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Novel crystalline tetragonal ZrO,: Eu®>* phosphors were prepared by a facile and efficient low temperature
solution combustion method at 400 + 10 °C using oxalyl dihydrazide (ODH) as fuel. The powder X-ray dif-
fraction patterns and Rietveld confinement of as formed ZrO,: Eu** (1-11 mol%) confirmed the presence
of body centered tetragonal phase. The crystallite size estimated from Scherrer’'s and W-H plots was
found to be in the range of 7-17 nm. These results were in good agreement with transmission electron
microscopy studies. The calculated microstrain in most of the planes indicated the presence of tensile
stress along various planes of the particles. The observed space group (P4,/nmc) revealed the presence
of cations in the 2b positions (0.75, 0.25, 0.25) and the anions in the 4d positions (0.25, 0.25, 0.45). The
optical band gap energies estimated from Wood and Tauc’s relation was found to be in the range 4.3-
4.7 eV. Photoluminescence (PL) emission was recorded under 394 and 464 nm excitation shows an
intense emission peak at 605 nm along with other emission peaks at 537, 592, 605 and 713 nm. These
emission peaks were attributed to the transition of °Dg — ’F; /=0, 1, 2, 3) of Eu?* ions. The high ratio
of Intensity of (°Dy — ’F,) and (°Dg — F;) infers that Eu* occupies sites with a low symmetry and with-
out an inversion center. CIE color coordinates indicated the red regions which could meet the needs of

illumination devices.
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Introduction

Oxide phosphors were found to be optimal candidates in field
emission display (FED) and plasma display panel (PDP) devices as
they were sufficiently conductive to release electric charges stored
on the phosphor particle surfaces [1]. Because, these potential
applications are still very much in the design phase, further funda-
mental research in the field remains a challenge. Among these
oxide phosphors, zirconium oxide/zirconia is a material that
deserves attention in the field of photonics. Zirconia was a techno-
logically important material due to its high melting point, high
thermal and mechanical resistance, high thermo chemical resis-
tance, high thermal expansion coefficient, low thermal conductiv-
ity, high corrosion resistance, high dielectric constant, photo
thermal stability etc. [2-5]. Most of these applications make use
of size-dependent properties of zirconia nanocrystals. It was an
important task to synthesize the crystallite size as small as possi-
ble. When zirconia particles are reduced to nano scale size, novel
characteristics may be found due to quantum size effects, which
occur when cluster size was smaller than the Bohr exaction radius
[6]. Therefore, the precise control of the crystallite size, crystalline
phase, morphology, textural properties and lattice defects was
absolutely required [7].

Zirconia exists in three crystalline phases: monoclinic (below
1170 °C), tetragonal (1170-2370°C) and cubic (above 2370 °C)
[3,4]. Among these, tetragonal/cubic phase was most desirable
for technical applications [2,8,9]. In general, the increasing temper-
ature stabilizes more symmetric phases [10-14]. The assignment
of tetragonal and cubic phase solely from the XRD can be mislead-
ing, since these two phases have similar XRD patterns [2]. The
problem was more pronounced when the peaks are broadening
due to small sizes of the crystals [13]. The incorporation of triva-
lent rare earth (RE) ions such as Y3*, Pr** and Eu®* promotes the
formation of oxygen vacancies for charge compensation and favors
sevenfold coordinated oxygen ions around the ‘Zr’ cations and sta-
bilize tetragonal or cubic phases at low temperature [15-20]. The
stabilization of the tetragonal or cubic phase from monoclinic
phase is very crucial as these two phases are considered to be more
important in fundamental and technological applications than the
low temperature phase.

Norris et al. described the important role of the crystal phase
in the efficiency of transition metal doped semiconducting
nanoparticles [21]. To date, many methods have been deployed
to prepare ZrO,: Eu®>" luminescent phosphors in the form of
powders, thin films or colloidal solutions by sol-gel method
[22], polyol method [2], co-precipitation method [23] etc. Tradi-
tionally solid-state method was used for the preparation of
phosphor materials for Solid State Lightining (SSL) applications.
The conventional SSL method is (i) inhomogeneity of the final
product, (ii) low-surface area, formation of large agglomerated
particles and (iii) presence of various defects (surface, impuri-
ties) which are harmful to luminescence [24,25]. These prob-
lems were overcome by the use of solution combustion
method [26]. This technique produces uniform product, high
surface area, fine particles, lesser processing time and cost
effective method.

