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Abstract.

A comparative study of structural and luminescence properties of ZnO:Ce>* nanophosphors prepared by

combustion method and solid-state reaction method is presented in this study. The powder XRD exhibits hexagonal wurtzite
phase and crystallite size falls in the nanometre range. The optical band gap reduction is less in samples synthesized by
combustion method. Photoluminescence (PL) spectra of ZnO:Ce excited at near-ultra violet region (325 nm) gives an
evidence of its wide range of applications in lighting purposes.
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1. Introduction

Research on zinc oxide (ZnO) is very intense nowadays, since
itis a multifunctional direct wide band gap II-VI semiconduc-
tor (~3.37 eV), which exhibits attractive properties such as
large exciton binding energy (60 meV), low refractive index
(1.9), resistance to high-energy irradiation, stability to intense
ultraviolet (UV) illumination and low toxicity. The nanostruc-
tures of ZnO could have been considered for many practical
applications in ceramics, piezoelectric transducers, chemi-
cal sensors, anti-UV additives, photocatalysts and microwave
absorbers, etc. [1-4]. Current attracting application of ZnO
is mainly for photoelectric applications, such as UV-light
emitters, transparent high power electronics, window mate-
rials for display and solar cells, and so on [5—-8]. Recently,
to improve the electrical, optical and magnetic properties,
the ZnO nanostructures are doped with different elements
[9-12].

Rare-earth ions with high fluorescent efficiencies and very
narrow line fluorescence bands are widely used as acti-
vators in different hosts. Rare-earth-doped nanophosphors
have optical emissions from the 4f—4f or 4f-5d transi-
tion of rare-earth ions. Nowadays, rare-earth-doped ZnO
semiconductor is an interesting field of study because of
its unique optical properties and promising applications in
optoelectronic devices [13—19]. Since cerium oxide (CeQO,)
has a band gap of ~3 eV and shows interesting prop-
erties similar to that of ZnO, the doping of Ce has a
strong impact on the structural and optical properties of
ZnO [20].

Different synthesis routes were developed for the prepara-
tion of Ce-doped ZnO nanophosphor [21-26]. The present
work discusses the structural and optical properties of
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Ce-doped ZnO synthesized by combustion method and solid-
state reaction method. The prepared nanopowders were
characterized by powder X-ray diffraction (XRD), scan-
ning electron microscopy (SEM), Fourier transform infrared
spectroscopy (FTIR), UV-visible spectroscopy and photolu-
minescence spectroscopy (PL).

2. Experimental

All chemicals used for the synthesis are of analytical grade
and hence, no further purification is required. Ce-doped ZnO
(Zn—xCe,O with x = 1%) nanopowders were synthe-
sized by combustion method, using zinc nitrate hexahydrate,
Zn(NO3), - 6H,0 and cerium nitrate hexahydrate, Ce(NO3)3 -
6H,0 in the molar ratio of 4:5. Glycine (C;H5NO,) is used as
fuel for the reaction. Auto ignition takes place and nanocrys-
talline powders were formed. The prepared samples were
annealed at various temperatures for 3 h.

In solid-state reaction method, the ZnO and CeO,, taken in
suitable stoichiometric proportions, were thoroughly mixed
in an agate mortar. The mixture was fired in air at 700°C for
3 h. The synthesized nanopowders were used for all char-
acterizations. The structural studies were carried out using
XRD analysis by Bruker AXS D8 Advance with Cu tar-
get radiation (A = 1.5406 A). FTIR spectra were recorded
using IR Prestige-21. The morphology of the particles was
studied using SEM (JEOL, JSM-6390LV). To estimate the
band gap, optical absorption measurements were performed
by UV-visible spectroscopy (UV-2450 spectrophotometer).
The PL emission spectra studies were carried out using LS
fluorescence spectrometer.
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Figure 1. XRD patterns of (a) pure ZnO and Ce-doped ZnO nanophosphor (500-900°C) synthesized by combustion synthesis and
(b) XRD patterns of pure ZnO and Ce-doped ZnO nanophosphor synthesized by solid-state reaction method.

Table 1.

Crystallographic parameters obtained from undoped and Ce-doped ZnO nanophosphors.

d spacing (A)

Lattice parameters

Method of preparation ~ Sample details 100 002 101 a c c¢/a  Cell volume, V(A) D (nm)
Combustion synthesis ~ Pure ZnO 281 260 247 324 520 1.6049 47.6616 39.0934
Cep.01:Zn0 990 (500°C) 2.84 262 249 328 516 15731 48.0745 19.4209
Cep.01:Zn0.990 (700°C) 2.80 2.58 246 324 5.14 15864 46.7273 23.2374
Ce0.01:Zn0.990 (900°C) 2.80 2.59 246 323 5.13 15882 46.3489 26.1362
Solid-state reaction Pure ZnO 282 261 248 326 525 1.625 48.3183 29.6375
Ce.01:Zn9 990 281 272 247 324 516 1.592 46.9091 43.9939

3. Result and discussion

3.1

Structural properties

XRD pattern of ZnO:Ce nanophosphor by combustion
method (figure 1a) and solid-state reaction method (figure 1b)
exhibits hexagonal wurtzite structure. Intense diffraction
peaks of the ZnO were indexed after comparing them with
the data in the JCPDS file 1314-13-2. All the diffraction
lines correspond to the standard Bragg positions of hexagonal
wurtzite ZnO with space group P63mc. There is no additional
diffraction peaks in Ce-doped ZnO samples, which indi-
cates the successful incorporation of cerium ions on the ZnO
surface.

