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Abstract. A new type of novel orange-red emitting Eu-doped ZnO/TiO2 nanocomposite phosphors have been synthesized by simple low temperature co-precipitation route. Structure and morphology of the prepared sample have
been investigated using X-ray diffraction and ﬁeld emission scanning electron microscopy (FESEM) techniques.
XRD pattern conﬁrmed the presence of both phases of ZnO and TiO2 simultaneously. The luminescence properties,
such as photoluminescence (PL) excitation and emission spectra, Judd–Ofelt parameters, CIE colour coordinates
and the dependence of luminescence intensity on the doping level were investigated. The luminescence spectrum
characteristics of Eu3+ ions have a strong dependence on Eu3+ doping levels as well as ZnO/TiO2 ratio variations. The photoluminescence results indicate that these phosphors could be efﬁciently excited by near-ultraviolet
radiation, which causes emissions in orange–red regions.
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Introduction

Lanthanide ions have long been used as an important dopant
for the production of phosphor materials [1]. These rare earth
ions produce intense and sharp emissions in visible range under UV excitation, when incorporated in an appropriate host
matrix which is usually oxide materials [2]. These oxide materials are normally semiconductive in nature. Now-a-days, there
are broad areas of applications such as luminescence, display
devices [3,4], optoelectronic devices [3,4], sensing devices [5]
etc., where the oxide material incorporated with lanthanide
ions have been effectively and efﬁciently utilized. For the purpose of luminescence application, the primary need is a signiﬁcant enhancement in emission intensity. Enhancement in
luminescence can be achieved by energy transfer from encapsulated host matrix with the help of doping and co-doping of
suitable lanthanide ions [6]. In the last few decades, such enhancement has achieved almost near to the theoretical limit
and have very little room to work on that. Hence, a new type
of host materials is required for the improvement of luminescence properties for opto-electronic applications [7]. In
recent years, many efforts have been made for the enhancement of the luminescence intensity by using conventional
route, but no signiﬁcant outcome has been reported and therefore, to overcome this problem, researchers have to think
about a new kind of material such as multifunctional hybrid
material, composite material, etc. Soon after, researchers got
a new hope in the form of nanocomposite-doped with suitable
lanthanide ions for the improvement of luminescence behaviour [8,9]. Lanthanide-doped nanocomposite semiconductor
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is one of the promising host material for the required purpose as oxides show their unique behaviour in the form
of nanocomposite. The coupling of two semiconductor nanoparticles with different band gap widths has been established
in many studies as one of the most effective ways to slow the
recombination of electron–hole pairs [10–13], which facilitate the enhancement of luminescence properties.
Among different semiconductor oxides, zinc oxide is one
of the promising material due to their stable physical, chemical and thermal behaviours [14]. ZnO is well known for its
luminescence behaviour as it gives broad green emission
caused by defect states and ultraviolet emission through band
edge transition [15]. To get better luminescence property, one
may require incorporation of rare earth (RE) ions in the ZnO.
But it is a difﬁcult task due to large mismatch of ionic radii
and charge imbalance of Zn2+ and RE3+ . On the other side,
ZnO-based composite material doped with rare earth ions are
easy to synthesize to get better emission properties. Nanoscale composite materials containing the binary system of zinc
oxide and titanium oxide are interesting because of their potential applications in optoelectronic devices individually [16].
In this study of Eu3+ , TiO2 and ZnO were chosen as activator ion host material and sensitizer [17]. The beneﬁt of choosing this combination of materials is that it can produce all
primary lights i.e., blue, green and red providing the facility
for white light applications.
2.

Experimental

Eu3+ -doped ZnO/TiO2 nanocomposites were successfully
prepared by simple co-precipitation method. Zinc sulfate,
titanium oxysulfate and europium chloride were used as
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starting materials. To synthesize the required composite, appropriate amounts of these starting materials were dissolved in
50 ml of deionized water and stirred for a few minutes until
the solution becomes transparent. An another solution of
NaOH (2 mol% conc.) was also prepared. The aqueous solution of NaOH was added dropwise and stirred vigorously.
With addition of NaOH solution, the pH value of the solution was adjusted to about 7. With the addition of NaOH in
ﬁrst solution, a large amount of white precipitate was formed.
This white precipitate was ﬁltered with Whatman-42 ﬁlter
paper and washed several times with ethanol and deionized
−
water until the unwanted ions, such as SO2−
4 and Cl are
totally removed. After the ﬁltration, the ﬁltrate was kept in a
hot air oven for 1.5 h at 80◦ C to make it dry. A ﬁne powder
was obtained after crushing with mortar and pestle. Finally,
the powder was placed in a furnace for annealing process.
The synthesized powder was characterized for structural
and optical properties. X-ray diffraction (XRD) spectra were
recorded on Bruker D8 Focus in a wide range of Braggs
angles, 20◦ ≤ 2θ ≤ 80◦ with Cu target having Kα = 1.5406 Å
with a scanning rate 2◦ per minute. The morphological studies as well as elemental composition were investigated by
ﬁeld emission scanning electron microscopy (FESEM) characterization on Supra 55 (Germany). Agilent Cary 5000 UV–
Vis–NIR spectrophotometer has been used for UV–Vis diffuse
reﬂectance studies on a wavelength range of 200–1200 nm.
For photoluminescence (PL) studies, we used commercially
available personal computer based Hitachi FL 2500 ﬂuorescence spectrometer having 150 W xenon lamp. The PL emission spectra were taken in the wavelength range of 350–700 nm.

