrams show the position
effect of the IVCT on the population of the *Py and 'D,
emitting states.
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Fig. 4. Configurationally coordinate diagram: the effect the
position of the IVCT

Interestingly, the quenching of the *P, emission of Pr**
by IVCT has been demonstrated to be a general behavior
in a number of oxidizing host lattices containing d’ closed
shell transition metals like titanates, vanadates, niobates,
tantalates, etc.[18].

The graph plotted in figure 5 shows the relationship
existing between the IVCT energy, the optical
electronegativity y,, (M™) of the transition metal ion (i. e.
its aptitude to electron capture) and the shortest Pr*’ -
transition metal distance in the lattice d(Pr’" - M,,). This
behavior is rationalized in an equation of the form:

Zopt (M " )

IVCT (Pr*",cm™) = 58800 — 49800 ——=>~———
dPr*-M"™)

Although it is empirical, this equation can be used as a
predictive tool to prepare red emitting oxides- based
compounds doped with small amounts Pr’*. In particular,
it has been demonstrated that compounds having IVCT
energy lower than 28,000 cm” emit single red
luminescence only from the 'D, level, like for instance
YVO,Pr** or LiNbO;:Pr’* [18]. More recently, this
approach has been extended to the case of Tb*" ions that
possess a relatively low fourth ionization potential (i. e. an
aptitude to oxidization), similarly to Pr’.
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Fig. 5. Variation of the IVCT band position against the
ratio between the optical electronegativity of the closed-
shell transition metal cation (M"™) and the shortest
interatomic distance between Ln** (Ln = Pr, Th) and M"™".
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3. Experimental results on structure and
luminescence properties of CaTiO:Pr*

The red phosphor CaTiO;:Pr’* is an exceptional
compound regarding to its applicability in a number of
different technological fields. This phosphor was firstly
studied in the beginning of the 1990 and is a very
promising material for low voltage field emission display
(i. e. for flat cathode ray screens) [19]. Up to now, the
commercial red phosphor that is used in plasma display
panels (PDPs) is Y,05:Eu’". This phosphor is extremely
bright due to the extremely sharp hypersensitive *Dy — "F,
electronic transition (this phosphor is the brightest ever
prepared for the red spectral range) However, although
this phosphor is well adapted to mercury excitation at 254
nm, it is not optimized for a VUV xenon-neon plasma
excitation. In addition, its luminescence is not purely red
but reddish-orange due to some luminescence
contributions (viz. "Dy — F; and “Dy — F,) at shorter
wavelength compared to Dy — Fa. Lastly Y,0;:Eu*t is a
relatively expansive phosphor and represents about a
quarter of the total price of a flat plasma display screen.
Actually, CaTiO5:Pr*" is much cheaper than Y,Os:Eu’":
the only rare earth present in Pr'" and this is the cheaper
among all the rare earths; moreover, the optimized doping
rate in CaTiO;:Pr’" is only 0.1 mol% Pr'" whereas it is
higher than 5% Eu’ in Y,Oy:Eu’". In addition, as
mentioned above, the color of the red emission in
CaTiO5:Pr’" is almost the ideal one, which avoids using
filters to improve the color rendering. Lastly, it is has to be
noticed that the excitation spectrum of CaTiO5:Pr’" is very
broad and approximately flat (see figure 6) from the near
UV to the VUV (i. e. 150 nm and even below — not shown
here). Especially, such an excitation profile is suitable for
efficient excitation using VUV Neon/Xenon plasma and
allows considering CaTiO;:Pr’" as a potentially attractive
phosphor for PDPs.
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Fig.6. Typical excitation-emission profiles of
CaTiO3:Pr¥* at 300 K

It is also worthwhile noting that the behavior
described above for CaTiO;:Pr" is of special interest for
the design of new powder phosphors usable in mercury-
free lamps. It is well-known that fluorescent lamps (also
called fluocompact lamps) present the great advantage
over incandescent lamps to glow the same amount of

visible light for a much lower consumed electrical power
(the yield is 14-25 lumens/watt for incandescent lamps and
60-70 lumens/watt for fluocompact lamps) and to have a
lifetime 6 to 15 times longer. The principal drawback of
these mercury - based fluorescent lamps (apart form the
price) is linked with the management of the end of their
lives. Indeed, the amount of undesirable mercury vapor
which is freed in our environment every year in the world
from the wasted lamps is close to 5 tons.

In addition to the above properties, CaTiO3:Pr3 " has
also been experienced recently as a red afterglowing
phosphor. An afterglowing phosphor shows the advantage
to keep emitting light after light irradiation has stopped.
There is a real commercial need for red-emitting long
lasting phosphors for technological applications in dark
vision displays emergency route marking, warning sign
boards, sensing of structural damage and fracture of
materials, etc. [20- 22]. Up to now, long lasting
phosphorescences have been reached in the blue and the
green spectral ranges by incorporating Eu** and Dy*" ions
in strontium and calcium aluminates. For the red
component, the afterglowing phosphors are still limited to
sulfides like CaS:Eu’" or SrS:Eu’’, with the problem that
sulfides sometimes show chemical instabilities, depending
on the applications [23, 24]. This knowledge is now used
to improve the long lasting afterglow in this phosphor. In
particular, it was demonstrated the possibility of observing
afterglow not only after UV irradiation but also after blue
irradiation in the blue spectral range. The afterglow
emission spectra of CaTiO; :Pr’" at room temperature after
one minute irradiation at 330 nm (valence-to-conduction
band transition), 380 nm (IVCT) or 450 nm (intraionic *H,
— P, transition) in figure 7 is showing. The scale is the
same for all spectra. These spectra cover the first 30
seconds of afterglow. A time delay of 2 seconds separates

each spectrum.
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Fig. 7.The afterglow emission spectra of CaTiO; :Pr** at
room temperature after one minute irradiation at 330 nm.
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The sol-gel technology is a very powerful method for
preparing inorganic polycrystalline compounds with
controlled grain sizes, morphologies and textures either in
the micrometer or in the nanometer scale (figure 8). This
technology is also very useful for the deposition of films
and was used to deposit CaTiO;:Pr’" either by spin coating,
dip coating, spray pyrolysis or radio-frequency sputtering.