The crystallite size of all synthesized samples was esti-
mated by applying the Scherrer equation [27]. The crystallite
size of Ce-doped ZnO nanoparticles prepared by combus-
tion synthesis was in the range of 19-26 nm, while in
solid-state method, it was found to be 43 nm. In com-
bustion method, crystallite size increases with annealing
temperature. Heating process enhances number of colli-
sions between particles, which leads to the coalesce with

one another to form a larger particle [28,29]. Crystallo-
graphic parameters obtained from XRD are included in
table 1.

Microstructural characterization and topography of the
synthesized samples were carried out by SEM analysis.
SEM image of the Ce-doped ZnO nanophosphor by com-
bustion method appears like agglomerated with voids and
pores. Porosity may be attributed to the liberation of large
amount of gaseous products like H,O vapours, CO, and
N, during combustion process (figure 2a—c). Whereas, the
Ce-doped ZnO nanophosphor by solid-state reaction method
showed the rough and tough morphology. It is also clear
that the synthesized sample consists of irregular micro-slabs
(figure 2d).

Chemical and structural changes of synthesized nanoma-
terials can be investigated by FTIR spectroscopic analysis.
The FTIR spectra of Ce-doped ZnO nanophosphor in the
region of 400-4000 cm ™' prepared by combustion and solid-
state reaction methods are shown in figure 3. The spectra
shows the band located at around 450-490 cm™! can be
attributed to the Zn—O stretching mode in the ZnO lattice
[30]. Peak observed at 913 cm~! may be due to the presence
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Figure 2. (a-c) SEM image of Ce-doped ZnO nanophosphor syn-
thesized by combustion synthesis annealed at different temperatures
500-900°C and (d) SEM image of Ce-doped ZnO nanophosphor
synthesized by solid-state reaction method.

of Ce-O stretching vibration [31]. Some additional peaks
were observed in the FTIR spectra of the samples pre-
pared by combustion method (figure 3a—c). The broad
absorption peak centred at 3521 and 1595 cm~' assigned
to O-H stretching vibrations [32]. Intense peak at
1381 cm™! due to stretching vibrations of C=0 bond. It
is observed that the area of hydroxial peak diminishes
with rise in temperature. Peak at 1369 cm™! corresponds
to C=0 bending vibrations and will diminish at higher
annealed temperature. These peaks were absent in the FTIR
spectra of the sample prepared by solid-state reaction method
(figure 3d).

3.2 Optical properties

Absorbance spectra of pure and Ce-doped ZnO samples,
prepared by combustion and solid-state reaction method,
are demonstrated in figure 4. The excitonic absorption
peak of prepared samples by both methods lies in the
region of 250-350 nm, which is fairly blue shifted from
the absorption edge (i.e., much below the band gap wave-
length of 365 nm, £, = 3.4¢eV) of bulk ZnO. The energy
band gap of the material is estimated with absorbance
and photon energy, given by Wood and Tauc’s relation.

a=A(hv—E)". (1)

The value of band gap was determined by plotting (cchv)? vs.
hv. Band gap studies reveal that optical band gap undergoes
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Figure 3. (a—c)FTIR spectra of Ce-doped ZnO nanophosphor syn-
thesized by combustion synthesis annealed at different temperatures
500-900°C and (d) FTIR spectra of Ce-doped ZnO nanophosphor
synthesized by solid-state reaction method.
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Figure 4. Absorbance spectra of (a) pure ZnO and Ce-doped
ZnO nanophosphor (500-900°C) synthesized by combustion syn-
thesis and (b) absorbance spectra of pure ZnO and Ce-doped ZnO
nanophosphor synthesized by solid-state reaction method.

a reduction with increasing temperature in combustion syn-
thesis (figure 5a). In solid-state reaction method (figure 5b),
band gap undergoes a reduction with doping. Decrease in
band gap may be ascribed to the fact that new defects
are introduced after substitution of Ce by Zn atoms to
electronegativity and ionic radius difference between Zn
and Ce. Dopant atoms take up the energy levels located
in the bottom of the conduction band. The valence elec-
trons require extra energy to be excited to higher energy
states in the conduction band. It weakens the electron
and hole-wave functions, which result from the reduction
of quantum size effect and enhancement of crystallinity
accompanied with increase in particle size. Increase in band
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Figure 5. Tauc plot of (a) pure ZnO and Ce-doped ZnO nanophosphor (500-900°C) synthesized by combustion
synthesis and (b) Tauc plot of pure ZnO and Ce-doped ZnO nanophosphor synthesized by solid-state reaction method.