3.

Results and discussion

3.1 Structural and morphological studies
The phase identiﬁcation of the prepared sample was carried
out by XRD on a wide range of Bragg angles 20◦ ≤ 2θ ≤ 80◦
with Cu target having Kα = 1.5406 Å with a scanning rate 2◦
per minute. Figure 1 shows the XRD patterns of samples
annealed at three different temperatures (400, 600 and 800◦ C).
XRD patterns are compared with standard JCPDS data and it
is found that it is well matched with PDF nos 83-2243 (TiO2 )
and 75-1533 (ZnO). From ﬁgure 1, one can clearly identify
both the phases of ZnO and TiO2 which conﬁrm the formation
of the desired compound. Apart from that, some unidentiﬁed
peaks with very small intensity was also observed, which is possibly due to impurity of sample mainly caused by unreacted
components from the synthesis process or may be intermediate compounds. The main characteristic diffraction peaks of
TiO2 and ZnO were found at 25.80 and 35.86◦ , which shows
a very slight shift to the higher angle side compared to corresponding JCPDS ﬁle no., which is possibly due to the incorporation of Eu3+ ions in the host lattice and due to that lattice
atoms get displaced and redistribution of density of states in
the unit cell occur. The shifting in characteristic peaks causes
the decrease in lattice parameter [18] compared to respective

Figure 1. X-ray diffraction patterns of Eu3+ -doped ZnO/TiO2
nanocomposite for different annealing temperatures.

JCPDS ﬁle. This is because of mismatch of ionic radii of
Eu3+ and Zn2+ /Ti4+ ions. XRD pattern also suggests that for
the desired nanocomposite, low annealing temperature is suitable because at higher temperature, it starts reacting with
each other, causing the formation of intermediate compound,
the same is observed in our case for the highest annealing
temperature (800◦ C). The XRD proﬁle also revealed that the
annealing temperature plays an important role in the crystallinity of the sample. At lower annealing temperature (400◦ C),
XRD pattern shows broader peaks, whereas at higher annealing temperature, peaks become sharper which indicates
improvement in the crystallinity of the samples. The crystallite sizes of the synthesized powder were calculated using
Debye Sherrer formula is given by
D = 0.9λ/β cos θ ,
where D is the crystallite size, λ the wavelength of X-ray and
β the full-width at half-maximum (FWHM) and by using this
formula the crystallite size is estimated by considering the
main characteristic peaks of XRD, which is found in the range
of 15–30 nm. In another approach, Hall–Williamson relation
was also used to calculate the exact crystallite size is given by
1
ε sin θ
β cos θ
=
+
,
λ
D
λ
where ε is the microstrain present in the sample. Figure 2
shows the Hall–Williamson plot of the XRD graph for
ZnO/TiO2 composite annealed at different temperatures. It
shows that for annealing temperature of 400◦ C, crystallite
size is 30.58 nm and for annealing temperature of 600◦ C, it
is 38.16 nm, whereas for annealing temperature of 800◦ C,
crystallite size is 24.87 nm. It can be understood that at a
lower annealing temperature, the sample is agglomerated in
nature, hence, crystallite size is large and as the annealing
temperature increases up to 600◦ C, crystallite gets complete
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growth and as a result of smaller size but for further increasing the annealing temperature causes the reaction between
ZnO and TiO2 to form intermediate compound and results in
decrease in crystallite size.
Figure 3 shows the FESEM images of Eu3+ -doped ZnO/
TiO2 nanocomposite samples annealed at different annealing temperatures as well as with different compositions. All
samples exhibit irregular grain type structures which are
agglomerated in morphology. As the annealing temperature
increases, these agglomeration reduces and starts to form a
more crystalline type structure. In the as-prepared sample,
the sizes of most of the grains are in the range of 20–25 nm and
as the annealing temperature increases, the grain size is found
in the ranges of 20–30, 30–35 and 40–60 nm for annealing

