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Abstract:

The optical behaviour of a perovskite ceramic CaZrOjs is investigated. The orthorhombic
CaZrO; was obtained by gel combustion synthesis which yielded phase pure product at
temperatures as low as 600°C. Transmission electron microscopy shows the formation of
highly monodisperse nanosphere of calcium zirconate. Despite the absence of any activator,
undoped CaZrQO; showed distinct excitation and emission spectra attributed to presence of
local defect in the perovskite phase. Photoluminescence decay and EPR spectroscopy shows
the presence of oxygen vacancy which is responsible for intense violet blue emission in
CaZrO; nanosphere. Presence of oxygen vacancy was further confirmed by comparing the
intensity of emission and EPR spectrum of sample annealed in completely reducing and
completely oxidizing atmosphere with that of as prepared sample. To explain PL emission in
the blue region, a distortion model is proposed. Our DFT based hybrid functional
calculations shows distortion in Ca network causes less disorder in unit-cell compared to Zr
network. DFT calculations also shows distortion in Ca network comprising of [Ca0. V]

and [Ca0,.V,] complex clusters generate shallow defect states very close to valence band

maxima leading to PL emission in blue region.

1.0: Introduction:

A luminescence material generally emits in visible region of electromagnetic
spectrum but they can also emit in ultraviolet (UV) and infrared (IR) region depending upon
the activator ion doped; Gd®" doped inorganic material generally emits in UV region [1]
whereas Nd, Yb, Er doped one emits in IR region [2, 3]. In general phosphors are classified
into two main groups: activator and non-activator based phosphor materials [4]. Activator

based luminescence materials generally involves transitions between energy level of activator
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ion like GdPOy: Eu [5], KoTiFe: Mn [6], Bix(Ga,Al)400:Cr [7], a-GdBsOe:Ce*'Tb*" [8] etc.
However in some cases even without activator ion; luminescence is observed which is mainly
because of intrinsic charge transfer transition like in Sr,CeOs, AM0O4 (A= Ca, Sr and Ba),
CaWO; etc [9-11]. Rare earth doped luminescence materials in most cases are very expensive
and non-environmentally benign. Other class of luminescence materials is semiconductors
and defect based inorganic compounds. However many semiconductors possess intrinsic
hazard and also some of them are potential threat to environment and that’s why their usage
is very limited [4]. As far as defect induced emission in inorganic material is concerned it has
been explored long back in 1986 and later in 1997. Sailor and group has found intense white
emission from silicate —carboxylate precursor [12, 13]. From then onward defect related
emission without any activator ion has been the emerging area of research and lots of
attention has been given on how to replace traditional phosphor by rare earth free one. In that
way defect based luminescence materials has contributing significantly. Some of the recent
work where defect induced emission has been explored is Zn,GeO4 [14], InGaAs quantum
dots [15], silicon nitride [16], ThO; [17], MgAl,0O4 [18], CdSe nanocrystals [19] etc.
In this context ceramic oxide with perovskite structure has gained lots of attention
particularly the one with distorted structure.

Lots of reports are available on the existence of defect induced photoluminescence in
ABOj; perovskite structure like strontium titanate [20], lead zirconate [21], barium zirconate
[22], lead titanate [23], calcium titanate [24], magnesium titanate [25], strontium zirconate
[26-29] etc.
CaZrOs; also belongs to a class of disordered perovskite with orthorhombic structure with 8
and 6-coordination for Ca and Zr respectively [30]. They are technologically important
compound which finds application in diverse area of science and technology like, Hydrogen
sensor [31], luminescence host [30], multilayer capacitor [32], catalysis [33] etc.
As far as luminescence is concerned maximum reports exists on optical properties of Eu
doped CaZrO; sample [30, 34-38]. Few reports are also available on photoluminescence
properties of CaZrOs:Pr [39-40], CaZrO;: Tb*" [41], CaZrOs: Tm®" [42] etc. As far as optical
spectroscopy of undoped CaZrO; is concerned; not much work has been done. Recently Liu
et al and his group has investigated photoluminescence (PL) properties of undoped CaZrO;
and attributed the intense violet- blue emission to defect cluster [43].
Finding the origin of defect induced emission solely from PL spectroscopy will not give the
true picture of the situation. So, in this study we adopt two pronged route by combining PL

spectroscopy and density functional theory (DFT) based calculation to explain origin of blue
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emission in calcium zirconate. In one hand, we synthesize calcium zirconate using citric-
assisted gel-combustion route and investigate its optical properties using PL spectroscopy.
Origin of emission in naive sample is also investigated using EPR and emission lifetime
spectroscopy. On the other hand, DFT based hybrid functional calculations are employed by
proposing a distortion model to explain blue emission in calcium zirconate from quantum

chemistry perspective.