In this communication, low temperature solution combustion
synthesis was demonstrated to be a versatile and energy efficient
method for preparing ZrO,: Eu* (x=1, 3, 5, 7, 9 and 11 mol%)
nanophosphors. The obtained nanopowders were characterized
using X-ray diffraction (XRD), scanning electron microscopy
(SEM), transmission electron microscopy (TEM) and UV-Visible
absorption spectroscopy. In addition the effect of europium substi-
tution on photoluminescence (PL) properties were investigated for
their possible usage in lighting applications.

Experimental

The raw materials, zirconium (IV) oxynitrate hydrate (ZrO
(NO3),-xH,0: 99.99%, S.D. Fine Chemicals Company Ltd.) and euro-
pium oxide (Eu,03: 99.99%, Merck Ltd.) are the sources of Zr and Eu
respectively. Oxalyl dihydrazide (ODH: C,HgN40,) was used as
fuel. The stoichiometry of redox mixture used for combustion is
calculated using total oxidizing and reducing valences of com-
pounds [27].

For the synthesis of ZrO,: Eu** (1-11 mol%), Eu,0; was first
converted to Eu(NOs); by dissolving stoichiometrically calcu-
lated amount of Eu,03 in 1:1 HNOs and excess nitric acid was
evaporated on sand bath at 80°C to obtain transparent euro-
pium nitrate solution. Required amount of ODH and aqueous
mixture of zirconium (IV) oxynitrate hydrate were subsequently
added to the europium nitrate solution while continuously stir-
ring the mixture to ensure homogeneous mixing. The petri dish
containing the heterogeneous redox mixture was introduced
into a muffle furnace maintained at 400+ 10 °C. Initially the
solution boils and undergoes dehydration. Eventually the mix-
ture undergoes decomposition, which results in the liberation
of large amounts of gases (usually CO,, H,O and N;). This was
followed by a spontaneous ignition which resulted in flame type
combustion [28]. The whole process was completed in less than
5min and a highly porous ZrO,: Eu* nano powder was
obtained.

The final products were characterized using Shimadzu Powder
X-ray diffractometer (PXRD). The diffraction patterns were
recorded at room temperature using Cu Kot (1.541 A) radiation
with nickel filter in the 20 range 20-70° at a scan rate of 2° min~'.
The morphological features and particle size were studied by scan-
ning electron microscopy (SEM, Hitachi-3000) and transmission
electron microscopy (TEM, TECNAIF-30) respectively. The UV-Vis-
ible absorption spectrum was recorded on SL 159 EUCO UV-Visible
Spectrophotometer. The PL measurements were performed on a
Horiba Flurolog Spectrofluorometer at RT.

Results and discussion
Powder X-ray diffraction studies (PXRD)

Normally oxide samples require high calcination temperature
to get single pure phase. Table 1 shows zirconia hosts prepared
by different methods [29-35]. Several fuels urea, glycine, oxalic
acid, citric acid etc. were employed for synthesis. Compared to
other fuels, ODH has low ignition temperature, easily available,
easy to handle and evolve low molecular weight, harmless gases.
The oxide materials prepared by using ODH as a fuel finds variety
of applications as catalysts, phosphors, pigments, refractories and
SYNROC (synthetic rock) etc. [36,37].

Fig. 1A shows the PXRD patterns of ZrO,: Eu** (1, 3, 5, 7, 9 and
11 mol%) nanophosphors. The as-formed ZrO,: Eu3* prepared by
low temperature solution combustion technique using ODH as fuel
shows pure tetragonal phase (JCPDS 81-1544) without any post
calcinations and no traces of additional peaks from monoclinic/
cubic phase were observed. The oxygen vacancies were considered
to be responsible for the formation of the tetragonal phase. It was
seen that intensity of (101) plane decreases above 5 mol% doping
implying the degeneration of crystallinity at higher doping concen-
tration. In addition, it was clearly seen that with the increase of
Eu?* concentration, the diffraction peak (101) of ZrO,: Eu** sam-
ples slightly shift towards lower angle (Fig. 1B). This peak shifting
and line broadening was due to the partial replacement of the
smaller Zr** ions by larger Eu*" ions [38].
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Table 1
Calcination temperatures of pure, doped and co-doped zirconia by different authors.
SL. No Sample Preparation technique Calcination /annealing temperature Observed phases Reference
1 Zr0,: Eu* Solution combustion Without calcination T Present work
2 Zr0,: Eu* Sol-emulsion-gel 1000 °C Mand T Ghosh and Patra [29]
3 Zr0,: Eu?* Templating Dried at RT for 24 h T Qu et al,, [34]
4 Zr0,: Y3, Eu®* Solid state 1600 °C M, Cand T Hui et al., [35]
5 Zr0,: Dy>* Co-precipitation 600 °C Mand T Giu et al,, [23]
6 Zr0,: Eu?* Hydrothermal 750° C C Smits et al.,, [33]
7 Zr0, Solution combustion Without calcination C Prakashbabu et al., [32]
8 Zr0,: Y3, Eu®* Sol-gel 800 °C Mand T Liao et al., [30]
9 Zr0,: DY**, Eu®* Wet chemical 1000 °C Mand T Das et al,, [31]

