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a b s t r a c t

Tb3þ doped CaZrO3 has been prepared by an easy solution combustion synthesis method. The

combustion derived powder was investigated by X-ray diffraction, Fourier-transform infrared spectro-

metry and scanning electron microscopy techniques. A room temperature photoluminescence study

showed that the phosphors can be efficiently excited by 251 nm light with a weak emission in the blue

and orange region and a strong emission in green light region. CaZrO3:Tb3þ exhibits three thermo-

luminescence (TL) glow peaks at 126 1C, 200 1C and 480 1C. Electron Spin Resonance (ESR) studies were

carried out to study the defect centres induced in the phosphor by gamma irradiation and also to

identify the centres responsible for the TL peaks. The room temperature ESR spectrum of irradiated

phosphor appears to be a superposition of two distinct centres. One of the centres (centre I) with

principal g-value 2.0233 is identified as an O� ion. Centre II with an axial symmetric g-tensor with

principal values gO¼1.9986 and gl¼2.0023 is assigned to an Fþ centre (singly ionised oxygen vacancy).

An additional defect centre is observed during thermal annealing experiments and this centre (assigned

to Fþ centre) seems to originate from an F centre (oxygen vacancy with two electrons). The F centre and

also the Fþ centre appear to correlate with the observed high temperature TL peak in CaZrO3:Tb3þ

phosphor.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Alkaline-earth zirconates have attracted considerable attention
due to their structural diversity and technological applications. Some
perovskite compounds such as SrZrO3, CaZrO3 and SrTiO3 are of
particular interest because they exhibit remarkable protonic con-
ductivity when they are doped with acceptor ions [1–5]. Moreover,
materials with the perovskite structure are known to show super-
conductivity and remarkable electrical properties, including ferro-
electricity and piezo-electricity [6–9]. Perovskite oxides having the
general formula ABO3 are getting special attention because of their
applications in electrochemical devices such as capacitors, dielectric
resonators for microwave, solid oxide fuel cells, oxygen sensors,
oxygen separation membranes, hydrogen separators, hydrogen
pumps, steam electrolysers, humidifiers and dehumidifiers, hydro-
genation and dehydrogenation of hydrocarbons [1–15]. Among the
ll rights reserved.
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alkaline earth zirconates, calcium zirconate is an interesting material
for both mechanical and electrical applications such as filters,
coatings, resonators and capacitors. CaZrO3 ceramics have a rela-
tively high permittivity and a high insulation resistance [8,16–18].
Also they show high ionic conductivity for solid electrodes in fuel
cells and act as a microwave dielectric material [19]. It has been
reported that for low cost applications, calcium zirconate can be
considered as a good alternative to yttrium stabilized zirconia as it is
a more stable compound than ZrO2–CaO and shows good corrosion
resistance [20,21]. Calcium zirconate based materials have excellent
gas sensitivity at high temperature and hence they have been
studied for their potential use as a high temperature thermistor
material [22]. Its high sensitivity response to methane (CH4) makes
CaZrO3 a potential candidate material for hydrocarbon sensing [23].
It has one of the most distorted structures and its high-pressure
behaviour is of special interest [24]. However, there is not much
work related to rare earth doped calcium zirconate with perovskite
structure. It is noted that there are only few reports on the synthesis
of CaZrO3 by low temperature methods and also CaZrO3 has not
received much attention as a luminescent host. For a better knowl-
edge of the energy level structure of CaZrO3:Pr and CaTiO3:Pr, a
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spectroscopic study was carried out by Pinel et al. [25]. Yan et al.
[26] reported a modified sol–gel method for the synthesis of
rare earth composite ceramic phosphors MM0O3/CeO2 and MM0O3/
CeO2:Pr3þ (M¼Ca, Sr; M0 ¼Ti, Zr) with multicomponent hybrid
precursors and found that the introduction of CeO2 can enhance
the luminescence intensity of MM0O3 and MM0O3:Pr3þ . Recently,
Shimizu et al. [27] reported that Eu–Mg codoped and Tb–Mg
codoped CaZrO3 with perovskite structure, prepared using solid
state sintering around 1400 1C, showed intense tricolour lumines-
cence under UV excitation. In the present work, we have successfully
employed a low temperature, simple, fast and safe combustion
process for the synthesis of Tb3þ doped CaZrO3 phosphor.