Figure 2. Hall–Williamson plot of Eu3+ -doped ZnO/TiO2 nanocomposite for different annealing temperatures.
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temperatures of 400, 600 and 800◦ C, respectively. From the
images, it was found that in all samples, the particles are
almost uniformly distributed throughout the surface which
is possibly due to homogeneous distribution of temperature
during the synthesis of material as it is prepared at room
temperature.
3.2 Optical studies
3.2a UV–Vis study: The diffuse reﬂectance spectra of
Eu3+ -doped ZnO/TiO2 nanocomposite are carried out on
the prepared sample for different compositions of ZnO and
TiO2 as well as different doping concentrations of Eu3+ for
calculation of the optical band gap. The diffuse reﬂectance
spectra were recorded at room temperature in the range
of 200–800 nm wavelengths as shown in ﬁgure 4. In the
reﬂectance spectra, a sharp band was observed near 320 nm
as absorption edge. This represents that this absorption of
wavelength 320 nm by the sample relates to band gap of
the material. Related to absorption edge, one interesting phenomenon is observed with ZnO variation. With increasing
the ZnO content in the material, a blue shift is observed
in absorption edge. This may be ascribed either to reduction in particle size with increasing ZnO concentration or
to ‘Burstein–Moss effect’ [19,20], according to which the
increase in the Fermi level in the conduction band of a degenerate semiconductor lead to energy band-widening, caused
by the effect of increasing carrier concentration. Keeping the
consistency with photoluminescence excitation spectra, the
absorption band related to 7 F0 → 5 D2 and 7 F0 → 5 D1 transitions of Eu3+ ions are also monitored at 465 and 532 nm,
respectively. The presence of these bands conﬁrms the existence of metastable energy state due to Eu3+ between valence
and conduction band.

Figure 3. FESEM images of 1 wt% Eu-doped ZnO/TiO2 (molar ratio = 50:50) at annealing temperatures of (a) as prepared, (b) 400◦ C,
(c) 600◦ C, (d) 800◦ C and (e) 1.5 wt% Eu-doped ZnO/TiO2 (molar ratio = 40:60).
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3.2b Band gap calculation: The diffuse reﬂectance spectra
of Eu3+ -doped ZnO/TiO2 nanocomposite are used to calculate the estimated band gap (Eg ) of the synthesized powder
sample with the help of Kubelka–Munk theory. In diffuse reﬂectance spectra, the ratio of light reﬂected from the sample
to an ideal nonabsorbing reference sample (which is BaSO4
in our case) are measured as a function of wavelength. Using
the Kubelka–Munk relation [21], reﬂectance (Rα ) is converted
to Kubelka–Munk (F(Rα )) function which is given by
F (Rα ) =

(1 − Rα )2
.
2Rα

Figure 4. Diffuse reﬂectance spectrum of Eu3+ -doped ZnO/TiO2
nanocomposite for different concentrations of Eu and different
molar ratios of ZnO and TiO2 .

The Kubelka–Munk function is a function equivalent to
absorption co-efﬁcient (α). The band gap energy of a material
is related to absorption coefﬁcient, α through a well-known
Tauc relation is given by
αhν = C(hν − Eg )n ,
where n = 1/2 for direct bandgap and 2 for indirect bandgap.
Thus, the bandgap of the material is determined by plotting [F (Rα )hν]1/n against photon energy hν, the value of
Eg was obtained by extrapolating the linear ﬁtted regions to
[F (Rα )hν]1/n = 0, as shown in ﬁgure 5. Since the prepared
material is a composite of ZnO/TiO2 -doped with Eu in which
ZnO is a direct bandgap material, where TiO2 is an indirect
bandgap material, hence, calculation of band gap was done
for both the conditions i.e., direct and indirect bandgaps and
it was found that the sample having low ZnO concentration
(for 10 and 30 mole%) shows best ﬁtting in indirect bandgap
calculation and was found to be 3.15 and 3.37 eV. This is
because of the presence of TiO2 as major component in the
sample which is an indirect bandgap material. As the concentration of ZnO become equivalent to TiO2 , the best ﬁtting is
found for direct bandgap condition and the value of bandgap
was found to be 3.8 eV. Thus, the variation of ZnO content
in the material causes the modiﬁcation in band gap. With
increasing the ZnO content, band gap increases from 3.15 to
3.8 eV. This indicates that tuning in band gap is possible with
the variation of ZnO in the Eu3+ -doped ZnO/TiO2 nanocomposite. Another interesting thing which was observed is small
amounts of Eu3+ doping does not affect too much, but for
higher doping, band gap increases from 3.8 to 3.9 eV in
ZnO/TiO2 (50 : 50). The insertion of lattice disorder caused
by incorporation of Eu3+ and the presence of ZnO may be
the possible reason for the variation of band gap [22].