2.0 Experimental
2.1. Sample preparation:

Analytical grade chemicals of ZrOCl,, Ca(NOs),, NH4NO; and citric acid
(CcHgO7-H,0) were used as starting reagents for the synthesis of CaZrOs perovskite. Initially
solution of calcium and zirconium oxychloride was prepared in quartz double distilled water
(QDD). Then solution of ammonium nitrate was added to calcium nitrate solution followed
by addition of zirconium oxychloride under vigorous stirring. Under the similar condition 2M
citric acid (acting as a fuel) was added to the mixed solution of Ca®, Zr*" and ammonium
nitrate. This resulted in the formation of an opal gel; which on subsequent heating at 100°C
for 10 hr under IR lamp dries up completely. They were then subjected to heating at 300 °C
for 10 min in muffle furnace which resulted in an ash-colored voluptuous mass. The ash-like
substance was then calcined at 600 °C for 1 hour which resulted in formation of white

powder.

2.2. Instrumentation:

The phase purity of the prepared CaZrOs; sample was confirmed by X-ray diffraction
(XRD). The measurements were carried out on a PANalytical Xpert Pro diffractometer which
was equipped with monochromatized Cu Ka radiation. Silicon was used as an external
standard.

PL measurements were carried out on an Edinburgh FLS-900 unit equipped with CD-
92 controller and microsecond Xe flash lamp with 10-100 Hz variable frequency as the
excitation source. The spectral data analyses were done by F-900 software. The EPR spectra
were recorded on a Bruker ESP-300 spectrometer operating at X-band frequency (9.5 GHz)
equipped with 100 kHz field modulation and phase sensitive detection to obtain the first
derivative signal. Diphenyl picrylhydrazyl (DPPH) was used for the calibration of g-values of

paramagnetic species.
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2.3. Computational Methodology:

Our calculations are based on density functional theory (DFT) along with projector
augmented wave (PAW) potentials implemented in the Vienna Ab-initio Simulation Package
(VASP) [44, 45]. Perdew-Burke-Ernzerhof (PBE) [46] exchange-correlation functional were
used for the generalized gradient approximations (GGA). We further applied the screened
hybrid functional of Heyd, Scuseria, and Ernzerhof (HSE06) functional [47] to take into
account the effects of nonlocal exchange. In this calculation, the screened exchange
functional with 25% Hartree-Fock contribution and a screening length of 0.2/A were used.
The projector augmented wave (PAW) potentials [48] were used for the ion-electron
interactions including the valence states of Ca (3s, 3p, 4s - 10 valence electrons), Zr (4s, 4p,
S5s, 4d — 12 valence electrons) and O (2s, 2p — 6 valence electrons). The Kohn-Sham single
particle wave functions were expanded in a plane wave basis with kinetic energy cutoff 500
eV which showed the results were well converged at this cut off. For orthorhombic CaZrO;
(CZO) unit-cell, optimization was carried out with respect to E¢, and k-point meshes to
ensure convergence of total energy to within a precision 0.1 meV/atom. The Brillouin-zone
(BZ) integrations were performed on a Monkhorst-Pack [49] k-point grid of 12x12x8 for
CZO unit-cell. The total energy of CZO were optimized with respect to volume (or lattice
parameter), b/a, c/a ratio and atomic positions. Conjugate gradient algorithms were used for
the unit-cell relaxations (b/a, c/a ratio and atomic positions) until the residual forces and
stress in the equilibrium geometry were of the order of 0.005 eV/A and 0.01GPa,
respectively. The final calculation of total electronic energy and density of states (DOS)

were performed using the tetrahedron method with Blochl corrections [S0].