Radiation-induced defects in several phosphor materials and
their role in their thermal, electrical and optical properties are
well established. In a recent study of the photoluminescence (PL)
properties of the perovskite-type stannates, it was suggested that
the crystal structural distortion of host lattices is one of the key
factors that determines PL intensity [27]. Accordingly, the
increase of the crystal structural distortion, in other words, the
enlargement of local contortion around rare earth ions, would
enhance the PL intensity in the rare earth doped perovskite
oxides.

CaZrO3 forms a perovskite-type structure like CaSnO3 but its
structure is more distorted than that of CaSnO3 [27]. Therefore, it
is anticipated that CaZrO3 has the potential for a favourable host
lattice for synthesis of rare earth doped phosphors. Rare earth
ions in general are known to yield good luminescence when used
as dopants in different host matrices. Among the lanthanides ions,
Tb, especially in its 3þ oxidation state, gives a good green
luminescence yield, under UV excitation. In this study, we carried
out Tb doping into CaZrO3 and examined its basic photolumines-
cence and thermoluminescence (TL) properties.

TL and TL–ESR correlation studies of Tb3þ doped CaZrO3 have
not been reported yet. It has been known for a long time that the
phosphor coating in devices is continuously hit by ionising
radiations in order to convert to visible light output. In such a
situation, the formation of defect centres can be expected. In this
respect, a study of radiation induced defects and knowledge about
the type of defects are of a great practical importance. In view of
this, in the present investigation TL and ESR studies of Tb3þ

doped CaZrO3 phosphor are carried out to identify the defect
centres. In addition, the prepared sample was characterised by
X-ray diffraction (XRD), field emission scanning electron micro-
scopy (FESEM) and photoluminescence (PL) techniques.
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Fig. 1. Powder XRD pattern of CaZrO3:Tb3þ phosphor.
2. Experimental

2.1. Synthesis

The powder sample of CaZrO3:Tb(0.03) phosphor was synthe-
sised by the combustion technique. For the combustion, a fuel and
oxidisers are required. In the present synthesis, metal nitrates are
used as the oxidiser and urea is employed as the fuel. Stoichio-
metric compositions of metal nitrates and fuel are calculated
based upon propellant chemistry. Thus, the heat of combustion is
maximum for oxidiser/fuel ratio 1 [28]. The following precursors
were employed: calcium nitrate (Ca(NO3)2 �4H2O, 99%, Aldrich),
zirconium nitrate (ZrO(NO3)2 �2H2O, 99%, Kanto Chemical Co.),
terbium nitrate (Tb(NO3)3 �5H2O, 99.9%, Aldrich) and urea
(CO(NH2)2, 99%, Aldrich) all were weighed according to the
stoichiometry. The precursors were dissolved in a minimum
amount of distilled water and allowed to react at 60 1C for
20 min to obtain a homogenous solution. Then the solution was
introduced into a muffle furnace preheated to 550 1C. Within a
few minutes, the solution boiled, ignited and produced a self-
propagating flame. The products obtained by the combustion
process were fluffy masses and these were crushed into a fine
powder. The product of the combustion reaction was then given
an annealing treatment at 1000 1C for 4 h in an open crucible in
air to remove by-products and reduce internal strain before it was
used for further characterisation.

2.2. Characterisation

The phase composition of the synthesised powder was analysed
by XRD using a Bruker D8 advance powder diffractometer (CuKa

radiation) in the 2y range of 51–801. The morphology of the powders
was determined using a JEOL-JSM-700F scanning electron micro-
scope (FE-SEM). FT-IR spectra were taken using a Perkin-Elmer Rx1
instrument in the range from 4000 to 400 cm�1. The room tem-
perature photoluminescence (PL) of the prepared phosphors was
studied using a JASCO, FP-6500, spectrofluorometer.

