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Fluorine-substituted CaTiOs:Pr phosphors were prepared by a solid-state reaction. Rietveld refinements
of powder X-ray diffraction patterns revealed that increasing fluorine-substitution leads to the gradual
shrinkage of the unit-cell. Enhanced afterglow intensities were observed with fluorine-substitution. Fur-
thermore, the effect of annealing atmosphere was investigated by thermochemical treatment in different
atmospheres (Ar, air and NH3). UV-Vis diffuse reflectance spectra and photoluminescence excitation
spectra revealed that Pr** in the pristine CaTi(O,F);:Pr phosphor was partially reduced to Pr** under
NH; flow leading to an intensity improvement of ca. 450% compared to CaTiOs:Pr. The substantial
improvement of afterglow intensity by fluorine substitution and annealing in NHs is considered to be
connected with the generation of oxygen vacancies and the partial reduction of Pr** to Pr>*.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Strong red phosphorescence of CaTiOs:Pr has been widely
stzudied during the last decades because of the potential applica-
tion in phosphor lamps, soft illumination, warning signs or field
emission displays [1-5]. The persistent luminescence was attrib-
uted to detrapping of electrons stored in trapping centers like oxy-
gen vacancies by thermal activation, followed by red emission due
to the 'D, — 3H, transition of Pr3* [1,2].

Many attempts have been devoted to the improvement of the
emission intensity and to the enhancement of the phosphores-
cence efficiency, and various factors affecting the phosphorescence
have been discussed. It is well accepted that the concentration of
oxygen vacancies is a decisive factor to explain the phosphores-
cence behavior of CaTiO5:Pr [3,4]. With respect to these findings
different methodologies, for example, synthesis method variation,
different co-substitutions and host modifications have been pur-
sued [3,5-10]. For example, in addition to AI**, Bi>* and In®*" [6-
8], Zn?* and/or B>* substitution [9,10] have been found to intensify
the red emission of CaTiO5:Pr3*. Adding 3% Ca excess followed by
thermal treatment at 1400 °C resulted in significant afterglow
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improvement [11]. On the other hand, comparatively few studies
have been carried out concerning the anionic substitution and
the influence of annealing atmosphere on persistent luminescence.
*In the present study, CaTi(O,F)s:Pr powders were synthesized by
a solid-state reaction. Because of the different formal charges and
ionic radii of 0>~ and F~, the distribution and concentration of the
defects (including oxygen vacancies) can be varied depending on
the degree of fluorine-substitution in CaTiOs:Pr. A partial substitu-
tion of oxygen with fluorine can change the oxidation state of tita-
nium and/or praseodymium, which can subsequently alter the
luminescence properties of the oxyfluorides in comparison with
the oxides. Furthermore, the luminescence properties can also be
influenced by the choice of annealing conditions, which affects the
concentration of oxygen vacancies and the oxidation state of praseo-
dymium. The influence of annealing atmosphere with varied fluorine
content is systematically investigated and the resulting afterglow
decay behavior is studied by fluorescence spectrophotometry.

2. Experimental procedures

CaTiO5:Pr** powder was synthesized by a solid-state reaction. 0.1 mol of CaCO5
(Merck, 99.5%) and 0.1 mol of TiO, (Sigma-Aldrich, >98.5%) together with 2 mmol
of Pr,05 (Alfa Aesar, 99.9%) were thoroughly mixed using agate mortar and pestle.
The powder mixtures were calcined first at 700 °C for 12 h. After an intermediate
grinding step, the powders were heated at 1100 °C for 12 h in air twice with another
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intermediate grinding in order to achieve phase purity. Both heating and cooling
rates were set to 5 °C/min. The obtained CaTiO5:Pr** powder is denoted in the fol-
lowing as CTO. For the substitution of 0>~ by F~, CaF, (Sigma Aldrich, >98.5%) was
used. The same procedure of heat treatment as above was applied for the substitu-
tion series. Stoichiometric amounts of CaF,, CaCOs, and TiO, along with Pr,03 were
used for the synthesis of five different phosphor powders. Details are listed in
Table 1. Moreover, CTOF1.5 was selected as an example to investigate the influence
of annealing atmosphere. Aliquots of the as-synthesized CTOF1.5 powder were
annealed in different atmospheres, namely synthetic air, argon, and NH; (denoted
as Ar-CTOF1.5, Air-CTOF1.5 and NH3-CTOF1.5, respectively). For Air-CTOF1.5, 3 g
of the white CTOF1.5 powder was heated (5 °C/min) to 1000 °C in a synthetic air
stream (100 mL/min) and kept at this temperature for 12 h. Subsequently, the sam-
ple was cooled down with a cooling rate of 5 °C/min to room temperature. For Ar-
CTOF1.5, the same annealing condition was applied with Ar atmosphere. An anneal-
ing treatment at 400 °C for 2.5 h under NHj3 flow as described in the previous paper
[12] was chosen for NH3-CTOF1.5.

