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Abstract

The solvothermal synthesis of highly luminescent and homogeneous Gd2O3:Eu
3þ nanophosphor using diethylene glycol as medium, followed

by controlled combustion with citric acid as fuel is reported. The influence of concentrations of carboxylic acid and metal cations on the structure,
morphology and luminescence properties are investigated in detail. The microscopic investigations indicate the nanocrystalline nature and the
strong influence of cation concentration on the size, shape and agglomeration of the particles. It is found that increase in concentration of metal
cations lead to the reduction in agglomeration of nanophosphors. The large value of intensity parameter Ω2, suggested that Eu3þ ions reside in a
more asymmetric environment, resulted in intense emission due to 5D0–

7F2 electric dipole transition. Emission decay analysis of the samples
exhibited one exponential nature. The samples prepared under optimum conditions showed a quantum efficiency of 78.63% and a moderately
high life time of 1.217 ms.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Luminescent nanomaterials with high degree of homogene-
ity by reliable synthesis routes resulting in defined size, lesser
defects and fewer impurities are essential for prospective
optoelectronic device applications. Inorganic light emitting
materials, namely phosphors have been widely studied by
various researchers for applications in high definition televi-
sion (HDTV), plasma display panels (PDP), cathode ray tube
(CRT), flat panel displays (FPD), fluorescent lamps, lighting,
medical diagnostics, sensing, defence security ink applications
and field emission displays (FED) [1,2]. In the synthesis of
phosphors for device applications, the prime areas concerned
are morphology, stoichiometry, composition and surface
chemistry and for practical applications, high brightness and
quantum efficiency are expected [3,4]. In nanophosphors,
lattice and surface defects form non-radiative relaxation
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channels like surface-adsorbed groups resulting in quenching
during radiative transition. Interest in rare earth ion doped
phosphors is mainly because of their ability to produce visible
emission by down and up-conversion processes. Luminescence
efficiency of these materials is often limited by the dynamics
of the rare earth ions, which depend on the interaction between
the rare earth ions and the host, such as local environment
around the dopants, concentration of dopants, distribution of
activator ions in the host material and the energy transfer from
the host to the active ions.
Among rare earth oxides, gadolinium oxide (Gd2O3) is a

promising host material for both down and up-conversion
luminescence applications due to its high density, good
chemical durability, thermal stability, photochemical stability
and low phonon energy [5–16]. Gd2O3:Eu

3þ is paramagnetic
with rich emission properties and is employed in fluorescence
lamps, projection television tubes, biological fluorescent label-
ling, lighting, contrasting agent in magnetic resonance imaging
and display applications [1,17–21]. Europium ions can sub-
stitute the Gd3þ sites in Gd2O3:Eu

3þ and occupy the lattice
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sites C2 and S6 in cubic phase. Eu3þ doped Gd2O3 exhibits
bright red emission by activating the trivalent rare earth ion
Eu3þ , through different sensitization processes such as the
host Gd2O3 absorption, Gd3þ ion absorption, Eu–O charge
transfer and the Eu3þ ion self excitation. For the efficient
emission by down conversion, one of the popular ways to
sensitize the rare earth emission is through excitation by charge
transfer band (CTB). The absorbed energy in CTB is then
transferred to the rare earth ions through non-radiative relaxa-
tion process.

Usually, luminescent properties like emission lifetime,
quantum efficiency and concentration quenching depend on
the size and morphology of the phosphor [22,23]. Chemical
synthesis routes, like co-precipitation, sol–gel, hydrothermal,
combustion methods or synthesis through aerosol offer many
advantages over conventional approaches. The precursors are
uniformly mixed at the molecular level in a solution based
synthesis method giving a high degree of structural homo-
geneity in the phosphor. Rare earth ion incorporated Gd2O3

phosphors have been synthesized in various morphologies like
spheres, plates, rods, nanotubes, nanowires, 3D flowers and
thin films by a number of techniques such as sol–gel methods,
aerosol routes, co-precipitation methods, molten salt routes,
chemical vapour deposition, pulsed laser deposition, hydrogen
flame pyrolysis methods, non-hydrolytic high temperature
methods, combustion methods, spray pyrolysis and hydro-
thermal routines [5,8,24–33].