Irradiation of the samples was carried out using a 60Co gamma
source. A Daybreak 1100 series automated TL reader system was
utilised for TL experiments which were carried out in a nitrogen
atmosphere with a heating rate of 5 1C/s. Electron Spin Resonance
experiments were carried out using a Bruker EMX ESR spectro-
meter operating at X-band frequency with 100 kHz modulation
frequency. Diphenyl Picryl Hydrazyl (DPPH) was used for cali-
brating the g-factors of defect centres. Temperature dependence
of the ESR spectra was studied using a Bruker B VT 2000 variable
temperature accessory.
3. Results and discussions

3.1. X-ray diffraction

Fig. 1 shows the X-ray diffraction pattern of CaZrO3:Tb3þ

phosphor. The XRD pattern shows well-defined peaks, which
indicate a high crystallinity of the synthesised compound. All
the reflections in Fig. 1 could be indexed to those of standard
orthorhombic CaZrO3 (JCPDS File No. 76-2401) phase in addition
to weak reflex (’) lines which might belong to intermediate
phases [29–31]. It has been reported that calcium zirconate
formation starts at temperature �900 1C and proceeds up to
1500 1C [32]. Also phase-pure CaZrO3 is reported not to form in
low temperature synthesis processes and weak reflections of ZrO2

and CaZr4O9 phases were identified by earlier workers [29–32].
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This result indicated that the crystalline and orthorhombic phase
of CaZrO3 could be obtained by using the urea-assisted combus-
tion method.

3.2. FT-IR

The presence of water and organic residues in the CaZrO3:Tb3þ

phosphor was investigated by IR spectral analysis. Fig. 2 shows
the FT-IR spectrum of the CaZrO3:Tb3þ phosphor. Common bands
do not exist in the spectrum such as the broad O–H band around
3400 cm�1, the 1630 cm�1 H2O vibrational band or the bands
related to NO3

� groups at 1384 cm�1. This indicates that the
nitrates used in the starting materials were completely elimi-
nated and that the product is free of water. There is no evidence
for the presence of any organic intermediates in the sample.
Prasanth et al. [33] have reported a similar IR spectrum. They
reported a broad absorption peak at 3440 cm�1 due to the
presence of adsorbed moisture which is absent in our sample.
Our present results are also supported by the IR spectrum given
by Perry et al. [34]. Other authors have investigated in detail the
IR spectra of CaZrO3 powders calcined at different temperatures
[29,30,35].

3.3. Scanning electron microscopy

The powder morphology of the combustion synthesised
powders was characterised by the FE-SEM technique. Fig. 3a–c
presents FE-SEM images of the powder under various magnifica-
tions. At low magnification, as shown in Fig. 3a and b, the FE-SEM
image shows very clearly that the crystallites have no uniform
shapes and sizes. Also, there are some crystals containing pores
and cracks while some do not. This irregularity in size, shape and
porosity is caused by the inhomogeneous heat and mass flow in
the flame during the combustion process. The pores and cracks
could be expected due to the evolution of large amounts of gas
during the low temperature combustion process. The FE-SEM
image also shows the existence of small particles which is the
inherent nature of combustion synthesised products. The high
resolution FE-SEM image (Fig. 3c) is similar to images of FE-SEM
studies published previously [29,36–38].

3.4. Photoluminescence

Fig. 4(a) and (b) shows photographs of the CaZrO3:Tb3þ

powders prepared by the combustion method under room light
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Fig. 2. FT-IR spectrum of the CaZrO3:Tb3þ phosphor.

Fig. 3. SEM images of the CaZrO3:Tb3þ phosphor at low and high magnification.

(a), (b), and (c) correspond to magnification �500, �1300 and �30000 respectively.
and UV (254 nm) radiation respectively. The CaZrO3:Tb3þ phosphor
presents a light brown powder which emits green light under an
UV-source. Fig. 5 shows the emission and excitation spectra of the
CaZrO3:Tb3þ phosphor. Fig. 5(a) shows the excitation spectrum of a
sample by monitoring the strongest 545 nm (5D4-

7F5) emission of
the Tb3þ ion. The excitation spectrum is a combination of a broad
band and several narrow peaks. There are two bands: the main