*Where M; monoclinic, T; tetragonal and C; cubic phase.
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Fig. 1. (A) PXRD patterns of as-formed ZrO,: Eu** (1-11 mol%) nanoparticles and
(B) shifting of (101) XRD peak towards lower angle with increase in Eu®*
concentration.

It has been demonstrated that, with decrease in crystallite size,
the crystal lattice tends to transform into a structure with more
symmetrical tetragonal/cubic phase [11,14]. Therefore, to observe
the variation of crystallite size with Eu3* concentration in ZrO,,
Debye-Scherrer’s equation and Williamson and Hall plots were
employed to determine the crystallite sizes [39,40].

0.9/
- pcoso (1)

where ‘B’; the diffracted full width at half maximum (FWHM in
radian) caused by the crystallites, ‘2’; the wavelength of X-ray
(1.542 A), ‘0’; the Bragg angle and k; is the constant depends on
the grain shape (0.90). It was found that the average crystal sizes
estimated for ZrO,: Eu®>" (1-11 mol%) were found to be in the range
of 7.1-17.5 nm.

W-H plots have suggested a method combining the domain size
and lattice micro-strain effects on line broadening, when both are
operative [38]. The W-H approach considers the case when the
domain effect and lattice deformation are both simultaneously
operative and their combined effects give the final line broadening
FWHM (), which is the sum of grain size and lattice distortion.
This relation assumes a negligibly small instrumental contribution
compared with the sample-dependent broadening. W-H equation
may be expressed in the form:

pcos 6 = g(4sin 0) +g (2)

where f (FWHM in radians) is measured for different XRD lines cor-
responding to different planes, ¢; the strain developed and D; the
grain size. The equation represents a straight line between 4sin6
(X-axis) and Bcos0 (Y-axis) (Fig. 2). The slope of the line gives the
strain (¢) and intercept (4/D) of this line on the Y-axis gives grain size
(D). The grain size for all the Eu* doped ZrO, were found to be in the
range of 7.2-17.8 nm. The obtained values were well comparable
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Fig. 2. W-H plots of as-formed ZrO,: Eu>* (1-11 mol%) nanoparticles.

with that calculated from Scherrer’s equation. The crystallite sizes
estimated from W-H plots were slightly higher than those calcu-
lated using Scherrer’s formula (Table 2). The small variation in the
values were due to the fact that in Scherrer’s formula strain compo-
nent was assumed to be zero and observed broadening of diffraction
peak was considered as a result of reducing grain size only. Strain
continues to increase with increase in Eu* concentration. Garvie
et al., showed the existence of a critical size of ~30 nm, below which
the metastable tetragonal phase was stable in nanocrystalline ZrO,
and above which the monoclinic phase was stable [41].

The average crystallite size estimated from both the methods
were found to decrease with increase in Eu** concentration (1-
11 mol%) where interstitial ‘Zr’ plays an important role in the grain
growth of ZrO,: Eu®". In general, the moving boundaries were
attached to the ‘Zr’ interstitials. Gradual increase of Eu*" doping
progressively reduces the concentration of ‘Zr’ in the system. Thus
the diffusivity was decreased in ZrO,, which resulted in a sup-
pressed grain growth of ZrO,: Eu®>* samples. At the same time,
the substituted Eu" ions provide a retarding force on grain bound-
aries. If the retarding force generated was more than the driving
force for grain growth due to ‘Zr’, the movement of grain boundary
was impeded [42]. This in turn decreases crystallite size with
increasing Eu®* concentration.