Recently, diethylene glycol assisted synthesis of europium
incorporated Gd2O3 nanophosphor with high degree of homo-
geneity and enhanced emission was reported [34]. Citric acid
has already been employed as shape modifiers to adjust and
control the size and morphology of nanoparticles [35,36].
Herein, the dependence of metal cations concentration on the
structure, morphology and luminescence of Eu3þ doped
Gd2O3 nanophosphor prepared by solvothermal combustion
in diethylene glycol medium is discussed. In this method, citric
acid acts as a chelating agent to metal cations via the hydroxyl
and carboxyl groups. Judd–Ofelt analysis has been used to
obtain the radiative properties of the samples from the
emission spectra and dynamic life time measurements.

2. Experimental

Materials used for synthesis were gadolinium oxide (Gd2O3,
99.99%, Aldrich), europium oxide (Eu2O3, 99.99%, Aldrich),
conc. HNO3 (70%, Merck), polyethylene glycol 200 (PEG,
99%, Merck), diethylene glycol (DEG, C4H10O3, Merck, 99%)
and citric acid monohydrate (C6H8O7 �H2O, A.R. grade).
Stoichiometric amounts of Eu2O3 and Gd2O3 corresponding
to the composition Gd1.9Eu0.1O3 were dissolved in concen-
trated nitric acid and deionized water (1HNO3:1H2O) to
prepare their respective nitrate solutions. The solutions were
then uniformly mixed by magnetic stirring and citric acid in
diethylene glycol was added slowly into the prepared aqueous
nitrate solution to chelate metal ions to form metal–citrate
complex. The molar concentration ratio of citric acid to metal
cations (CM ratio) was varied from 0.5:1 to 3:1 and 2 ml of
polyethylene glycol was added to this solution as mineraliser.
The mixed solution was then kept at a temperature of about
100 1C with continuous stirring in a water bath until a highly
transparent viscous solution is obtained. The resulting viscous
solution is then kept at 180 1C for 1 h followed by controlled
combustion at 400 1C to obtain greyish precursor. Fully
ground precursors were then subjected to sintering at 800 1C
for 2 h to obtain the Eu3þ doped Gd2O3 nanophosphors.
Crystal structure and phase formation of the phosphors were

examined using an X-ray diffractometer (Philips PANalytical
X'pert Pro) operating at 40 kV and 30 mA with Cu Kα
radiation (λ=1.54056 Ǻ) employing X'Celerator and mono-
chromator at the diffracted beam side in the angular range 2θ
from 10 to 601. Phase identification of the samples was
performed using the X'Pert Highscore Software along with
ICDD-PDF2 database. Low and high resolution transmission
electron microscopy (TEM) and selected area electron diffrac-
tion (SAED) studies were performed using a FEI Tecnai F20
electron microscope with a field emission gun, operating at
200 KV. The infrared (IR) vibrational spectra of the samples
were done in the wavenumber range 400–4000 cm�1 by a
Fourier Transform Infrared (FTIR) Spectrometer (Shimadzu
IRPrestige-21) using the KBr pellet method. The diffuse
reflectance (DRS) measurements were carried out on a UV–
visible spectrophotometer (JASCO V550) equipped with an
integrating sphere (ISV-469) attachment and BaSO4 was used
as the reference for measurements to evaluate the band
gaps. The Raman spectra of all samples were recorded in
backscattering geometry using a confocal micro Raman
spectrometer system (Horiba Jobin-Yvon LABRAM-HR800)
equipped with a semiconductor diode laser having 785 nm
emission (current of 198 mA) and employing a peltier cooled
CCD detector. Jobin-Yvon Horiba Fluorolog (FL3-11) Spec-
trofluorophotometer equipped with a 450 W xenon lamp
as the excitation source and a photomultiplier tube in photon
counting mode (Hamamatsu R928P) as detector was used to
record the excitation and emission spectra at room temperature.
The lifetime measurements were recorded using decay by
delay method with a FL-1040 phosphorimeter attachment to
spectrofluorophotometer employed with microsecond pulsed
xenon lamp as the source of excitation. The CIE colour
coordinates (x, y) and correlated colour temperature (CCT) of
the samples were estimated from the photoluminescent emis-
sion spectra based on the 1931 CIE 2 degree colour matching
functions. Judd–Ofelt and radiative parameters of the synthe-
sized phosphors were evaluated from the respective emission
spectra and dynamic life time measurements.