Fig. 4. Typical photographs of a CaZrO3:Tb3þ phosphor sample under (a) room light (appearance: a light brown powder) and (b) UV-254 nm (appearance:

green emission of Tb3þ).
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Fig. 5. Photoluminescence spectra of the CaZrO3:Tb3þ phosphor: (a) excitation

spectrum for emission at 545 nm and (b) emission spectrum for excitation at

251 nm.
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excitation peak appeared at around 251 nm and another peak with
maximum at 285 nm was observed in the range from 240 to
325 nm. The former one was more intense than the latter one.
These peaks overlap with each other and are not resolved well.
Zhang et al. [39] observed band peaking at 250 nm in the undoped
and Tm doped CaZrO3 phosphor and they reported that this is due to
the existence of defect level in the host. In the same report they
mentioned that similar excitation and absorption peaks due to the
defect levels also exist in Eu doped SrZrO3 [40] and Tm doped
SrHfO3 [41] phosphors. We presume that another band peaking at
285 nm represents the spin allowed 4f–5d transition (f–d transition)
of Tb3þ ions. The other sharp peaks in the range from 325 to 400 nm
are due to 4f–4f transition of Tb3þ ions. The emission spectrum
recorded under 251 nm excitation is shown in Fig. 5(b). The
emission spectrum exhibits four major emission bands at around
493, 545, 591 and 623 nm, which are attributed to the typical
5D4-

7F6, 5D4-
7F5, 5D4-

7F4 and 5D4-
7F3 transitions of Tb3þ ions

respectively. Also weak blue emission peaks with the wavelengths
below 480 nm were observed originating from the 5D3-

7Fj (6, 5, 4,
3, 2, 1 and 0) transition of Tb3þ ions. Among these transitions, the
green emission at 545 nm (5D4-

7F5) is the most intense and the
luminescence can be seen by the naked eye under UV radiation as
mentioned above. Similar emission spectra have been reported by
Shimizu et al. [27]. The photoluminescence investigation of the
CaZrO3:Tb3þ powder phosphor confirms that this phosphor pre-
sents a potential green luminescent optical material for green
luminescent display systems.
3.5. TL and ESR

Prior to gamma irradiation no glow peaks were observed in
CaZrO3:Tb3þ sample. The TL glow curve of the CaZrO3:Tb3þ

phosphor for a test gamma dose of 10 Gy is shown in Fig. 6. The
main TL peak occurs at about 480 1C with smaller peaks at 126 1C
and 200 1C. A heating rate of 5 1C/s has been used for recording
the glow curves.

The ESR spectrum at room temperature of gamma irradiated
(dose: 10 kGy) Tb3þ doped CaZrO3 is shown in Fig. 7. Thermal
annealing experiments indicate that at least two defect centres
contribute to the observed ESR spectrum. These defects are
labelled in Fig. 7. The ESR line labelled as I is due to a centre
characterised by an isotropic g-value equal to 2.0233 and 30 G
linewidth. Centre I has a relatively large linewidth which indi-
cates unresolved hyperfine structure. This is due to the interac-
tion of the unpaired electron with nearby nuclear spins. In
CaZrO3, calcium (43Ca) as well as zirconium (91Zr) have isotopes
with nuclear spin. 43Ca has a nuclear spin 7/2 (magnetic moment:
1.3173) with 0.14% abundance. On the other hand, 91Zr (nuclear
spin 5/2 and magnetic moment: 1.3036) has an abundance of
11.2% [42]. Therefore, the possibility of the electronic spin
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Fig. 6. TL glow curve of CaZrO3:Tb3þ phosphor (test gamma dose: 10 Gy).
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Fig. 7. Room temperature ESR spectra of irradiated CaZrO3:Tb3þ phosphor

(gamma dose: 10 kGy). Line labelled as I is due to an O� ion. Centre II line is

assigned to a Fþ centre. Spectrometer conditions for recording the spectrum

are—microwave power: 32 mW; modulation amplitude: 4 G and scan range of

1000 G.
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Fig. 8. Thermal annealing behaviour of centre I in CaZrO3:Tb3þ phosphor.
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interacting with zirconium ion (91Zr) is more due to the ion’s
larger abundance.