Figure 5. Kubelka–Munk treatment of reﬂectance spectrum to calculate the band gap of Eu3+ -doped ZnO/TiO2 nanocomposite for
different concentrations of Eu and different molar ratios of ZnO and TiO2 .

Luminescence properties of ZnO/TiO2 nanocomposite
3.2c Luminescence study: Effect of annealing: Room
temperature PL emission spectra for 393 nm excitation
of 1 wt% Eu3+ -doped ZnO/TiO2 nanocomposite samples
annealed at different temperatures are shown in ﬁgure 6. The
ﬁgure shows two strong emission peaks centred at 595 and
619 nm with some weak emissions peaks at different centres, which is the characteristic emission of Eu3+ ion from
5
D0 to 7 Fj ( j = 0, 1, 2, 3, 4, 5, 6). It is important to note
that the ﬂuorescence intensity ratio, I of 5 D0 → 7 F2 to
5
D0 → 7 F1 transition changes with change in annealing temperature [23]. It is well known that the transition 5 D0 → 7 F2
is an electric dipolar transition and is very sensitive to ligand
ﬁeld and thus, a larger probability has been postulated for
this transition because of decrease in symmetry and increase
in covalency. On the other hand, the emission peak centred at
595 nm for 5 D0 → 7 F1 transition is due to magnetic dipole
transition hardly affected by crystal ﬁeld around Eu3+ ion
in matrix. Hence, I is the intensity ratio of transition from
5
D0 → 7 F2 to 5 D0 → 7 F1 , which provide a measure of
degree of distortion using inversion symmetry of local environment of Eu3+ ions. In the present case, the calculated ﬂuorescence intensity ratio was found to be 2.36, 2.71, 3.74 and
3.34 for as prepared and annealed samples for 2 h at 400, 600
and 800◦ C, respectively. This trend represents the increase
in ﬂuorescence intensity ratio with annealing temperature,
suggesting the change in symmetry site occupied by Eu3+
ions which may be related to the some surface defects which
possibly affects the crystal structure. These surface defects
are the possible reason for increase in degree of disorder
and decrease in local symmetry of Eu3+ ions located at the
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surface of the particle [24]. Owing to lowering the local symmetry of Eu3+ ions, the probability of 5 D0 → 7 F2 transition
increases and hence, enhance the red emission over orange
emission although the luminescence spectra are still mixture
of orange and red emission.
Effect of doping concentration on PL: PL performance of a
material can be improved with the help of changing the
doping concentration. The variation in dopant concentration is very important to get the optimized concentration
of dopant for best PL performance. PL emission spectra for
ZnO/TiO2 nanocomposite doped with Eu3+ ions for different doping concentrations (0.50, 0.75, 1.00, 1.25, 1.50, 1.75
and 2.00 wt%) are shown in ﬁgure 7 at excitation wavelength 393 nm annealed at 400◦ C and it was found that PL
intensity is maximum for 1.50 wt% of Eu3+ doping. From
the PL emission of Eu3+ -doped ZnO/TiO2 nanocomposite, it
was found that the emission spectra contain different narrow
peaks centred at 538, 557, 581, 594, 617, 656 and 702 nm.
These peaks assigned to 5 D1 → 7 F1 , 5 D1 → 7 F2 , 5 D0 →
7
F0 , 5 D0 → 7 F1 , 5 D0 → 7 F2 , 5 D0 → 7 F3 and 5 D0 → 7 F4
transitions of the 4f6 conﬁguration of Eu3+ ions, respectively
[25,26]. Among these, two most intense emissions correspond to magnetic and electric dipole transitions. The electric dipole transition is observed at 617 nm due to 5 D0 →
7
F2 transition which is more intense than magnetic dipole
transition observed at 594 nm due to 5 D0 → 7 F1 transition. The most intense red emission is mainly attributed to
the larger degree of disorder and lower local symmetry or
noncentrosymmetric without inversion centre of Eu3+ ions.

Figure 6. Photoluminescence emission spectra of 1 wt% Eu3+ -doped ZnO/TiO2 nanocomposite for different annealing temperatures excited by 393 nm wavelength. Inset
shows excitation spectra for same samples monitoring the emission wavelength of
617 nm.
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Figure 7. Photoluminescence emission spectra of Eu3+ -doped ZnO/TiO2 nanocomposite for different concentrations of Eu3+ excited by 393 nm wavelength. Inset
shows excitation spectra for same samples monitoring the emission wavelength of
617 nm.