3. Results and discussion

3.1. Phase analysis, crystal structure and morphology studies

Fig. 1 shows the X-ray diffraction patterns of Gd1.9Eu0.1O3

samples synthesized at 800 1C with different citric acid to
metal cation concentration ratios. All the peaks in the diffrac-
tion patterns are indexed according to JCPDS file of cubic
Gd2O3 (JCPDS File no. 12-0797, Ia3 (206) space group, cell



Fig. 2. Variation of lattice parameters [inset: crystallite size] of Gd1.9Eu0.1O3

nanophosphors synthesized with different molar concentrations ratio of citric
acid to metal cations.

Fig. 1. XRD patterns of Gd1.9Eu0.1O3 nanophosphors synthesized with
different citric acid to metal cations molar concentration ratios (a) 0.5:1,
(b) 1:1, (c) 2:1 and (d) 3:1.
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parameter a¼1.0813 nm). The ionic radius of the Eu3þ and
Gd3þ are 0.0947 and 0.0938 nm and the closeness of these
values make the substitution process easier. The intensity of
X-ray diffraction patterns are found to increase with increase in
citrate concentration. The lattice constant (a) of the samples
were calculated from the lattice spacing (d) of the hkl crystal
planes using the equation of cubic system given by

1

d2
¼ ðh2þk2þ l2Þ

a2
ð1Þ

The crystallite size of the samples were calculated from
XRD patterns using the Debye–Scherrer equation

Crystallite size ðDhklÞ ¼ Kλ

βhkl cos θhkl
ð2Þ

where K is a constant (¼0.9), λ is the wavelength of X-rays
used (0.154056 nm), β is the diffracted full width at half
maximum (FWHM) in radian, θ is the Bragg diffraction angle
and Dhkl represents the size along (hkl) direction. The
dependence of lattice constant, cell volume and crystallite size
of the samples prepared with different metal ion concentrations
are shown in Fig. 2.

TEM and SAED images shown in Fig. 3(a)–(d) and (e)–(h)
correspond to nanophosphors prepared with citric acid to metal
cations concentration ratios 2:1 and 3:1 respectively. Both
TEM images indicate that the nanoparticles posses high degree
of homogeneity in size and shape with a length scale of
2572 nm and 3172 nm for samples respectively, and are in
agreement with the values obtained from the X-ray diffraction
analysis. It is well known that spherical shaped grains are
potentially important because of their lower scattering of light,
high packing density and better luminescence properties for
device applications [1]. The HRTEM and SAED patterns show
the nanocrystalline nature of the samples with interplanar
spacing of 0.312 nm and 0.311 nm respectively, which corre-
sponds to the spacing of the (222) lattice planes of cubic
Gd2O3. The indexed SAED patterns are in good agreement
with the observations made in the X-ray diffraction patterns
and reveal the strong influence of citrate concentration in the
crystallinity of the samples.

3.2. Optical studies

The Kubelka–Munk analysis [37] was used to calculate the
band gap of the nanophosphors from the diffuse reflectance
spectra of the samples. For this, the Kubelka–Munk function
(F(R1)) was used to convert the reflectance of the sample
(Rsample), normalised by the reflectance of the reference
(Rreference), into an equivalent absorption spectrum. The rela-
tion between the diffuse reflectance of the sample (R1),
absorption coefficient (K) and scattering coefficient (S) is
given by the K–M function F(R1) as

K

S
¼ ð1�R1Þ2

2R1
� FðR1Þ ð3Þ

FðR1Þhνp ðhν�EgÞn ð4Þ
where R1¼Rsample/Rreference, hν is the incident photon energy
and the value of n, depends on the type of optical transition
caused by the photon absorption. Fig. 4 shows the variation of
square of the Kubelka–Munk function multiplied by the
photon energy with photon energy for the samples. The
calculated value of band gap energy of the prepared nanopho-
sphors was obtained to be in the range 5.66–5.68 eV.
Fig. 5 shows the FTIR transmission spectra of Gd1.9Eu0.1O3

nanophosphors synthesized with different molar ratio of citric
acid to metal cations. The absorption band around 3420 cm�1

corresponds to the stretching vibration of O–H which provides
evidence of water of hydration in the structure or it may be due
to surface adsorbed water from atmosphere and the dispersant
KBr during the course of infra-red measurement [38]. The
peaks around 1400 and 1510 cm�1 are due to C–O bond
vibrations and these peaks are due to residual carbon in the
prepared samples or absorption of CO2 from the ambient
atmosphere [38,39]. The absorption bands at 544 and
440 cm�1 can be assigned to be the typical Gd–O vibration



Fig. 3. TEM images and SAED patterns of Gd1.9Eu0.1O3 nanophosphors prepared with different molar concentration ratios of citric acid to metal cations (a)–(d) 2:1
and (e)–(h) 3:1.
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Fig. 4. Kubelka–Munk [(F(Rα)hν)2 vs photon energy] plots of the Gd1.9Eu0.1O3 nanophosphors synthesised with different citric acid to metal cations molar
concentration ratios (a) 0.5:1, (b) 1:1, (c) 2:1 and (d) 3:1.