CaZrO3 is an orthorhombic perovskite ABO3 compound belong-
ing to the space group Pbnm [43]. CaZrO3 consists of slightly
deformed ZrO6 octahedra with Zr–O bond lengths ranging from
2.09 to 2.10 Å and O–Zr–O angles in the range 88–90.91. The
average Zr–O–Zr tilt angle between ZrO6 octahedra is 1461. In an
ideal cubic perovskite structure, B–O–B angles between the
corner sharing [BO6] octahedra are 1801 and the divalent A2þ

cation resides in a dodecahedral site with m3m site symmetry,
coordinated to 12 oxygen atoms. The rotation of [ZrO6] octahedra
distorts the Ca site with a reduction in site symmetry from Pm3m
to1 and the coordination of Ca reduced from 12 to 8 with Ca–O
bond lengths ranging from 2.341 to 3.625 Å. CaZrO3 is one of the
most distorted orthorhombic Ca-oxide perovskites. The divalent
Ca2þ cation resides in a distorted dodecahedral site.

Mixed occupancy is expected at Zr site with partial replace-
ment by Ca atoms. Hence, a number of trapping sites for the
electron and hole on irradiation are created due to antisite
formation which results from the interchange of the ions on
octahedral and dodecahedral positions by divalent and tetrava-
lent ions. Moreover, a change in the charge state of defect centres
and impurities in the lattice is possible due to damage created by
irradiation [44]. Many of the optical and luminescence properties
of the crystal are affected by these defects.

Cation disorder as well as non-stoichiometry of CaZrO3 can
lead to a large number of lattice defects, which may serve as
trapping centres. In this situation, irradiation can form Fþ centres
by trapping electrons at oxygen vacancies. On the other hand, O�

ions can be formed by hole trapping at calcium or zirconium
vacancies. The observed relatively large linewidth of centre I
indicates that the unpaired electron is delocalised and interacts
with nearby zirconium nuclei. Hence centre I is assigned to an O�

centre stabilized by a nearby cation vacancy (a hole trapped in a
Ca2þ/Zr4þ ion vacancy).

The stability of centre I was measured using the pulsed-
thermal annealing method. After heating the sample up to a
given temperature, where it is maintained for 3 min, it is cooled
rapidly down to room temperature and ESR experiments were
carried out at room temperature. Fig. 8 shows the thermal
annealing behaviour of centre I. It is seen that the centre becomes
unstable around 80 1C and decays in the temperature range 80–
200 1C. This decay appears to be related to the TL peak at 126 1C.

Fig. 9 shows the ESR spectrum of centre II. This spectrum has
been recorded with the following spectrometer conditions—

microwave power: 32 mW; modulation amplitude: 1 G and scan
range of 100 G. Centre II is characterised by an axial symmetric
g-tensor with principal values gO¼1.9986 and gl¼2.0023. In an
earlier study on an oxide system, yttria stabilized zirconia (YSZ),
i.e. ZrO2:Y, Costantini et al. [45] have observed a centre with
principal values gO¼1.996 and gl¼1.972. The g-values in YSZ are
found to be smaller than the free-electron value and the centre
has been attributed to an Fþ centre, i.e. a singly charged oxygen
vacancy with one remaining electron. Costantini et al. suggested a
symmetry breaking defect at an anionic site near the Fþ centre to
explain the axial nature of the g-tensor. This anionic site defect
assigned to a neutral F centre (oxygen vacancy with two elec-
trons) appears to be consistent with the large density of oxygen
vacancies present in the YSZ system. On the basis of the results of
Costantini et al., the defect centre II in CaZrO3:Tb3þ phosphor is
assigned to an Fþ centre which needs to be in the proximity of an
F centre. The axial nature of the g-tensor could result from an F
centre present near the vicinity of centre II in a manner similar
to the YSZ. The basic lattice of CaZrO3 may contain oxygen
vacancies as mentioned earlier and this can lead to the formation
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Fig. 9. ESR spectrum of centre II in irradiated CaZrO3:Tb3þ phosphor.

The spectrum has been recorded with the following spectrometer conditions—

microwave power: 32 mW; modulation amplitude: 1 G and scan range of 100 G.
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Fig. 10. Thermal annealing behaviour of centre II in CaZrO3:Tb3þ phosphor.
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of F centres in close proximity to centre II. It may be mentioned
that in a recent review Popov et al. [46] have discussed in detail
the production mechanisms of F centres in oxide and halide
systems.