Powder X-ray diffraction patterns were obtained using a PANalytical X'Pert PRO
0-20 system equipped with a Johansson monochromator (Cu Koy radiation,
1.5406 A) and an X'Celerator linear detector. The diffraction patterns were recorded
between 20° and 100° (20) with an angular step interval of 0.0167°. The Thompson-
Cox-Hastings pseudo-Voigt function was used as profile function [13] and CeO,
(NIST SRM674b) was measured as standard reference material in order to estimate
the instrument-specific contribution to the peak broadening.

Raman spectra were recorded on a Renishaw 2000 spectrometer equipped with
holographic notch filters and a CCD array detector. The samples were excited with a
red He-Ne laser (632.816 nm) beam which was focused onto the sample using
objective lenses (20x magnification). The instrument was calibrated with a Si single
crystal. The spectra were recorded at room temperature with an exposure time of
10 s, repeated five times and accumulated.

Thermogravimetric analysis (TGA) was carried out using a NETZSCH STA 409 CD
thermobalance. A baseline was initially measured with an empty alumina crucible.
In each measurement around 0.1 g of sample powder was heated under synthetic
air (50 mL/min) up to 1500 °C with a heating rate of 10 °C/min. Gas analysis was
done with a connected quadrupole mass spectrometer (MS, NETZSCH QMS 403 C).

UV-Visible diffuse reflectance spectra were acquired using a UV-3600 Shima-
dzu UV-Vis NIR spectrophotometer equipped with an integrating sphere. The base-
line measurement was taken with BaSO,4. The spectra were recorded in the range of
200-800 nm with a step interval of 2 nm.

The Photoluminescence excitation and emission spectra were obtained at room
temperature using a spectrofluorometer (Fluorolog 3-22 Jobin Yvon, Edison) with a
nominal resolution ranging from 0.5 to 2.0 nm.

Phosphorescence decay profiles were measured with a photometer (Phototec,
RC Tritec in collaboration with Monyco) equipped with a high-sensitive photomul-
tiplier from Hamamatsu. The spectra were recorded at room temperature after exci-
tation by 6 UV-LED (254 nm) for one minute to fully activate the phosphors. The
measurement was started 20 s after the end of the excitation.

Table 1
Detailed experimental conditions of the used precursors for the synthesis of five
different CaTi(O,F);:Pr>* powders.

Sample CTO CTOF0.5 CTOF1.0 CTOF1.5 CTOF2.0
CaF, (mol) 0 0.025 0.05 0.075 0.1
CaCO3 (mol) 0.1 0.075 0.05 0.025 0
TiO, (mol) 0.1 0.1 0.1 0.1 0.1
Pr,03 (mol) 0.002 0.002 0.002 0.002 0.002
(a)
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3. Results and discussion