Fig. 5. FTIR spectra of Gd1.9Eu0.1O3 nanophosphors synthesized with
different citric acid to metal cations molar concentration ratios (a) 0.5:1,
(b) 1:1, (c) 2:1 and (d) 3:1.

Fig. 6. Normalised Raman spectra of Gd1.9Eu0.1O3 nanophosphors synthesized
with different citric acid to metal cations molar concentration ratios (a) 0.5:1,
(b) 1:1, (c) 2:1 and (d) 3:1.
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of cubic Gd2O3 [40] and the intensity of these vibrational
bands is found to increase with increase in molar concentration
of citric acid, indicating increase of crystallinity and grain
growth, as evidenced in XRD and TEM measurements.

The Raman scattering is very sensitive to the lattice vibra-
tions and any structural modifications present in the samples.
The normalised micro Raman spectrum of Gd1.9Eu0.1O3

samples synthesized with different citric acid to metal cations
molar concentrations are shown in Fig. 6. Gd2O3 is a C-type
rare earth sesquioxide (isostructural to Y2O3) body centred
cubic with space group Ia3, Th7, Z¼16. The structure has
32 cations, of which 8 RE3þ ions are on the b sites with



Fig. 7. Excitation spectra of Gd1.9Eu0.1O3 nanophosphors synthesized with
different citric acid to metal cations molar concentration ratios (a) 0.5:1,
(b) 1:1, (c) 2:1 and (d) 3:1 (inset shows the expanded view of Fig. 7(c)).

Fig. 8. Emission spectra of Gd1.9Eu0.1O3 nanophosphors synthesized with
different citric acid to metal cations molar concentration ratios (a) 0.5:1,
(b) 1:1, (c) 2:1 and (d) 3:1; under CTB excitation of 265 nm.
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symmetry S6 and 24 RE3þ ions on the d sites with point
symmetry C2 and the 48 oxygen anions are on the e sites with
point symmetry C1 [41]. The irreducible representations for the
optical and acoustical modes by factor group analysis [41,42]
can be generally expressed as

Γop ¼ 4Agþ4Egþ14Fgþ5A2uþ5Euþ16Fu;Γac ¼ Fu ð5Þ
where Ag, Eg, and Fg are Raman active, Fu is Infrared active
and A2u and Eu are inactive. All the samples showed Raman
vibrations located at 97, 120, 135, 145, 316, 361, 445 and
569 cm�1 corresponding to cubic Gd2O3, consistent with the
values reported by Luyer et al. [43] and no significant change
in the position of Raman peaks is observed. The intense
Raman band at 361 cm�1 corresponds to FgþAg mode of
vibration having large polarizability change [43].

3.3. Luminescence, Judd–Ofelt and radiative analysis

Fig. 7 shows the photoluminescent excitation spectra of the
Gd1.9Eu0.1O3 nanophosphors monitoring the emission at
612 nm (λem¼612 nm) corresponding to 5D0–

7F2 transition.
All the excitation spectra consist of a strong broad band in the
wavelength range 220–300 nm with a maximum at 265 nm
caused by the charge transfer (CT) electronic transition from
the 2p orbital of O2� to the empty 4f orbital of the central
Eu3þ ions [1], position of which depends on the covalency
between O2� and Eu3þ , Eu–O bond length, bond volume
polarisation, charge of the ligand in the chemical bond and
coordination number of central Eu3þ ion [44–46]. Weak
excitation lines observed at 276, 278 and 280 nm is due to
the 8S7/2–

6I7/2–17/2 and 314 nm is due to 8S7/2–
6P3/2–7/2 intra f–f

transitions of Gd3þ ion. The presence of these lines in the
excitation spectrum shows the occurrence of energy transfer
from Gd3þ to Eu3þ activator ions in the samples [47]. Sharp
excitation lines beyond 320 nm belong to the intrinsic f–f
transitions of Eu3þ within its 4f6 configurations, which is
shielded from environmental effects by the outer shell elec-
trons [1] and are assigned as the electronic transitions of
7F0–

5H6 at 323 nm, 7F0–
5D4 at 364 nm, 7F0–

5G2–6 at 383 nm,
7F0–

5L6 at 395 nm, 7F0–
5D3 at 416 nm, 7F0–

5D2 at 467 nm and
7F0–

5D1 at 533 nm [12]. Comparing the excitation spectra of
the samples, the intensity is found to be maximum for the
sample prepared with CM ratio of 2:1.