Actually, incorporation of dopant with larger ionic radii than
the doping site (which is in our case both may be possible Zn2+ as well as Ti4+ ) causes the local distortion in the
host lattice [27]. On the other side, it is well known fact that
the orange emission centred at 594 nm is due to magnetic
dipole transition which is allowed only if Eu3+ ions occupy
a site with inversion symmetry or low centrosymmetric site.
The presence of both electric and magnetic dipole transitions
and dominated by the electric dipole transition indicates that
Eu3+ ions not only occupy the site with inversion symmetry,
but some Eu3+ ions also occupy the site without inversion
symmetry.
Eu3+ –Eu3+ energy transfer and concentration quenching:
The nonradiative transition is a phenomenon which causes
the decrease in luminescence which generally occurs due to
exchange interaction, radiation reabsorption, or a multipole–
multipole interaction [28,29]. In a typical case, as the doping
concentration increases, the effective distance between Eu3+
ions decreases and as a result PL intensity increases.
With increasing the dopant concentration, a condition is
found where PL intensity is maximum for a particular
doping concentration and beyond that limit, a condition is met
where distance between two neighbour Eu3+ ions is such that
Eu3+ ions starts interacting with each other resulting in the
increase of nonradiative relaxation and hence, PL intensity
decreases. To understand such type of phenomenon, it is
necessary to ﬁnd out the critical distance (Rc ) between two

neighbour Eu3+ ions. To ﬁnd out this critical distance, we
used Blasse formula [30,31] which is

Rc ≈ 2

3V
4π CN

1/3
,

where C is the critical concentration of the dopant, N the
number of Ti ions in the unit cell and V the volume of the unit
cell. In our case, N = 4, C = 0.02 and V = 136.31 Å3 and
we found that the value of Rc is 21.58 Å. It is known that if
the value of Rc is greater than 5 Å, then exchange interaction
[32] is no more effective and multipole–multipole interaction becomes important. Since the Rc value was calculated as
21.58 Å, the effective mechanism of concentration quenching was related to multipolar interaction.
Inﬂuence of the presence of ZnO in the composite: The
effect of presence of ZnO on the emission intensity have
been analysed by varying ZnO concentrations of 10, 20, 30,
40 and 50 mol% and it was observed that emission intensity
enhanced with addition of ZnO in the host. 40 mol% of ZnO
was found to be optimum concentration, for which emission
intensity is maximum. The proper effect on the emission intensity for varying ZnO concentrations is shown in ﬁgure 8.
This enhancement in the emission intensity may be ascribed
to several reasons. Yadav et al [33] suggested that this
enhancement is caused due to addition of ZnO in the sample

Luminescence properties of ZnO/TiO2 nanocomposite
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Figure 8. Photoluminescence emission spectra of 1.5 wt% Eu3+ -doped ZnO/TiO2
nanocomposite for different molar ratios of ZnO and TiO2 excited by 393 nm wavelength. Inset shows excitation spectra for same samples monitoring the emission
wavelength of 617 nm.

which forms composite with TiO2 and causes the decrease
in nonradiative relaxation. This nonradiative relaxation is an
important key which play a vital role in the emission intensity. The decrease in nonradiative relaxation causes the
enhancement in emission intensity. Another possible reason for this enhancement is the presence of ZnO which
occupies the remaining quenching site, and as a result, the
space vacant in the lattice is occupied by ZnO which actually removes the unwanted impurities such as OH present in
the host [34,35]. One may also ascribe this enhancement to
the increase in crystallinity of the host material due to the
presence of ZnO.
Excitation mechanism: The room temperature PL excitation spectra of ZnO/TiO2 nanocomposite doped with Eu3+
ions were recorded in a wavelength range of 220–550 nm,
keeping the emission wave length ﬁxed at 617 nm and is
shown in ﬁgures 6, 7 and 8. Normally, excitation spectra of
phosphor having europium doping show two major parts: (i)
charge-transfer state (CST) and (ii) intra-4f transition. Generally, the broad band centred at nearly 235 nm is due to
transfer of electron to vacant 4f orbital of Eu3+ from 2p
orbital of oxygen which may be ascribed as ligand-to-Eu3+
(metal) charge-transfer transitions (LMCT) [36]. According
to Jorgensen, the position of charge transfer band can be
estimated by using the formula
σ = [xopt (X) − xuncorr (M)] 30 × 103 cm−1 ,