The other structural parameters; dislocation density (&), micro-
strain (&), stress (o) and stacking fault (SF) are determined using
the following relation [43]:

1
5= o 3)
microstrain
O stress = f x E (4)
2
Fo | 2T 5)
45(3 tan 0)"
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Table 2

Estimated crystallite size (Scherrer’s formula and W-H method), strain, dislocation density and surface factor of ZrO,: Eu* (1-11 mol%) nanophosphors.
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Samples FWHM (rad) Crystallite size (nm) Strain (&) x 1073 SF x 1073 5 (10" linm2)
Scherrer’s formula W-H plot

Zr05: Eu3omolx 0.470 17.51 17.83 7.599 3.995 3.261

Zr05: Eudomorx 0.598 13.78 14.01 9.672 5.089 5.266

Zr05: EuZomolx 0.641 12.86 13.02 10.37 5.712 6.046

Zr05: Eu3pmox 0.794 10.37 10.68 12.88 6.767 9.299

Zr05: Eudlomorx 0.988 08.35 08.72 16.06 8.421 14.34

7105 Eu3 omor 1.158 07.11 07.19 18.93 9.907 19.78

where ‘E’ is the elastic constant or generally known as Young’s mod-
ulus of the material. Young’s modulus of the zirconium oxide is
186.21 GPa [44]. Table 3 gives the interplanar distances (observed
and standard), their deviations, microstrain and stress on the grains
of (101) plane. The microstrain on the grains can be visualized from
the line shifting in the XRD spectrum. It can be observed that the
observed d-spacing of the diffraction planes were very close to
the standard values. Therefore the Ady, values were very small in
the order of 1073 nm. The deviation in the d-spacing was the mea-
sure of line shifting which gives the value of micro strain in the
nano powder sample. If dy is the observed d-spacing of the prepared
sample and d;, the spacing in the standard sample, the micro strain
in the particles in the direction normal to the diffraction plane is
Adpi/ds. If dg > ds, then the microstrain is positive which indicates
that the residual stress is tensile and if dy < ds, microstrain is nega-
tive indicating generation of residual compressive stress in the sur-
face. In the present study, calculated microstrain in most of the
plane is positive, indicating the presence of tensile stress on the sur-
face of the particles.

Earlier it was reported that most of the XRD peaks of the tetrag-
onal and cubic phase of zirconia were overlapped and it was very
difficult to distinguish between the two from XRD patterns [30-
32]. In order to obtain the justification regarding the tetragonal
phase and the lattice parameters, Rietveld refinement analysis
was carried out on ZrO,: Eu®>* (1-11 mol%). The analysis was per-
formed with the FULLPROF program [45,46]. The refined parame-
ters such as occupancy, atomic functional positions for ZrO,: Eu®*
(1-11 mol%) were summarized in Table 4. From Table 4, it was
observed that all the ZrO,: Eu* (1-11 mol%) shows pure tetragonal
phase with lattice parameter a = 3.603-3.665 A; c = 5.188-5.201 A;
V=67.36-69.84 A> and space group (P4,/nmc). The cations and
anions were located in the 2b (0.75, 0.25, 0. 25) and 4d (0.25,
0.25, 0. 45) positions respectively. A good agreement was obtained
between the experimental relative intensity (observed XRD inten-
sities) and simulated intensity (calculated XRD intensities) from
the model in Fig. 3. The experimental points were plotted as dots
(o) and theoretical data was shown as solid line. The difference
between theoretical and experimental data was shown in the bot-
tom line of each figure. The vertical lines represent the Bragg’s
allowed peaks. The refined lattice parameters (a and c¢) and cell vol-
ume confirms that ZrO,: Eu®" has a body-centered tetragonal
structure. The change in lattice parameters were induced by the

Table 3

difference of ion size of Eu* (98 pm) and Zr** (84 pm). Such
changes confirm that Eu®* is substituting Zr** ion. By utilizing
the Rietveld refinement parameters the packing diagram was
drawn using Diamond software and was shown in Fig. 4. Fig. 5
show the variation of (a) crystallite size and dislocation density,
(b) strain and stacking fault, (c) lattice constant and volume and
(d) GOF (Goodness of Fit) defined by GOF = y? = (R,/Rwp)* and
stress as a function of Eu®* concentration in ZrO,. The GOF was
found to be decreased with increase in Eu>* concentration which
confirms good fitting between experimental and theoretical plots.
From Fig. 5(a-d) it was observed that the lattice parameters, dislo-
cation density, strain, stacking fault and tensile stress increased
with increase in Eu** concentration. This suggests the dislocations
were mainly concentrated on the grain boundaries which promote
the grain boundary relaxation. High defect density in the sample
involving dislocations and vacancies, easily gliding and moving
along grain boundaries can develop tensile stress.