Rare earth ions in host matrix usually give sharp emission
lines due to the transitions within the 4f shell and are
forbidden, but allowed due to the surrounding crystal field
relaxation in the selection rules. Emission spectra of samples
prepared with different molar concentrations of citric acid to
metal cations are shown in Fig. 8. All these spectra consists of
five groups of distinctive emission peaks between 550 and
720 nm, corresponding to the electronic transitions from the
excited 5D0 to 7FJ (J¼0, 1, 2, 3, 4) levels of Eu3þ ions [48]
and are assigned to the 5D0–

7F0 (581 nm), 5D0–
7F1 (588, 593

and 599 nm), 5D0–
7F2 (612 and 630 nm), 5D0–

7F3 (651 nm)
and 5D0–

7F4 (707 nm). Fig. 9 shows the partial energy level
diagram of Gd2O3:Eu

3þ nanophosphor describing the excita-
tion and emission mechanisms. The intensity of transitions
between different J levels depends on the symmetry of the
local environment of Eu3þ activators and can be determined
from Judd–Ofelt theory [49]. For Eu3þ ions incorporated
phosphors, the structure of the host and the lattice site of Eu3þ

ions are crucial factors that can affect the emission character-
istics. In cubic Gd2O3 lattice, Eu

3þ ions can occupy two sites:
one is the 24d site with C2 point non-inversion symmetry and
another is the 8b site with S6 point inversion symmetry and the
ratio between them is 3:1 and its occupancy in both these sites
are evident in the emission spectrum (Fig. 8). If Eu3þ is
located in a site S6 with an inversion centre, the 5D0–

7F1 with
ΔJ¼1, magnetic dipole transition should be dominant, other-
wise in a site C2 without an inversion centre, the 5D0–

7F2
electric dipole transition will be predominant. The observed
peak at 612 nm corresponds to the hypersensitive forced



Fig. 9. Partial energy level diagram of Gd2O3:Eu
3þ nanophosphor showing

the excitation and emission mechanisms.

Fig. 10. Variation of grain size and the integrated emission intensity of
Gd1.9Eu0.1O3 nanophosphors as a function of molar concentration ratio of citric
acid to metal cations.

Table 1
Values of CIE chromaticity coordinates (x, y) and correlated colour tempera-
ture (CCT) evaluated from the emission spectra of Gd1.9Eu0.1O3 samples.

Sample Molar ratio of citric
acid to metal cations

CIE coordinates CCT (K)

x y

a 0.5:1 0.6292 0.3537 1997
b 1:1 0.6327 0.3537 2027
c 2:1 0.6341 0.3530 2052
d 3:1 0.6317 0.3524 2039

Fig. 11. CIE chromaticity diagram showing the coordinates for the emission
spectra of Gd1.9Eu0.1O3 nanophosphor synthesized with different molar
concentration ratios of citric acid to metal cations (inset: photograph of the
sample under 256 nm, 4 W UV lamp illumination).
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electric dipole 5D0–
7F2 transition of Eu3þ ion with the

selection rule ΔJ¼2 [1], which in turn results in higher colour
purity of red emission. The dependence of intensity of
emission of samples on the concentration of metal cations is
shown in Fig. 10. It is found that the intensity of emission
increases with increase in citric acid concentration and reaches
a maximum for the sample synthesized with citric acid to metal
cations molar ratio of 2:1. For samples synthesized with lower
citric acid concentration, grain size of the samples obtained is
small giving rise to larger surface area and the large surface
area introduces a number of defects into the nanophosphor,
resulting in lesser intensity of emission [12].
Earlier studies on the local structure of nanophosphors

reveal that the local structure changes and becomes more
complicated when the size of particles decreases to nanoscale
[50]. Particularly for Eu3þdoped phosphors, the ratio of the
integrated intensities of the 5D0–

7F2 hypersensitive electric
dipole transition to the 5D0–

7F1 magnetic dipole transition is
considered as an indicator of the asymmetry and the crystal
field environment around the Eu3þ ions, expressed as asym-
metry ratio (A or R21) [1]. This ratio is influenced by cation site
occupancies, distortion of the lattice, and the nanocrystalline
nature of the sample [51]. If R2141, it indicate an asymmetric
environment around the Eu3þ ion and consequently a larger
local disorder of the lattice [52]. The asymmetry ratios of the
samples obtained are listed in Table 2, and it indicates that
there is no significant change in symmetry with the concentra-
tion of metal cations.