X-ray diffraction patterns of CTO, CTOFO0.5, CTOF1.0, CTOF1.5
and CTOF2.0 powders are shown in Fig. 1. All observed reflections
can be assigned to the orthorhombic perovskite CaTiO3 (JCPDS-PDF
No. 01-082-0228). For CTOF1.0, CTOF1.5 and CTOF2.0 powders,
however, traces of remaining CaF, (JCPDS-PDF No. 01-077-2095)
and TiO, (JCPDS-PDF No. 01-073-2224) were detected as shown
in Fig. 1(b). Quantitative phase analysis using the Rietveld method
[14] revealed that 1.9 mol% of CaF, and 1.9 mol% of TiO, remained
for CTOF1.5. For CTOF2.0, the remaining CaF, and TiO, phases
increased to 7.0 mol% and 8.3 mol%, respectively. Fig. 2 presents
the XRD pattern of CTOF1.5 with the corresponding Rietveld
refinement. The refinement result for the cell parameters and
unit-cell volume together with the reliability factors and good-
ness-of-fit indices are listed in Table 2. The unit-cell volume
decreases with increasing CaF, content, except CTOF1.0. As the
ionic radius of the fluorine ion is smaller than that of the oxygen
ion (r(F'")=1.33 A and r(0?>")=1.40A [15]), the substitution of
oxygen by fluorine is expected to lead to a shrinkage of the lattice.
This provides indirect evidence that the incorporated fluorine con-
tent in the perovskite structure is increasing when higher contents
of CaF, are used. However, the possible presence of oxygen
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Fig. 2. Rietveld refinement plot of CTOF1.5. The difference plot of the observed and
calculated diffraction profiles is shown together with the Bragg positions as short
vertical markers.
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Fig. 1. (a) Powder X-ray diffraction (XRD) patterns of CaTi(O,F);:Pr>* measured in Bragg-Brentano geometry at room temperature. (b) Enlarged XRD patterns in the angular

range 25-29° (20) indicating the presence of secondary phases.
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Table 2
Rietveld refinement results of CaTi(O,F);:Pr3*.
Compound CTO CTOF0.5 CTOF1.0 CTOF1.5 CTOF2.0
Lattice parameter (A)
a 5.3838(1) 5.3827(1) 5.3826(1) 5.3817(1) 5.3819(1)
b 5.4397(1) 5.4413(1) 5.4421(1) 5.4426(1) 5.4417(1)
c 7.6438(1) 7.6425(1) 7.6426(1) 7.6415(1) 7.6416(1)
Unit-cell volume (A%) 223.859(3) 223.840(2) 223.869(2) 223.822(2) 223.796(2)
Ry 6.64 6.56 6.37 6.36 6.52
Rwp 8.57 8.63 8.59 8.58 8.76
Rexp 5.37 5.13 5.04 5.19 5.31
Ve 2.55 2.83 2.90 2.73 2.72
Space group symmetry: Pbnm.
Rp, Rwps Rexpr and x? are the reliability factors and goodness-of-fit, respectively.
deficiency as well as a reduced oxidation state of Ti or Pr by substi-
tution of 02~ by F~ cannot be excluded. Typically, these defects are 248 — CTO
known to lead to unit-cell expansion [16]. Neither fluorination of —— CTOF0.5
CaTiOs3 nor generated oxygen vacancy and/or changed oxidation 226 CTOF1.0
state of Ti alone can account for the change of lattice parameter, —— CTOF1.5
especially the unit cell expansion of CTOF1.0. Clearly, the resulting _ —— CTOF2.0
lattice change is a combination of several effects. To investigate the S
effect of different thermochemical treatments, CTOF1.5 was L
annealed in Ar, air and NHs. Rietveld refinements of the corre- }%‘
sponding XRD patterns were conducted and the results are listed E
in Table 3. Compared to pristine CTOF1.5, the unit-cell volume £
decreased with annealing. In this study, the concentrations of fluo-
rine in the CaTi(O,F)3:Pr could not be quantitatively determined,
because the synthesized samples also contained unreacted CaF,
as a minor secondary phase. Nevertheless, F~ is incorporated in
the perovskite lattice and we consider that the originally highly
distorted TiOg octahedra in CaTiOs:Pr** become much more T | T | T | T | T | T
ordered with the fluorine substitution. 200 300 400 500 600 700 800

Raman spectra of the materials are displayed in Fig. 3. The seven
Raman modes between 200 and 800 cm™! are attributed to the
orthorhombic crystal structure of CaTiOs in accordance with the
XRD results and literatures [17-19]. CTOF2.0 revealed additional
peaks at 442 and 617 cm~! which are assigned to the characteristic
Raman-active E; and A, phonons of the TiO, rutile phase [20,21].
This is also in good agreement with Rietveld refinement as rem-
nant TiO, was estimated to be around 5 wt.% in CTOF2.0. However,
the origin of the Raman bands at around 660 cm™' cannot be
explained. A possible origin of this Raman peak at 660 cm™! could
be a weak vibronic emission band of the Pr>* due to the 'D, — >H,
transition by the 632.8 nm laser radiation.