where σ represents the energy of charge transfer band, xopt (X)
is the optical electronegativity of the ligand anion, which
is approximately the Pauling’s electronegativity and xuncorr
(M) is the optical electronegativity of the central metal ion.
The estimated energy for O2p → Eu4f CT band was found
about 42600 cm−1 , which is equivalent to 235 nm. But in our
case, we have not observed such type of Eu3+ –O2− CT band,
which is a very unique behaviour shown by the samples because generally, Eu3+ doped phosphor always show an excitation peak at 250 nm [37]. This phenomenon can be understood
as weak covalency between Eu3+ and O2− in the nanocomposite crystallite [38]. Apart from this, a broad excitation peak
with very low intensity was found near 310 nm, corresponds
to the host lattice absorbtion. Another part of excitation spectrum i.e., intra-4f transition show four sharp transitions in
between 360–550 nm range. These peaks are very narrow and
are observed due to direct excitation of Eu3+ ions from
ground state (7 F0 ) to higher excited states of 4f-manifold,
such as 5 G4 (383 nm), 5 L6 (393 nm), 5 D3 (414 nm), 5 D2
(464 nm) and 5 D1 (533 nm), respectively. The more intense the
excitation band is, the more effectively phosphors absorb the
excited energy. Among these excitation transitions, 7 F0 →
5
D2 (464 nm) is the most intense one, which matches well
with the commercially available blue GaN-based LED chips.
Evaluation of colour coordinates: The assessment and
quantiﬁcation of colour emitted by a substance is referred
to as colorimetry or the ‘science of colour’. Colorimetry
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is the property which is directly associated with human
eye. Actually, human eyes have property that when two or
more colours are mixed together, it is visualized as single
colour and the eye is unable to recognize the original dichromatic composition of that colour. A mathematical function
called the colour matching function gives the resultant vision
of eye when two or more colours are mixed together and
it is represented by the CIE chromaticity diagram [39,40].
The CIE parameter of our samples are calculated using the
GoCIE software and it was found that for lower concentration of Eu3+ doping, it emits pink colour due to the
mixing of blue emission by host and red emission by Eu3+
and as the doping concentration increases, it shifted towards
red region and also with increasing the ZnO content, the
coordinate shifted more towards red region and get maximum red for 40% ZnO content. Figure 9 shows the pattern of
shifting from blue–pink to orange–red region. Hence, wide
colour tunability from blue–pink to orange–red is obtained
in this Eu-doped ZnO/TiO2 nanocomposite. The calculated CIE coordinates for different doping concentrations of
Eu3+ and diffrent ratios of ZnO and TiO2 are summerized
in table 1.
Radiative properties: The spectral properties or radiative properties such as transition probability (A), total transition probability (AT ), radiative lifetime (τrad ) and branching
ratio (βrad ) of RE ions in the host can be calculated using a
parameter called Judd–Ofelt parameters J (J = 2,4,6) [41,42].
Usually, the Judd–Ofelt intensity parameters are obtained
from the absorption spectra, but in the case of Eu3+ doping,
it is difﬁcult to obtain J–O parameter because observable
transition is not enough. However, the pure magnetic dipole
transition 5 D0 → 7 F1 allows the determination of the intensity parameters from the emission spectra. According to J–O

theory, the magnetic dipole transition 5 D0 → 7 F1 is independent of host environment. This can be used as a reference and
hence, rate of magnetic dipole transition is represented by the
equation [43,44]
A0 →1 =

64π 4 e2 (ν0 → 1 )3 3
n Smd
3h(2J + 1)
(magnetic dipole transition).

(1)

In the above equation, e is the charge of electron, n the refractive index, ν the wavenumber, h the Plank’s constant, 2J + 1
the degeneracy of the initial state and Smd the magnetic
dipole transition line strength. Smd is independent from the
host and have the value equal to 7.83 × 10−42 (dimensionless).
The rate of magnetic dipole transition A0→1 has the value
≈50 cm−1 [44]. Similarly, the rate of electric dipole transition
Table 1. Calculated CIE coordinates for different doping concentrations of Eu3+ and different ratios of ZnO and TiO2 .
CIE (x,y) coordinates
x-coordinate y-coordinate

Sample
0.25 wt% Eu-doped ZnO : TiO2
0.50 wt% Eu-doped ZnO : TiO2
0.75 wt% Eu-doped ZnO : TiO2
1.00 wt% Eu-doped ZnO : TiO2
1.25 wt% Eu-doped ZnO : TiO2
1.50 wt% Eu-doped ZnO : TiO2
1.75 wt% Eu-doped ZnO : TiO2
2.00 wt% Eu-doped ZnO : TiO2
1.50 wt% Eu-doped ZnO : TiO2
1.50 wt% Eu-doped ZnO : TiO2
1.50 wt% Eu-doped ZnO : TiO2
1.50 wt% Eu-doped ZnO : TiO2
1.50 wt% Eu-doped ZnO : TiO2

(50:50)
(50:50)
(50:50)
(50:50)
(50:50)
(50:50)
(50:50)
(50:50)
(40:60)
(30:70)
(20:80)
(10:90)
(10:90)

0.30
0.31
0.35
0.41
0.39
0.44
0.36
0.43
0.56
0.55
0.52
0.46
0.44

Figure 9. CIE chromaticity diagram for (a) different doping concentrations of Eu3+ -doped ZnO/TiO2 nanocomposite
and (b) different molar ratios of ZnO and TiO2 doped with 1.5 wt% Eu3+ .