Transmission electron microscopy (TEM)

The structural information of the as-formed ZrO,: Eu®* nano-
phosphors were further investigated by the TEM, high resolution
TEM (HRTEM) and Selected Area Electron Diffraction (SAED).
Fig. 6 represents the TEM image of ZrO,: Eu>* (3 mol%). Morpholog-
ical observation by TEM (Fig. 6a) indicates that the ZrO,: Eu** con-
sisted of aggregated nanoparticles. The average crystallite size of
ZrO,: Eu®* nanophosphor was about 10 nm, which is in good agree-
ment with the size estimated by Scherrer’s equation from the XRD
pattern. Fig. 6b shows the SAED pattern from ZrO,: Eu* nanophos-
phors. The observed diffraction rings in SAED pattern clearly indi-
cate high crystallinity of the sample. These diffraction rings were
indexed to (101), (110), (112) and (211) planes which were
attributed to tetragonal phase of ZrO,: Eu**. Combining with the
high resolution TEM image (HRTEM) (Fig. 6¢), it can be clearly seen
that the lattice fringes with the interplanar spacing of 0.296 nm
corresponds to the distance of the (101) plane of the tetragonal
structure of ZrO,: Eu*, which suggests that high quality tetragonal
nanocrystals were formed in ZrO,: Eu**. In HRTEM, there was no
evidence for the presence of Eu,03 crystalline phase on the nano-
particles, confirming that Eu®>* ions remain within the crystalline
lattices. This can be clearly observed in EDS spectrum (Fig. 6d) of
the ZrO,: Eu®* (3.0 mol%), which shows the presence of Zr, O and

Interplanar dpy spacing, micro strain and stress in t-ZrO,: Eu** (1-11 mol%) nanophosphors.

Zr0,: Eu®* (mol%) Interplanar spacings of (101) plane Deviation Ad =d, — ds (nm) &= Ad/d Ostress (MPa)
dobs (Nm) dseq (Nm)

1 2.963 2.9591 0.0039 0.0013 121.03

3 2.9615 2.9591 0.0024 0.0081 754.15

5 2.9731 2.9591 0.014 0.0047 437.59

7 2.9750 2.9591 0.0156 0.0053 490.66

9 2.9750 2.9591 0.0159 0.0054 499.91

11 2.9945 2.9591 0.0354 0.0112 1024.4
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Table 4
Rietveld refined structural parameters for ZrO,:Eu>* (1-11 mol%) nanophosphors.

Compounds ZrOs: Euymoiz ZrOy: Eusmoix

ZrO;: Eusmoelx

ZrOy: Eu7moly ZrOz: Eugmoly ZrOz: Euqimolx

Crystal system
Space group

Tetragonal
P42/nmc (137)

Tetragonal
P42/nmc (137)

Lattice parameters (A)

Tetragonal
P42/nmc (137)

Tetragonal
P42/nmc (137)

Tetragonal
P42/nmc (137)

Tetragonal
P42/nmc (137)

a 3.603(2) 3.612(7) 3.629(5) 3.613(7) 3.649(3) 3.665(3)

c 5.188(6) 5.181(9) 5.175(9) 5.182(9) 5.168(9) 5.201(8)

Unit cell volume (A®) 67.36(2) 67.58(3) 68.14(5) 67.65(3) 68.80(9) 69.84(3)

Atomic coordinates

Zr/Eu (2b) (2b) (2b) (2b) (2b) (2b)

X 0.7500 0.7500 0.7500 0.7500 0.7500 0.7500

y 0.2500 0.2500 0.2500 0.2500 0.2500 0.2500

z 0.2500 0.2500 0.2500 0.2500 0.2500 0.2500

0 (4d) (4d) (4d) (4d) (4d) (4d)

x 0.25 025 0.25 025 0.25 025

y 0.25 025 0.25 025 0.25 025

z 0.4509(9) 0.4495(3) 0.4420(3) 0.4488(8) 0.4351(3) 0.4213(6)

Rractors

Rp 3.60 2.47 2.11 2.28 2.02 1.87

Rwp 524 3.09 2.67 2.87 2.57 235

Rexp 6.44 6.33 5.89 6.28 7.60 717

%2 0.66 0.24 0.21 0.21 0.12 0.11

Reragg 2.21 222 1.96 2.20 2.82 2.87

Rr 323 324 2.73 2.86 3.46 325
Eu elements. Combining with XRD analysis above, these results o= i(hv E )1/2 6)
further confirm that Eu3* has been effectively built into the ZrO, " hy &

host lattice.