Fig. 4 illustrates the mass changes and the analysis of evolved
gases during TGA-MS experiments in synthetic air. All the fluori-
nated CaTiOs show gradual mass loss starting at roughly 1200 °C
which can be attributed to the release of fluorine as this feature
was not observed for CTO. The evolved gases were analysed by
mass spectrometry as shown in Fig. 4(b). The MS-signal of HF
(m/z = 20) indicates the release of HF above 1200 °C. The mass loss
was in the range of 0.17-0.21%. A quantification of fluorine content

Table 3

Rietveld refinement results for Ar-CTOF1.5, Air-CTOF1.5 and NH3-CTOF1.5 powders.
Material Ar-CTOF1.5 Air-CTOF1.5 NH;-CTOF1.5
Lattice parameter (A)

a 5.3811(1) 5.3808(1) 5.3815(1)

b 5.4418(1) 5.4416(1) 5.4424(1)

c 7.6404(1) 7.6401(1) 7.6411(1)
Unit-cell volume (A%) 223.735(2) 223.705(2) 223.793(2)
Ry 6.36 6.45 7.68
Rwp 8.59 8.80 10.5
Rexp 5.58 5.54 5.51
» 238 2.52 3.65

Raman shift (cm™)

Fig. 3. Raman spectra of CaTi(O,F);:Pr>* measured at room temperature.

was not possible because the mass loss was not completed within
the measured temperature range.

Fig. 5 shows the UV-Vis diffuse reflectance spectra of CTO and
fluorine-substituted samples measured at room temperature. The
excitation band A at roughly 330 nm is assigned to the valence-to-
conduction band transition, i.e. the bandgap energy [22]. The fluo-
rine substitution did not lead to a shift of the absorption edge,
revealing that the bandgap energy of the samples was not affected
as expected since the more electronegative fluorine 2p orbitals are
located deeper in the valance band than the oxygen 2p orbitals.
The absorption edge wavelength of roughly 330 nm s in good agree-
ment with literature values [23]. Although the fluorine substitution
did not cause a significant change in the UV region at the absorption
edge, a drastic reflectance decrease was observed in the wavelength
range of 355-440 nm as a shoulder B. This feature was specifically
attributed to the charge transfer between Pr?* and Ti** (intervalence
charge transfer state, IVCT) [22,24]. And a decrease of the UV-Vis
reflectance in the B band can be interpreted as decreased charge
transfer between Pr?* and Ti** mainly due to the 0>~ — Pr** charge
transfer [25].In addition to the bands A and B, the reflectance spectra
exhibited the characteristic 4f-4f absorption (marked as C) of the
Pr3* ions at 455, 476, 494 nm originating from *H, to °P; (/= 0, 1, 2)
transitions [22,26] shown as an inset in Fig. 5. The UV-Vis diffuse
reflectance spectra of CaTi(O,F);:Pr>* powders annealed at different
atmospheres are shown in Fig. 6. A drastic decrease was observed in
the wavelength range of 355-440 nm as a shoulder B for the Air-
CTOF1.5. Although the annealing temperature in air was lower than
the synthesis temperature, this additional heat treatment seems to
oxidize the sample further. Compared to pristine CTOF1.5, it is evi-
dent that the intensity of band C is significantly increased for NHs-
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Fig. 4. (a) Thermogravimetric analysis (TGA) and (b) mass spectrometry (MS) carried out during the thermal reoxidation of CaTi(O,F)3:Pr in synthetic air.
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Fig. 5. UV-Vis diffuse reflectance spectra for CaTi(O,F);:Pr measured at room
temperature. The inset shows the enlarged region between 420 and 520 nm.
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Fig. 6. UV-Vis diffuse reflectance spectra of CaTi(O,F);:Pr*>* annealed at different
atmospheres. The inset shows the enlarged region 420-510 nm in which the
spectra were shifted for better comparability.