3. Results and discussion
3.1. Phase purity: PXRD

Figure 1a shows the XRD pattern of 600°C annealed CaZrOs sample. The pattern matches
completely with reported standard pattern number 35-0790 except a small peak at around 20
=30.05°. Small peak at 30.06 degree is because of CaZr4Ogand can hardly be avoided at such
low calcination temperature. It is reported that CaZrsO9 co-exist with CaZrOs phase up to
temperature of 1300°C [51-52]. However, its existence is not going to have profound effect
on photoluminescence properties of CaZrOs; perovskite phase. The crystal structure of

CaZrOs; is orthorhombic with Pnma space group.
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Figure 1: (a) XRD Pattern of CaZrO; powder annealed at 600°C (b) Schematic of
CaZrO; unitcell. Arrows indicate direction of atomic displacement for the Zr and Ca
network. O; and O, are the axial and planar oxygen atoms, respectively.

In the ABOs perovskite structure, coordination number of A is 12 and B is 6; but tilting of
BOg octahedra reduces the coordination of A. In that cases perovskite doesn’t remain in ideal
cubic geometry and are referred as disordered perovskite. Figure 1b shows the unit cell of
CaZrOs which belongs to a class of disordered perovskite because of tilting of ZrOg octahedra
w.r.t ideal cubic structure. This reduces the coordination number of A site i.e. Ca®" from 12 to
8 in disordered CaZrOs. In many optoelectronic devices, disordered insulators (Band Gap of
CaZrO; is ~ 5.6 eV) can replace single-crystal semiconductors, particularly when cost is an

important factor.

Figure 2:
3.2. TEM study:

Figure 2 shows the TEM micrographs of CaZrO3 nanoparticles. Figure 2b is magnified
version of one cross section of Figure 2a. The morphologies are monodisperse sphere and
similar in shapes with smooth surface. Few spheres are slightly larger compared to other. The
mean diameter of the sphere is 20-30 nm. Figure 2c¢ shows the selected area electron
diffraction (SAED) pattern of calcium zirconate nanosphere. The pattern shows that CaZrO;

nanoparticles are well crystalline in nature.
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Figure 2: (a) and (b) TEM micrographs of CaZrQ; nanoparticles
3.3. Photoluminescence properties of undoped CaZrOs:

Figure 3 shows the excitation spectra of CaZrO; sample under the emission of 427 nm. The
spectra consists of a sharp peak at around 246 nm which is attributed to electron transfer from
filled 2p shell of oxygen to vacant 4d shell of zirconium [43]. This is generally termed as host
absorption band (HAB). Similar kind of transition is observed previously in our SrZrO;

sample also [27, 28].

4x10°
3x10°
E)
< 2x10°
x10°
=2
[72]
S
5_
g 2x10
8x10"*
0

T v T * T ¥ T Y T
200 250 300 350 400
Wavelength (nm)

Figure 3: Excitation spectrum of CaZrQO3 under A.,-427 nm

Figure 4a display the emission spectrum of undoped CaZrO; sample (as prepared) at
excitation wavelength of 246 nm. The emission spectrum shows a broad band at around 427

nm (visible region) in blue region of electromagnetic spectrum. CIE coordinates is very
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important parameter in evaluating the performance of light emitting material. CIE
chromaticity diagram for CaZrO; perovskite sample is depicted in inset of Figure 4a. The
CIE coordinates value obtained in this case was found to be 0.200 and 0.196 showing CaZrO;
to be a strong blue emitter. It is an important development because it is vary difficult to find a
suitable blue phosphor because wide band gap is required, and the naked eye sensitivity is
quite low in the blue spectral region. Such visible light emission on UV excitation in sample
without any activator ion can be ascribed to presence of defects in the lattice. Liu et. al. [43]
has attributed such broad emission to [CaO;. Vo] / [CaO7. Vo] defect cluster but without
any experimental basis and concluded solely on work done by Longo and Group [53, 54]. It
is known that annealing ternary oxides at high temperature leads to creation of oxygen
vacancy [55] and more likely broad blue emission in calcium zirconate is induced by oxygen
vacancy.

0o = 20, + Vs +2¢” 1)
To confirm that it is indeed oxygen vacancy which is responsible for intense blue emission in
calcium zirconate we have annealed the as prepared sample at 800°C in argon as well as
oxygen atmosphere (pure O; at 1 atmospheric pressure) and their respective emission spectra
is shown in Figure 4b. It is interesting to observe that for sample annealed in oxygen
atmosphere; intensity of blue emission decreases whereas it enhances in argon atmosphere
compare to that of as prepared CaZrOs;. O, present in oxygen environment combines with
oxygen vacancies present in thermally treated CaZrO; and that’s why emission intensity
decreases in completely oxygen environment. These results indicate that photoluminescence
in blue region is invariable due to oxygen vacancies. Oxygen vacancies may act as radiative

centres giving rise to blue emission in CaZrOs.