Scanning electron microscopy (SEM)

The SEM micrographs of ZrO,: Eu?* (3.0 mol%) nanophosphor
show the crystallites with irregular shape and contain several
voids and pores (shown in the form of circles) because of the
escaping gases during combustion synthesis (Fig. 7). It can be
observed that the crystallites have no uniform shape and size. This
was believed to be related to the non-uniform distribution of tem-
perature and mass flow in the combustion flame. This type of por-
ous network is a typical characteristic of combustion synthesized
powders. The porous powders are highly friable which facilitates
easy grinding to obtain finer particles. When the gas is escaping
with high pressure pores are formed with the simultaneous forma-
tion of small particles near the pores [47].

UV-Visible absorption spectrum and optical energy gap (E,)

The UV-Visible absorption spectra of ZrO,: Eu* (1-11 mol%)
nanomaterials in the wavelength range 200-800 nm was shown
in Fig. 8. The spectra shows strong and prominent absorption band
with maximum at around 214 nm which could arise due to transi-
tion between valence band to conduction band [31]. The weak
absorption in the UV-Visible absorption region was expected to
arise from transitions involving extrinsic states such as surface
traps/defect states/impurities [48]. Smaller sized particles were
found to have high surface to volume ratio. This results in increase
of defects distribution on the surface of nanomaterials. Thus if the
particle size is small; nanomaterials exhibit strong and absorption
bands [49]. In ZrO,: Eu®", the particle size was in nanometer which
results in high surface to volume ratio as a result, there is an
increase in defects distribution on the surface of the nanomaterials.

For estimation of band gap in the nanomaterials, the absorbance
spectra of ZrO,: Eu* (1-11 mol%) nanophosphors in transmission
mode were recorded by distributing the particles uniformly in
liquid paraffin, in the wavelength range of 200-800 nm. For a
direct band gap, the absorption coefficient near the band edge
was given by Wood and Tauc’s relation [50].

where a; absorption co-efficient, hv; the photon energy, E,. the
energy gap and A; the constant depending on the type of transition.
From the Eq. (6) ohv =0, Eg = hv. The energy gap is determined by
plotting (chv)? versus hv and finding the intercept on the ‘hv’ axis
by extrapolating the plot to («hv)?=0. Inset of Fig. 8 shows the
Wood and Tauc plot from which the direct band gap is obtained
in the range of 4.3-4.7 eV. The optical energy band gap was found
to decrease with decrease in crystallite size or increase in Eu* con-
centration. This band gap narrowing was primarily attributed to the
substitutional RE ions. Some electronic states were introduced into
the band gap of ZrO, by RE 4f electrons, which were located close to
the lower edge of the conduction band to form the new lowest
unoccupied molecular orbital. Consequently, the absorption edge
transition for the ZrO,: Eu* takes from 2p level of oxygen to 4f level
of RE ions.

Photoluminescence (PL) studies

Among the various RE elements incorporated in zirconia, Eu" is
generally employed in telecommunications, displays and lumines-
cent devices [51-53]. The splitting of Eu>* energy levels will be dif-
ferent in monoclinic, tetragonal and cubic symmetry. Higher
symmetry leads to degeneration, while lower symmetry removes
the degeneracy and leads to the observation of additional spectral
lines [54].

Fig. 9 presents the RT excitation spectra of ZrO,: Eu®*
(1-11 mol%) phosphors by monitoring the emission at 605 nm.
The excitation spectrum of ZrO,: Eu* can be divided into two
regions: the excitation band extending up to ~360 nm is attributed
to the charge transfer transitions of Eu-O group, and the narrow
peaks located at wavelength longer than ~360 nm can be assigned
to the f—f transitions of Eu®*. The f-f transitions of Eu>* in excitation
spectrum include sharp lines “Fy — °Lg (Eu®*) at ~394 nm and
7Fy - °D, (Eu®*) at ~464 nm [55]. Among these excitation transi-
tions, “Fg — °Lg (394 nm) is the most intense peak, which matches
well with the commercially available near-UV GaN-based LED
chips [38].
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Fig. 3. Rietveld refinement of as-formed tetragonal ZrO,: Eu>* (1-11 mol%) nanophosphors.