Table 2. Band gap values of undoped and Ce-doped ZnO nanophosphors.

Method of preparation

Sample details

Band gap, Eg (eV)

Combustion synthesis Pure ZnO 3.13
Cep.01:Zn0.990 (5000 C) 3.17
Ceg.01:Zng.990 (700o ()] 3.16
Ce0.01:Zn.990 (900°C) 3.15
Solid-state reaction method Pure ZnO 3.14
Ceq.01:Znp.990 3.1
gap attributed to quantum confinement theory. Spatially
. ... 4 =326 nm
confined electrons and holes undergo an optical transition =
from the valence to conduction band, which will increase
in energy, effectively increasing the band gap (E,) [33].
Calculated values of band gap and crystallite size are shown ey
in table 2. g
PL emission spectra of pure and Ce-doped ZnO nanophos- E
phors synthesized by combustion synthesis and solid-state i
reaction method were recorded under excitation of 325 nm as ()
shown in figure 6. Spectrum exhibit a sharp UV peak and four
visible peaks. The intense UV peak corresponding to near- d}
band edge emission of ZnO originating from electron—hole e )
o .. L. k)
recombination [34]. The broad emission spectrum in visible
region is the result of sum of peaks centred at 420, 457 and 300 30 400 450 SO0 S50

486 and 538 nm. The peak at 457 nm may due to the tran-
sitions from 2D; /2—2F7 /2 state. The blue emission at 457 and
487 nm may be due to singly occupied oxygen vacancies
in deep trapped holes. Peak at 420 nm may be due to Zn
vacancies [35]. Peak in green region correspond to deep-level
or trap-state emission from SDo—"Fy [36,37]. Vanheusden
et al [38] reported that green luminescence in ZnO may be
due to the presence of singly ionized oxygen vacancies. In

Wavelength (nm}

Figure 6. Emission spectra of (a) pure ZnO, (b) Ce-doped ZnO
nanophosphor synthesized by combustion synthesis and (c) pure
ZnO, (d) Ce-doped ZnO nanophosphor synthesized by solid-state
reaction method.

combustion method, most prominent emission of pure and
Ce-doped samples lies in blue region. It is seen that pure ZnO
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Figure 7. Effect of annealing on emission spectra of Ce-doped
ZnO phosphor by combustion synthesis method.
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Figure 8. Comparison of emission spectra of Ce-doped ZnO phos-
phor by (a) combustion synthesis as prepared, (b) combustion
synthesis (annealed), (c) solid-state reaction as prepared and (d)
solid-state reaction (annealed).

sample prepared by solid-state reaction method favours green
emission. On Ce doping into ZnO nanoparticle, it shifts the
most intense emission from green to blue region. Different
emission in two methods may due to quantum confinement
effect. The particles reaching in nanoscale dimension makes
energy levels discrete and increases or widens up the band
gap, which makes greater optical transition energy in confined
systems.

To understand the effect of annealing on emission spectra of
Ce-doped ZnO phosphor prepared by combustion synthesis,
PL spectra were recorded after annealing the synthesized sam-
ple at 500, 700 and 900°C (figure 7). Luminescence intensity
of most prominent peak becomes higher after post anneal-
ing treatment of Ce-doped ZnO phosphor up to 700°C and
then it diminishes. Heat treatment also affects the crystallinity
and phase of the prepared samples. Crystalline behaviour of
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the Ce-doped ZnO nanophosphor increases with annealing
temperature. At high temperature, luminescence quenching
ascribed to the movement of oxygen and zinc atoms from
interstitial to lattice sites [39].

By comparing the emission spectra of solid state and com-
bustion synthesis, both samples are prepared at the same
thermal conditions. Absolute emission intensity of Ce-doped
ZnO phosphor prepared by solid state reaction method is
more than that of sample prepared by combustion synthe-
sis as shown in figure 8. There is no effect of annealing on
the luminescence behaviour of Ce-doped ZnO nanophosphor
prepared by solid state reaction method. Post heat treatment in
combustion method increases the PL intensity of most promi-
nent peak first then at high temperature it diminishes, while in
solid-state reaction method PL intensity is unaffected by the
temperature. Therefore, solid-state reaction method is capa-
ble of producing phosphor material without providing further
heat treatment.

4. Conclusion

Structural, morphological and optical properties of Ce-doped
ZnO nanophosphor prepared by combustion synthesis and
solid-state reaction method were studied. Post-annealing tem-
perature intensifies the emission and modulate the emission
wavelength up to a certain temperature range in combustion
method. In solid-state reaction method luminous intensity is
unaffected by annealing temperature. For the production of
phosphor in single-step, solid state is most applicable method
for various display applications.
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