(a) As Prepared
annealed in inert (Ar) atmosphere

annealed in oxidizing atmosphere
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Figure 4: (a) Emission spectrum of CaZrQO; (a) as prepared and (b) sample annealed in
completely oxidizing and argon atmosphere at excitation wavelength of 246 nm. CIE
color coordinates for the as prepared CaZrQO; sample is shown in the insets of Figure
Sa.

3.4. Probing the type of oxygen vacancy: Lifetime and EPR

Since oxygen vacancy play very important part in lots of new chemical and physical
processes; identifying them as well as various oxygen vacancy (OV) structures is of
paramount importance for fundamental as well as technical point of view. We have carried
out emission lifetime and EPR measurement to confirm that the nature of oxygen vacancies
responsible for intense blue emission in CaZrO;. Normally in nanomaterials based on
preparation methodology and conditions; various kinds of defects are present viz. cation
vacancy, cation antisite, oxygen vacancy, oxygen antisite, cation interstitial, and oxygen
interstitial. Even in oxygen vacancy there are three different types; neutral, singly ionized and
doubly ionized depending upon the number of electron it has trapped zero, one or two.

To get detailed information about the species responsible for visible luminescence in CaZrO;
sample, decay curves corresponding to blue emission from the samples were recorded and are
shown in Figure 5. The PL decay curve was fitted using bi-exponential model using

equation:

t t
I(t) =A;exp (— —) + A, exp (— —) 2)
Tq Ty
where I(t) is intensity, t; and 1, are emission decay times, and A; and A, are their relative
weightage. The decay curve shows two different lifetime value 1.23 and 12.3 ns with
magnitudes 87 and 13 % respectively. The bi-exponential decay is an indication for the
presence of more than one defect centre in CaZrOs perovskite sample. The lifetime value of
the order 1.2 ns is typical of oxygen vacancy related defects [S6] and the other one (12.3 ns)

can be because of some surface defects which can come into picture in nanostructure

materials.
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Figure 5: PL decay profile for CaZrO; under excitation of 246 nm and emission of 427
nm. Line at t=0 represents an instrumental response function (IRF).
Electron paramagnetic resonance (EPR) is an efficient tool for characterizing the spin state of

electron and surface structure of nanomaterials. Since CaZrOs is an antimagnetic it will not
have an EPR signal of its own. The fact that CaZrO; is giving an intense room temperature
EPR signal (Figure 6a) at around 3350 Gauss with g ~ 1.9543 which is typical of singly
ionized oxygen vacancy (V) [57].

Figure 6b is showing the EPR spectra after various pretreatment of the samples at different
atmospheres (Inert Ar) and Oxidizing atmosphere). From the figure it is clear that the
intensity of the signal got modified depending on the nature of the atmosphere of
pretreatment. In case of inert atmosphere pretreatment, the intensity was found to increase
while a reverse result was observed in oxidizing atmosphere. The trend is very similar to
what we have observed for emission spectra. Hence the EPR signal is closely related to
oxygen vacancies since the emission observed in the visible region is due to oxygen
vacancies. As in present case we did not observed any doublet (fine structure) for typical S =
1 system, the possible involvement of two trapped electrons defects Vj; has been removed
from our consideration. Hence the signal is attributed to the paramagnetic singly ionized

oxygen vacancy (Vp) [27, 28].
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Figure 6: (a) The EPR spectra of the CaZrO; at room temperature and (b) The EPR
spectra of the CaZrO; annealed at different atmosphere.

3.5. DFT calculations:

CaZrO; (CZO) crystallizes in the orthorhombic crystal structure (Pbnm space group) in
which the atoms occupy Wycoft’s positions: Ca (4¢c) (x, 1/4, z), Zr (4b) (1/2, 0, 0), O (4¢c) (x,
1/4, z) and O (8d) (x, y, z). Figure 1b shows unit-cell of the CaZrO3. The equilibrium lattice
parameters and atomic positions are summarized in Table 1 along with experimentally
determined those values (by Rietveld refinements). Table 1 clearly shows our HSE06
calculated values agree well with previous experimentally determined values [58, 59] within
less than 1.5% deviations.