Figs. 10a and b shows the emission spectra of ZrO,: Eu®*
(1-11 mol%) at both 394 and 464 nm excitation respectively. All spec-
tra were taken under identical conditions. The PL measurements
for two excitations indicated no significant change in the emission
shape of position except PL intensity. The emission spectra consist
of peaks located in the wavelength range from 500 to 760 nm.
These peaks correspond to transitions from the °Dg state to the
F;(J=0, 1, 2, 3, 4) state of the *fs configuration of Eu®". It is well
known that the Dy — ’F, lines of Eu* are of electric-dipole (ED)
nature and very sensitive to site symmetry, while the Dy - “F;
lines are primarily magnetic dipole in nature. The intensity distri-
bution of the *Dy — ’F, transitions among differentJ (/= 0, 1,2, 3, 4)

levels depends on the symmetry of the local environment around
Eu®" ions and can be described in terms of Judd-Ofelt of mag-
netic-dipole (MD) nature and insensitive to site symmetry theory
[38,56,57]. According to selection rules, magnetic dipole transition
is permitted and electric dipole is forbidden, but for some cases in
which local symmetry of the activators without an inversion cen-
ter, the parity forbidden is partially permitted, such as Eu** ion
occupying C, sites in Y,05: Eu3* [58].

The emission intensity ratio between °Dgy — ’F, (605 nm) and
>Do — ’F; (592 nm) transitions is called as asymmetric ratio is a
good measure of the degree of distortion from inversion symmetry
of the local environment surrounding the Eu®* ions in the host
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C:i
a
Fig. 4. Packing diagram of as-formed ZrO,: Eu** (3.0 mol%) nanophosphor.

matrix. It can be clearly observed from the Fig. 11, that the ratio of |
(°Dg — "F2)/1(°Dg — ’F;) remains almost constant for both 394 and
464 nm excitations. The results imply that the introduction of Eu®*
into ZrO, mainly located in sites with inversion symmetry. In ZrO,:
Eu®" materials, some Zr*" ions are replaced by Eu>* ions.

Owing to the different charge for the cations, oxygen vacancies
were formed to balance the charge difference. The defect reaction
equation can be described in the following Eq. (7):

(1 — X)Zr0, + 1/2xEu,05 = XEul, + 1/2xV" + (1 — X)Zr}, + (2
- 1/2x)0;, (7

where Eug, means Eu* occupying the normally occupied by a Zr#*
due to replacement by Eu3*. V,” is the 0%~ vacancy. Zrz* represents
the rest zirconium in the lattice of ZrO, and O," is the oxygen in the
lattice of ZrO,. At low concentrations (x = 1 mol%), there is little V;
in ZrO,, and the symmetry of the host structure is not seriously
influenced. The larger the concentration of Eu (x) in the host, higher
the number of ‘O’ vacancies is able to create a new surrounding in
the host. The new surrounding disturbs the symmetry of the host.
With increase of the Eu®>" doping concentration, more and more
Eu?* jons occupy the sites with a low symmetry and without an
inversion center, leading to a predominant Dy — ’F, ED transition
in the emission spectra.

Fig. 12 shows the dependences of red emission °Dg — ’F,
(605 nm) on the Eu® doping concentration in the as-formed
Zr0,: Eu®* (1-11 mol%), excited under 394 nm were compared. It
was obviously seen that maximum emission intensity of the
ZrO,: Eu®* phosphor appears at 3.0 mol%. When the Eu®* doping
concentration was higher than 3.0 mol%, the luminescence inten-
sity reduces contrarily owing to the concentration quenching
effect. The dopant concentration that determines the average dis-
tance between the two neighboring activator ions has a great
impact on the PL efficiency in RE** ions doped nano crystals [59].
High doping concentrations of Eu** ions in ZrO, nanocrystals
may bring about deleterious cross relaxations between the adja-
cent Eu®* ions, resulting in the quenching of excitation energy
and there by weak luminescence of Eu>* [60]. Therefore, the opti-
mum dopant concentration of Eu** in ZrO,: Eu®** phosphor was
about 3.0 mol%. The concentration quenching occurs due to the
energy transfer from one activator to the neighboring ion. The crit-
ical distance for energy transfer (R.) in ZrO,: Eu>* was estimated
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Fig. 7. Scanning electron microscopy analysis of as-formed ZrO,: Eu** (3.0 mol%) nanophosphor.

from the structural parameters namely unit cell volume (V), total
Eu?* sites per unit cell (N) and critical concentration (X.) [61].