0.23
0.23
0.25
0.27
0.26
0.29
0.24
0.29
0.33
0.32
0.31
0.28
0.29

1.067

0.964

0.925

0.932

0.903

1.172

0.961

0.950

0.104

0.982

0.115

0.152

17.643

18.590

20.567

18.539

19.881

26.481

18.852

26.158

24.853

23.229

28.835

34.802

(pm2 )

0.977

4

J–O intensity parameter

(pm2 )

20.490

2

J–O spectral parameter of ZnO/TiO2 :Eu3+ .

0.25 wt% Eu-doped
ZnO:TiO2
(50:50)
0.50 wt% Eu-doped
ZnO:TiO2
(50:50)
0.75 wt% Eu-doped
ZnO:TiO2
(50:50)
1.00 wt% Eu-doped
ZnO:TiO2
(50:50)
1.25 wt% Eu-doped
ZnO:TiO2
(50:50)
1.50 wt% Eu-doped
ZnO:TiO2
(50:50)
1.75 wt% Eu-doped
ZnO:TiO2
(50:50)
2.00 wt% Eu-doped
ZnO:TiO2
(50:50)
1.50 wt% Eu-doped
ZnO:TiO2
(40:60)
1.50 wt% Eu-doped
ZnO:TiO2
(30:70)
1.50 wt% Eu-doped
ZnO:TiO2
(20:80)
1.50 wt% Eu-doped
ZnO:TiO2
(10:90)
1.50 wt% Eu-doped
ZnO:TiO2
(0:100)

Sample

Table 2.
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→ 7 F2
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→ 7 F1
→ 7 F2
→ 7 F4
→ 7 F1
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→ 7 F4
→ 7 F1
→ 7 F2
→ 7 F4
→ 7 F1
→ 7 F2
→ 7 F4
→ 7 F1
→ 7 F2
→ 7 F4
→ 7 F1
→ 7 F2
→ 7 F4
→ 7 F1
→ 7 F2
→ 7 F4
→ 7 F1
→ 7 F2
→ 7 F4
→ 7 F1
→ 7 F2
→ 7 F4
→ 7 F1
→ 7 F2
→ 7 F4
→ 7 F1
→ 7 F2
→ 7 F4
→ 7 F1
→ 7 F2
→ 7 F4
5D
0
5D
0
5D
0
5D
0
5D
0
5D
0
5D
0
5D
0
5D
0
5D
0
5D
0
5D
0
5D
0
5D
0
5D
0
5D
0
5D
0
5D
0
5D
0
5D
0
5D
0
5D
0
5D
0
5D
0
5D
0
5D
0
5D
0
5D
0
5D
0
5D
0
5D
0
5D
0
5D
0
5D
0
5D
0
5D
0
5D
0
5D
0
5D
0

A0−1
(s−1 )

Transition

119.6715
2.953
...
128.334
2.861
...
170.936
3.712
...
121.693
3.045
...
168.849
3.011
...
160.426
3.320
...
149.942
3.112
...
186.129
3.652
...
224.644
4.817

...
132.265
3.095
...
113.885
3.381
...
120.001
3.053
...
132.759
2.931

A0−2,4
(s−1 )

5.722

4.170

4.924

4.678

4.507

3.578

174.638

221.860

213.746

203.054

239.782

279.462

5.792

172.625

4.451

5.385

185.690

224.648

5.778

173.055

5.518

5.978

167.267

181.195

5.394

τrad
(ms)

185.360

Aτ
(s−1 )
26.97
71.35
1.67
29.89
68.08
2.02
28.89
69.34
1.76
26.92
71.49
1.57
28.96
69.32
1.71
27.59
70.82
1.57
22.25
76.09
1.65
28.61
69.64
1.74
22.53
76.10
1.35
23.39
75.05
1.55
24.62
73.84
1.53
20.85
77.62
1.52
17.89
80.38
1.72

β (%)

σ (λp )

2.106
6.491
0.223
2.379
5.851
0.209
2.154
5.843
0.193
1.788
6.066
0.185
2.014
5.630
0.182
1.813
5.843
0.182
1.814
7.723
0.209
2.094
7.723
0.165
1.554
7.374
0.167
1.605
7.021
0.179
1.758
6.632
0.162
1.779
8.376
0.195
1.689
9.237
0.150