CTOF1.5 and decreased for Air-CTOF1.5 revealing that Pr* was
partly oxidized to Pr*" at high temperature during the annealing in
air. On the other hand, it is important to note that minor amounts

of Pr®* existing in the pristine CTOF1.5 was reduced to Pr** under
NH3 flow leading to distinctive features in the bands C.

Fig. 7 shows photoluminescence excitation spectra (/emission =
611.8 nm) measured at room temperature. The band A’ at roughly
330 nm was attributed to the bandgap excitation of the CaTiO3
host (the valence to conduction band transition) corresponding
to the band A in the UV-Vis diffuse reflectance spectra (Fig. 6)
[1,27]. CTO and CTOF2.0 powders show a peak shift to 318.4 nm.
At lower energies, the band B’ at 370 nm was assigned to a charge
transfer between Pr** and Ti** (corresponding to the band B in
Fig. 6) [28]. The weak excitation bands C' between 450 and
500 nm correspond to characteristic >H, to 3P] (J=0, 1, 2) transi-
tions of Pr** (inset in Figs. 5 and 7). At higher energies (between
250 and 310 nm) the band D’ has been assigned to the lowest
energy 4f to 5d excitation of Pr3* [22,26]. CTO shows the highest
intensity of excitation band B’ among all samples, which is in good
agreement with UV-Vis diffuse reflectance spectrum as shown in
Fig. 5. Selected photoluminescence emission spectra (Jexcita-
tion = 330 nm) for CTO and CTOF1.5 are shown in Fig. 7(b). None
of the samples show a noticeable variation of peak position and
intensity with fluorine substitution. The observed peaks match
well with those of previous reports [11,29-31]. Photoluminescence
excitation spectra (Aemission = 613.8 nm) of CTOF1.5 annealed at dif-
ferent atmospheres are shown in Fig. 8. Compared to CTOF1.5, the
intensity of excitation bands C’ is increased for NH;-CTOF1.5 and
decreased for Air-CTOF1.5, which is in good agreement with UV-
Vis diffuse reflectance spectra. The overall findings indicate that
the concentration of Pr*>* and Ti** was affected by different anneal-
ing conditions. Further investigations, for example, electron para-

magnetic resonance (EPR) spectroscopy are planned to
investigate the substitutional influence on the afterglow
properties.

Fig. 9 illustrates the phosphorescence decay profiles at room
temperature. The phosphorescence intensities of fluorine-substi-
tuted powders were higher than that of CTO just after UV light irra-
diation. The highest phosphorescence intensity is observed for
CTOF1.5 among all samples within the measurement time span.
Fluorine-substituted samples, however, showed comparatively fast
intensity decay above roughly 50 s compared to un-substituted
CTO. The phosphorescence is known to obey an exponential decay
[22,32-34]. In this study, the phosphoresce decay curves were fit-
ted with both single exponential and double exponential decay
equations and it was found that curves can be well described by
the double exponential decay (Eq. (1)).

T2

I(t) = A exp (;—f) + Az exp <;t> (1)

where t is the time, A; and A, are pre-exponential factors, 7; and 7,
are the corresponding decay times for the exponential components,
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Fig. 7. (a) Photoluminescence excitation spectra (/emission = 611.8 nm) measured at room temperature. The excitation spectra are normalized by the maximum intensity peak.
(b) Photoluminescence emission spectra (Zexcitation = 330 nm) of selected CTO and CTOF1.5 samples measured at room temperature.
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Fig. 9. Phosphorescence decay profiles for CaTi(O,F)s:Pr.

respectively. The fitting results of phosphorescence decay profiles
are presented in Table 4. The lifetime (7;) was found to be in the
range of 27.7-51.5 s for all samples. Interestingly, the lifetime (75)

Table 4
Fitting results of decay times 7; and 7, for CaTi(O,F)3:Pr.
Compound CTO CTOF0.5 CTOF1.0 CTOF1.5 CTOF2.0
71 (seconds) 27.7 51.5 26.9 334 35.0
T, (seconds) 2215 2204 1379 155.4 154.2
10° 5
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Fig. 10. Phosphorescence decay profiles of CTOF1.5 annealed in Ar, air and NHs.