—
10 pum
Fig. 8. Scanning electron micrographs of a CaTiO3 :Pré*
powders
High quality photoluminescent coatings of

CaTiOs3:Pr’" were obtained by the above mentioned
methods. The thicknesses of the films varied from =~ 200
nm (spin coating, dip-coating and sputtering) to several
micrometers (spray pyrolysis). In every case, special care
was taken to control the in situ crystallization of the as-

deposited films by temperature dependant X-ray
diffraction measurements [25]. Figure 9 shows typical
patterns recorded for sprayed films. It is interesting to
observe in this case the beginning of crystallization of the
CaTiO; perovskite at about 550 °C, against more than
1000 °C for the same perovskite prepared by conventional
solid state methods. The average size of the crystallites for
the spray films heated at 1000°C was estimated at about 75
nm using Scherrer’s equation.
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Fig.9. X-ray diffraction patterns of a CaTiO; :Pr®" film
deposited by spray.

After heat treatment, the films were more or less
translucent, depending on the amount of deposited matter.
The surface aspect changed drastically with the
temperature of thermal treatment as shown in figure 10.
The film heated at 800°C presents a step-like structure
with ladders piling up perpendicularly to the substrate, but
after being heated at 1000°C, the surface became
uniformly smooth and presented a very good adherence, as
in the case of phosphor penetration within the substrate.
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Fig. 10. Scanning electron micrographs of a CaTiO; :Pr*
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much lower thicknesses. Nevertheless, the red
The photoluminescence of sprayed coatings, with luminescence is still observable by naked eye. Detailed
different thicknesses, under natural light (a) and 254 nm photoluminescence measurements performed by time-
light (b) is relatively bright, as shown by fig. 11. resolved laser spectroscopy allowed us to conclude about
the high level of crystallization of all the films, using for
this purpose the Pr’* luminescence as a local structural
probe. This is particularly evident from figures 12 and 13
where it is possible to observe the characteristic Stark
level structure of both 'D, excited state and *H, ground
state of the Pr’* ions located in well defined single sites in
the perovskite structure. The spectra of a powder heated at
1000°C and having the same composition as films are
| 3 given for comparison purposes.
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Fig. 12. Photoluminescence spectra at 15K of
The photoluminescence in dip-coated or sputtered CaTiOs :Pr’" films deposited by soft routes.
films is much weaker relative to sprayed films, due to their
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Fig. 13. Photoluminescence spectra at 15K of CaTiOs :Pr®* films deposited by RFS

In the case of films deposited by R-FS, it is interesting
to note a broadening of the electronic transitions relative to
the powder of same composition (see figure 13), denoting
a nanosized effect. This nanosized distribution of grains in
those films was further confirmed by AFM the tapping
mode, as represented in figure 14. In addition, the
chemical composition of the films was confirmed by RBS
measurements (figure 15) of films under various sputtering
conditions. A: working pressure 1.5 Pa and Ar / (Ar + Oy)
= 100%, B: working power 16.73 W.cm™ and Ar / (Ar +
0,) = 100%, C: working power 16.73 W.cm? and working
pressure 1.5 Pa. Their overall optical quality was
evidenced by the interference fringes observed in UV-
visible transmission spectrometry (Fig. 16).

Fig. 14. AFM images of a film of CaTiO;:Pr®* deposited
by R- FS and annealed at 800°C
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Fig. 15. RBS analysis of the atomic composition of

deposited films
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Fig. 16. UV-visible transmission spectra of a film of
CaTiO5:Pr** deposited by R-FS and annealed at 800°C
(a) and at 1000°C (b).

The observation of interferences in the visible - near
UV part of the transmission spectra where the absorption
is low (i. e. A > = 345 nm) made it possible the evaluation
of the refraction indexes and the thickness of the films
using the Swanepoel procedure [26]. Average values of
the refraction index at A = 632.8 nm range typically from
2.08 in films heated at 700°C to 2.25 in films heated at
800 and 900 °C. The index value decreases to 2.12 for thin
films heated at 1000°C. These values are systematically
~ 10 % lower than in CaTiO; bulk. The thickness of the
films was evaluated close to 200 =10 nm and did not vary
significantly with the temperature of thermal treatment or
the sputtering conditions.

4. Conclusions

Luminescent films of Ca TiOs;: Pr’* have been
prepared by various techniques including: sol-gel, dip-
coating, radio frequency sputtering and spay technologies
having as substrate silica. The photoluminescence
performances of prepared films are strongly influenced of
preparation conditions, the possibly applied thermal
treatments them influencing both crystalline structure and/
or microstructure. The photoluminescence of prepared
films has been excited by using an UV pump that lead to a
transition between the metastable 'Dz level to the 3H4
ground state of Pr” ions. The presence of the Stark
components can be explained taking in account the fact
that the Pr” ions occupy single well-defined
crystallographic site in the orthorhombic structure of Ca
TiOs: Pr''. Detailed photoluminescence measurements
performed by T-RLS allowed us to conclude about the
high level of crystallization of all the films, using for this
purpose the Pr’” luminescence as a local structural probe.
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