(× 10−21 ) cm2

4.31

3.57

2.87

3.07

3.24

2.33

3.28

2.46

2.29

2.54

2.30

2.18

2.53

Asymmetry
ratio
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A0 →J of 5 D0 →
formula [44,45]
A0 →J =

7

FJ =2,4,6 can be calculated using the

64π 4 e2 (ν0 → 2,4 )3 1
χ
3hc3
4π ε0

5  (J ) 5


 F2,4,6 2
×
J D0 U
J =2,4,6

(electric dipole transition),

(2)

where χ is a correction factor called Lorentz local ﬁeld
correction can be calculated by the relation given by
2
2
χ = n(n
/9
 using
 refractive index of the host mate5 + 2)
(J ) 5

F2,4,6 2 is the squared reduced matrix
rial. D0 U
element whose value is independent of the chemical
3+
and the
 (J ) 5 of2 Eu
value  of 2matrices are

environment
5


D0 U  F2 = 0.00324, 5 D0  U (J ) 5 F4 = 0.00229
and 5 D0  U (J ) 5 F6 2 = 0.00023 [44]. Since the rate of transition at each energy level is directly proportional to the integrated emission intensity, thus, the ratio of rate of electric
dipole to magnetic dipole transition can be written as [45]
I0 →J =2,4,6 hν0 →1
A0 →J =2,4,6
=
.
A0 →1
I0 →1 hν0 →J =2,4,6

(3)

Thus, with the help of equations (2) and (3), J–O parameter J =2,4,6 can be calculated. In the present case, 2 and
4 are calculated but
6 is not calculated because the
emission of 5 D0 → 7 F6 transition was not experimentally observed due to the instrumental limitations. Once the
J–O parameter was calculated, other radiative parameters
such as total transition probabilities (AT ), radiative lifetime
decay (τrad ) and radiative branching ratio (βrad ) were calculated using the relations given below. The total radiative
transition probability can be obtained by the given relation
[44–46]
Arad = Aed + Amd
and therefore
AT (ψJ ) =


J

(4)

AJ →J  .

(5)

The radiative lifetime, τR of an excited level J is given by
the reciprocal of the AT (ψJ ) and can be written as
τrad (J ) = 

1
.
A
J  J →J 

(6)

Stronger emission probabilities and more transitions from a
level lead to faster decay and shorter lifetimes.
The ﬂuorescence branching ratio (βrad ) is another important radiative parameter used to understand the optical
potentiality of the material
βrad (J ) =

A(J, J  )
.
AT (J )

(7)

Another radiative property named as the stimulated emission
cross-section(σ (λp )) can be expressed as
σ (λp )(J → J  ) =

λ4p
8π cn2 λeff

Arad (J → J  ),

(8)

where λp is the wavelength of peak emission (in nm) and
λeff is the effective line width of the emission band found
by dividing the area of the emission band by its maximum
height.
The J–O parameter and other spectral parameters are summarized in table 2. It is generally accepted that 2 is related
to the covalence of rare earth bonds and it shows higher
value when the ion occupies highly polarized and asymmetric sites. The 4 and 6 are related to the viscosity and
rigidity of the host medium in which the ions are situated.
The change in 2 value with rare earth concentration indicates the change in the symmetric nature of Eu3+ in this host,
which is also clearly indicated by the asymmetry ratio. The
calculated value of β and (σ (λp )) are maximum for 5 D0 →
7
F2 transition which is evident from the experimental results.
4.

Conclusions

Eu3+ -doped ZnO/TiO2 nanocomposite phosphors were successfully synthesized via low temperature co-precipitation
route. The prepared sample is composed of both phases of
hexagonal ZnO and tetragonal TiO2 . Due to mismatch of
ionic radii of Eu3+ and Zn2+ /Ti4+ ions, a very slight shift
in the main characteristic peaks of XRD pattern is observed
which causes the decrease in the crystallite size. Apart from
multi defect emissions, two very intense peaks around 594
and 619 nm were observed from the intra-4f transition of
Eu3+ ions under the resonant excitation of 393 nm. Low
temperature annealing is found more suitable for enhanced
emission. Above 1.5 wt% Eu3+ quenching of photoemission
occurs and 40 : 60 (ZnO : TiO2 ) ratio is the most appropriate
composition for getting maximum emission intensity. Higher
value of the Judd–Ofelt parameter 2 indicates higher covalence and more asymmetric environment around Eu3+ ions.
The critical distance calculation and Dexter theory suggested
that dipole–dipole interaction is responsible for concentration quenching. Optical band gap was calculated for different Eu and ZnO compositions and modiﬁcation of band gap
from 3.3 to 3.9 eV was observed. The strong red emission at
619 nm with better CIE chromaticity coordinates from pink
to orange region make these phosphors suitable for potential
optoelectronic and bio-related applications.
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