Table 1: HSE06 calculated equilibrium lattice parameters, atomic positions and
band-gap are summarized in this table along with previous experimental

measurements.
This study Experiment [58] Experiment
(HSE06) [59]
a (A) 5.6406 5.5974(3) 5.5944
b(A) 8.1071 8.0271(1) 8.0211
c(A) 5.8317 5.7691(4) 5.7611
Ca4(c)
X 0.013 0.0108 0.0125
z 0.051 0.0478 0.0479
04(c)
X 0.609 0.5806 0.6130
z -0.043 —0.0223 -0.0423
O 8(d)
X 0.303 0.3002 0.2999
y 0.058 0.0459 0.0566
z 0.301 0.3069 0.3011
Band
gap (eV) 5.6 - 5.7
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The HSEO6 calculated total and orbital angular momentum resolved electronic density of
states (DOS) of CZO is shown in Figure 7. The DOS of CZO essentially illustrates the
bottom of the conduction band mainly stems from the hybridization of 4s-3d states of Ca and
4d states of Zr. The top of the valence band is mainly composed of the 2p (px, py, p,) atomic
orbital of O along with partly derived from 4d (mainly dy,, dxy, dy,) atomic orbitals of Zr. This
DOS features indicates that the host absorption of CZO originates mainly from the charge
transfer from O% to Zr*". It is also important to note that, the Zr—O bond is partly covalent
while the Ca—O bond is ionic in nature. The ionic bond between Ca and O indicates that
electron transfer from O* to Ca®" is difficult. Finally, our HSE06 calculated electronic band
gap of 5.6 is matching very well with previously UV-visible spectroscopy measured band-

gap of 5.7 [59] and 5.53 eV [43].
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Figure 7: HSE06 calculated total and angular momentum decomposed electronic
density of states of ideal CZO (0-CZO). The vertical lines represent Fermi level.

In order to simulate the disordered types and structural complex vacancies associated with
them which can explain photo-luminescence properties of CZO, three structural models were
built based on the ideal/ordered CZO unit-cell (0-CZO) (i) by displacement of the Zr (f-
CZ0); (i1) by displacement of Ca (m-CZO); and (iii) by simultaneous displacement Zr/Ca
(fm-CZO) as described by V.M. Longo et al. [60]. Figure 1b shows the direction of Ca and

Page 12 of 19



Page 13 of 19

RSC Advances

Zr atom displacements with displacement vector of (0.35 0.0 0.35) and (0.0 0.0 0.5) in A,
respectively. O; and O, are the axial and planar oxygen atoms, respectively, associated with
the displaced Zr atom. The DOS were calculated with the total 0.5 A vector displacement of
the Zr and Ca network in all the disordered/distortion models. In CZO unit-cell Zr atom is
coordinated by 6 nearest neighbour O atoms forming ZrOg octahedra. Shifting a Zr atom
(situated at (0.5, 0.5, 0.5) atomic position) from its previous position causes asymmetries in
the unit-cell and the shifted Zr atom is now surrounded by 5 O atoms in square base pyramid
configuration. This asymmetry in the f~-CZO model gives rise to complex cluster designated
as [ZrO¢]-[Z1Os . VOZ] where VOZ = VOX, Vo', Voo, depending on the displacement in the Zr
atom. Similarly, shifting a Ca atom from its previous position causes asymmetries in the unit-
cell and the shifted Ca atom is now surrounded by 7 O atoms while the other Ca atoms are
surrounded by 8 O atoms. This asymmetry in the m-CZO model gives rise to complex cluster
designated as [CaOg]-[Ca0;. V7.

The calculated total and orbital angular momentum resolved DOS for {~-CZO model is
shown in Figure 8, ranging from -5 eV below the top of the VB to 10 eV above and
presenting the principles orbital states which influences the gap states. As seen in Figure 8,
in the case of f-CZO, the VB is composed of O 2p states and the upper part of VB, i.e. the
new states, is composed mainly of axial oxygen 2p states as well as planner oxygen 2p states.
In the axial oxygen contribution pz orbital and in the planner oxygen contribution py, py as
well as p, orbitals actively participate to generate defect states. New defect states in the lower
part of the conduction band are generated mostly by the Zr-dy,.y» atomic orbitals. In the m-
CZO model (Figure 9), the upper part of VB, i.e. the new states, is composed mainly of
planner oxygen 2p states as well as axial oxygen 2p states. In the planner oxygen contribution
p. orbital and in the axial oxygen contribution py, py as well as p, orbitals actively participate
to generate defect states. It is crucial to note that, the HSE06 calculated electronic band-gap is