Table 5

Fitting results of decay times t; and 7, for CaTi(O,F);:Pr annealed in Ar, air and NHs.
Compound Ar-CTOF1.5 Air-CTOF1.5 NH3-CTOF1.5
71 (seconds) 22.6 23.7 23.5
T, (seconds) 131.1 133.2 167.1

decreased with increasing fluorine substitution, while 7; did not
show a clear tendency. The phosphorescence decay profiles of the
CTOF1.5 annealed in different atmospheres are shown in Fig. 10
and the corresponding fitting results of phosphorescence decay pro-
files are presented in Table 5. The phosphorescence intensity of
NH;-CTOF1.5 was by far higher than that of pristine CTOF1.5 within
the measurement time span revealing an intensity improvement of
ca. 450% compared to CTO. In contrast, Ar- and Air-CTOF1.5 showed
reduced intensities. The lifetime (7;) was found to in the range of
22.6-33.4 s and interestingly, 1, is decreased with annealing both
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in Ar and Air, but 7, was increased when CTOF1.5 was annealed
under NHs reaching 167.1 s.

The luminescence properties are known to depend strongly on
the defects which can be the origin of trapping and thermal de-
trapping of charge carriers in CaTiO3:Pr>* phosphors [31,35]. In this
study Pr** was added into the CaTiOs lattice as a luminescence cen-
ter in addition to a partial substitution of oxygen by fluorine. It is
well known that It is well known that when oxygen is substituted
by fluorine, free electrons can be generated as follows in Kroger-
Vink notation[36],

CaF, I cay, + 2F, + 2¢' (2)

Generated electrons are most probably reducing Ti** into Ti*>* or
Pr** into Pr**. Therefore, the concentration of Pr** possibly
increases with the increase of fluorine substitution, which is bene-
ficial for the luminescence properties [37-39] explaining the
enhanced luminescence intensities in this study. Annealing in
moderately reducing condition (in this work, under NH3) can be
beneficial mainly in two ways. First, the influence of annealing in
NHs can be described as regulation of the crystal structure by
reducing the concentration of defects which act as non-radiative
recombination centers [12] with simultaneous increase of oxygen
vacancies, which are one of the most decisive factors in the
increased persistent luminescence of CaTiOs:Pr’>*. Secondly, NH;3
treatment results in reducing Pr** to Pr>* which is evidently shown
in the UV-Vis diffuse reflectance spectra (inset in Fig. 6) and pho-
toluminescence excitation spectra (Fig. 8). Therefore, the concen-
tration of Pr>* was accordingly increased explaining the
enhanced luminescence intensities [37-39]. In contrast, after
annealing in air at 1000 °C for 12 h CTOF1.5 was oxidized, increas-
ing the Pr** concentration and reducing the oxygen vacancies. As a
result, afterglow properties are deteriorated. Hinatsu and Edelstein
also reported that by using electron paramagnetic resonance (EPR),
Pr** ions were identified in BaMOs and (M = Ce, Zr, Sn) and SrCeO3
when the samples were kept at 1000 °C for 48 h in air [40]. There-
fore, the annealing condition was found to be one of the critical
factors for the improvement of photoluminescence and afterglow
behavior in CaTi(O,F)s:Pr phosphors.

4. Summary

CaTi(O,F)s:Pr phosphors were successfully synthesized with dif-
ferent levels of fluoride substitution. All samples were character-
ized structurally and by thermogravimetry, and the associated
luminescence properties were measured. The highest afterglow
intensities were identified after NHs-annealing, leading to an
improvement of 450% versus the unsubstituted CaTiOs:Pr. The
improved afterglow both by fluorine substitution and by NHs
annealing was mainly attributed to the reduction of Pr*" to Pr3*.
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