RczZ{—

3V
4X. N

}1/3

8)

For the ZrO,: Eu3* system, N=4, V=67.58 (A)® and X.=0.03.
The R. of Eu3* ions in ZrO, were found to be ~10.245 A. When crit-
ical energy distance between Eu* ion in ZrO, is greater than 5 A,
the overlapping between excitation and emission spectra
decreases. The energy transfer between Eu>" ion take places due
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Fig. 9. Excitation spectra of as-formed ZrO,: Eu** (1-11 mol%) nanophosphor.

to electric multipolar interaction which can be determined by the
equation:

% ©)

k [1 + ﬁ(X)Q/3] -

where X; Eu>* ion concentration, k and g; constants, Q= 6, 8 and 10
for dipole-dipole, dipole-quadrupole and quadrupole-quadrupole
interactions. The value of Q is determined by plotting log (X) versus
log (1/X) (Fig. 13) which gives a linear graph having a slope = —0.77
and intercept = 6.322. The Q value is close to 6 indicates that the
concentration quenching in ZrO, is due to dipole-dipole interaction
[47].

Fig. 14 shows the energy level diagram of Eu** ions and indi-
cates possible pathways involved in this process. When the sample
was excited at 394 nm wavelength, Eu>* ion was raised to °Lg level
from the ground state. During the emission, Eu*" ion decays step
wise from °Lg to °Dg level giving small quanta of energy to the lat-
tice; it decays non-radiatively between °Lg and °D, state. During
emission, Eu®* ion decays stepwise from °Lg to Dy level. Since,
the separation between Do — “F; (J =0, 1, 2, 3, 4) is large, the step
wise decay process stops here and returns to ground state by giv-
ing emission in the orange and red regions [62].
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Fig. 10. PL emission spectrum of as-formed ZrO,: Eu®>* (1-11 mol%) nanoparticles
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Fig. 11. The dependence of emission intensity ratio I (°Dg — “F,)/I (°Dg — ’F;) with
the Eu* doping concentration under the excitation of 394 and 464 nm.

The Commission International De I-Eclairage (CIE) 1931 chro-
maticity coordinates for ZrO,: Eu* (1-11 mol%) phosphors as a
function of Eu>" concentration for the luminous color is depicted
by the PL spectra. The CIE chromaticity coordinates calculated from
the PL spectra are shown in Fig. 15. The CIE coordinates of red
emission of Eu®* ions not only depends upon the asymmetric ratio
but also depend upon the higher energy emission levels [63]. The
Eu>* doping effect becomes stronger in the case of particles with
higher crystallinity, resulting in improved activation energy. Inter-
estingly, the ZrO,: Eu* phosphor, the PL color has been modulated
from yellow to red region as the Eu>* content increases from 1 to
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11 mol%. The color coordinates for different Y concentrations was
given in Table 5. It is clear from the table that, the highest chroma-
ticity coordinate values is found to be x=0. 548, y =0.448 for
orange red. Further, the result indicates that emission color of

Table 5
CIE chromaticity coordinates of ZrO,: Eu** (1-11 mol%) nanophosphor.
Eu?* concentration (mol%) X y
1 0.518 0.465
3 0.539 0.448
5 0.548 0.441
7 0.543 0.446
9 0.536 0.451
11 0.505 0.478
0.9
0.6
>
0.3
0.0 1
T T T T
0.0 0.2 0.4 0.6 0.8

Fig. 15. The CIE chromaticity diagram of ZrO,: Eu** (1-11 mol%) nanophosphors.

phosphors can be tuned by varying the Y concentrations. Therefore,
the present material would be potential candidate as red phosphor
in LED applications to meet the needs of illumination devices.

Conclusions

The stabilized tetragonal ZrO, can be successfully obtained via
the low temperature solution combustion method by introducing
Eu?* which may have potential applications in technological fields.
The particle sizes of the prepared phosphors calculated from
Scherer’s equation and W-H method were observed to be in the
range 7-17 nm. Both crystallite size and phase composition
obtained from XRD results and Rietveld refinement analyses were
mirrored in TEM and HRTEM. Detailed PL studies of the ZrO,: Eu®*
nanophosphors as a function of Eu*>" content demonstrated that
the dopant concentration and the site symmetry play an important
role in the emissive properties of the luminescent centers. The
phosphor exhibits different emission in the range 550-750 nm
due to Eu®* transitions upon 394 and 464 nm excitations. It was
observed that the emission spectrum excited at 394 nm showed
prominent spectral lines with higher order of intensity compared
to 464 nm excitation wavelengths owing to efficient energy trans-
fer takes place from host to Eu>* ions and was close to visible
region which may be useful for LED applications. Further, the phos-
phor showed excellent CIE chromaticity coordinates (x, y) as a
result, it is quite useful for display applications.
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