4.73 and 4.98 eV for {-CZO and m-CZO disordered model, respectively.
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Based on our disordered model and DFT calculations, it is clear that the displacement in
network former (f-CZO model) causes increased degree of disorder in the lattice compared to
the network modifier (m-CZO model). The degree of disorder is characterized by the
reduction in the electronic band-gap energy in the disordered model [60]. The HSEO06
calculated electronic band-gap energies of dislocation model structures follow the same
sequence in which degree of disorder is present in these model structures. The decrease in
band gap in structurally disordered powder can be attributed to local defects and/or local
bond distortion, which gives rise to defect electronic levels in the band gap of this material.
Increased disorder is linked to deep defects inserted in the band-gap and increased order is

associated with shallow defects, which disappear when degree of disorder is less. Increased

disorder is due to presence of [Z170s5. V] and [Z105. V)] complex clusters and are deeply

inserted in the band-gap, leading to orange-red PL emission. [Ca0-,.V,] and[Ca0;.V,]
complex clusters are linked to shallow defects in the band-gap and lead to a more energetic
PL emission (violet—blue light) [60]. The deep defects linked to the Zr disorder are associated
with the 2p states of axial oxygens and evidently shown in Figure 9. The shallow defects can
be ascribed to the 2p states of planar oxygen in the upper part of valence band as described in
Figure 9.

The emission spectrum of CZO is a broad band covering visible spectra from ~370
nm to 650 nm (Figure 4a). But the intensity of the spectrum is very high in the blue region.
Moreover, our DFT based hybrid-functional calculations on the m-CZO distortion model
shows generation of shallow defect states leads to PL emission in the violet-blue region.
Therefore, shallow defect states comprising[Ca0-. V] and[Ca0;.V,] complex clusters
gives maximum contribution in the blue region PL emission. Increasing the lattice order

causes these complex vacancies and the PL emission to disappear. The presence of oxygen

vacancy is also confirmed by EPR studies as discussed in section 3.4.

4. Conclusion:

Pure orthorhombic phase of distorted CaZrOs perovskite is synthesized using gel-combustion
route at 600°C. The phase purity of the sample is confirmed by X-ray diffraction
(XRD).Transmission electron microscopy of the sample shows the spherical morphology of
CZO nanocrystal with particle size in the range 30-40 nm. On irradiating the CZO
nanosphere with UV light it is showing an intense violet-blue emission without the presence

any activator ion. It is interesting to observe that for sample annealed in oxygen atmosphere;



RSC Advances

intensity of blue emission decreases whereas it enhances in argon atmosphere compare to that
of as prepared CaZrOj;. The bi-exponential PL decay was observed for CZO sample which is
an indication for the presence of more than one defect centre in CaZrOs perovskite sample.
The lifetime value of the order 1.2 ns is typical of oxygen vacancy related defects and the
other one (12.3 ns) can be because of some surface defects. The presence of oxygen vacancy
in CZO nanostructure was further confirmed by EPR spectroscopy which gives an intense
signal g ~ 1.9543 which is typical of singly ionized oxygen vacancy (Vj). To explain PL
emission in the blue region, a distortion model is proposed where distortion is given in Ca
and Zr atom network separately. Our DFT based hybrid functional calculations shows

distortion in Ca network causes less disorder in unit-cell compared to Zr network. DFT

calculations also shows distortion in Ca network (m-CZO model) comprising of [Ca0-. V]

and[Ca0,.V,] complex clusters generates shallow defect states (localized very close to
valence band maxima) reduce the band-gap energies. Similarly, distortion in Zr network (f-
CZO model) comprising[Z105.Vy]| and[Z105.V,;] complex clusters generates deep defect

states. When structural order increases the band-gap energies are also increased by
confirming the fact that PL is directly associated with the localized states exists in the band-
gap region. Moreover, shallow defect states comprising of[Ca0,.V,y ] and[Ca0,.V, ]
complex clusters gives maximum contribution in the blue region PL emission. Increasing the
lattice order causes these complex vacancies and the PL emission to disappear. The presence

of oxygen vacancy is also confirmed by EPR studies.
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