Fig. 10 shows the thermal annealing behaviour of centre II. It is
observed that the centre becomes unstable near 50 1C and starts
to exhibit a two-step decay. The first stage of decay is pronounced
and is in the temperature range 50–150 1C. The second step of
decay occurs in the 150–260 1C temperature region. Centre II
along with centre I appears to be associated with the low
temperature TL peak at 126 1C. There seems to be a similarity
between the decay of centre I and first stage decay of centre II
even though the decay of centre II in the low temperature range is
more pronounced. This indicates that centre II may be acting as a
recombination centre when the hole from O� ion (centre I) is
released and recombines with the electron in Fþ centre. On the
other hand, the second stage of decay of centre II indicates that it
could also be related to the TL peak observed around 200 1C.

Thermal annealing experiments have shown that the two
centres observed in the irradiated phosphor decay below 300 1C.
A new centre (centre III) has been observed during high
temperature thermal annealing experiments. The ESR spectrum
after thermal annealing at 400 1C is shown in Fig. 11. The
intensity of the new ESR line is found to be relatively small.
Centre III has an isotropic g-factor equal to 2.0045 with a 6 G
linewidth and is tentatively assigned to an Fþ-centre based on the
reasons mentioned earlier. A similar formation behaviour like
centre III is exhibited by the EX

1 centre (an oxygen vacancy having
an unpaired electron localised in the sp3 hybrid orbital extending
into the vacancy from the adjacent silicon ion) in SiO2 lattice. In a
detailed investigation on the formation and thermal annealing
characteristics of EX

1 centre in SiO2, Jani et al. [47] have proposed
an oxygen vacancy containing two electrons as the precursor of
the EX

1 centre. It was suggested that this oxygen vacancy with two
electrons is likely to release an electron during post-irradiation
heating resulting in the formation of EX

1 centre. On the basis
of these results in SiO2, it is speculated that in CaZrO3:Tb3þ

phosphor the formation process of centre III might be similar.
Oxygen vacancies can be present in CaZrO3 lattice due to non-

stoichimetry and impurities. Room temperature irradiation can
convert these vacancies into F-centres. F-centres contain two
electrons and during heating release an electron which appears
in the thermal annealing experiments as an appearance of centre
III. Jani et al. [47] have observed only one type of EX

1 centre, while
two distinct Fþ centres are seen in the present study. Three basic
differences are observed for the Fþ centres observed in this study.
The g-values are different. Centre II is perturbed by a nearby F
centre which leads to an axially symmetric g-tensor. On the other
hand, centre III is characterised by an isotropic g-value. The
formation processes of the two centres are different. Centre II is
formed by the capture of an electron at an anionic vacancy while
centre III results when sufficient thermal energy is given to an F
centre (an anion vacancy with two trapped electrons) causing it
to release one of the electrons. The thus formed Fþ centre releases
the unpaired electron only at higher temperatures and hence has
higher thermal stability as compared to centre II.

The thermal annealing behaviour of centre III is shown in
Fig. 12. It is seen that centre III grows in the temperature region
300–490 1C. The decay of centre III beyond 490 1C corresponds to
the decay of the Fþ centre. The present results indicate that the
precursor of centre III (F-centre) and also the Fþ centre appear to
correlate with the high temperature TL peak at 480 1C in the
phosphor. These centres release electrons during thermal readout
and the released electrons can combine with holes trapped
elsewhere. The energy released in the electron–hole recombina-
tion process is utilised for the excitation of Tb3þ ion, resulting in
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the TL peak. It is to be noted that the above mentioned appear-
ance of Fþ centre at high temperature was also observed in our
earlier study of Y2O3:Er phosphor [48].
4. Conclusions

Tb doped CaZrO3 was synthesised via the combustion method
using urea as the fuel element. It was characterised by XRD, FT-IR,
and FE-SEM techniques. A green emission (5D4-

7F5 at 545 nm)
has been observed from the CaZrO3:Tb3þ powder phosphor under
UV radiations. The CaZrO3:Tb3þ phosphor exhibits TL glow peaks
at 126 1C, 200 1C and 480 1C. Three defect centres have been
identified in the irradiated phosphor. These centres are tenta-
tively assigned to an O� ion and Fþ centres. O� ion correlates
with the 126 1C TL peak. One of the Fþ centres appears to act as a
recombination centre for the peak at 126 1C and also correlates
with the TL peak at 200 1C. The second Fþ centre seen after high
temperature annealing and its precursor appear to be related to
the TL peak at 480 1C.
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