Fig. 12. Decay curves of 5D0–
7F2 transition at 612 nm of Eu3þ ions in Gd1.9Eu0.1O3 nanophosphors synthesized with different citric acid to metal cations molar

concentration ratios (a) 0.5:1, (b) 1:1, (c) 2:1 and (d) 3:1.
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For device applications, in addition to the quantum effi-
ciency and brightness, the colour chromaticity of the samples
is a key parameter for performance evaluation of red phos-
phors and is studied using the Commission Internationale de
L'Eclairage (CIE) in 1931 system [53]. Table 1 lists the CIE
colour chromaticity coordinates (x, y) derived from the
emission spectra of all the samples and the corresponding
1931 CIE chromaticity diagram is shown in Fig. 11. Chroma-
ticity coordinates are useful in determining the exact emission
colour and colour purity of the sample. The obtained
CIE colour coordinates for the samples are in the standard
red colour region. Correlated Colour Temperature (CCT),
measured in Kelvin (K) has been used as a metric to
characterise broad band light sources and in this investigation
the CCT values are calculated employing the McCamy method
[54] and are summarised in Table 1.
Fluorescence lifetime of the excited state provides informa-

tion about different relaxation processes and the luminescent
decay dynamic behaviour of phosphors is affected by a
number of factors such as number of luminescent centres,
energy transfer, defects and impurities present in the host.
Luminescence decay dynamics for the 5D0–

7F2 transition of
Eu3þ ion at 612 nm of all the samples are shown in Fig. 12.
It is found that the experimental decay behaviour for all the
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samples can be fitted well by a single exponential function as

IðtÞ ¼ I0exp � t

τ

� �
ð6Þ

where I0 is the initial emission intensity at t¼0 and τ is the
lifetime of the emission centre. The lifetime values obtained
for the 5D0 lowest excited state are given in Fig. 12 and is in
consistent with the reported values for other Eu3þ doped
Gd2O3 systems [5,8]. It is found that the value of life time
becomes longer with increase in CM ratio and reaches a
maximum life time value of 1.26584 ms for the sample
prepared with a CM ratio of 3:1.

The Judd–Ofelt theory [55,56] was developed individually
by Judd and Ofelt in 1962 and is used to characterise the
optical transitions of trivalent rare earth ions in specific host
environments. Usually, Judd–Ofelt (J–O) intensity parameters,
Ωλ (λ=2, 4, and 6) are calculated to ascertain the structural
changes. These parameters are essential indicators in determin-
ing radiative potential of rare earth ions in different host
materials, which are usually determined from the absorption
spectrum. However, in the case of Eu3þ ion, the pure magnetic
dipole transition 5D0–

7F1 allows to determine the intensity
parameters from the emission spectrum. The values of Ω2 and
Ω4 parameters are associated with short and long range effects,
respectively. The value of Ω2 is expected to increase with site
asymmetry, increase in coordination number and decrease in
bond length. The Ω4 and Ω6 parameters are more sensitive
towards macroscopic properties, such as rigidity of the matrix,
dielectric constant and viscosity in which lanthanide ion is
situated. Here in, the J–O parameters and radiative properties
were determined from the emission spectrum using the
5D0–

7F1 magnetic dipole transition of Eu3þ ion as the
reference. According to J–O theory, the magnetic dipole
transition rate (A01) of

5D0–
7F1 transition of Eu3þ ion is given

by

A01 ¼ 64π4v31n
3Smd

3hð2Jþ1Þ ð7Þ

The electric dipole transition rates (A0J) of
5D0–

7FJ transi-
tion (J=2, 4 and 6) can be expressed as

A0J ¼
64π4v3J

3hð2Jþ1Þ e
2 nðn2þ2Þ2

9
∑

λ¼2;4;6
Ωλj〈5D0 JU

ðλÞ J7FJ 〉j2

ð8Þ
where A0J is the coefficient of spontaneous emission, e is the
charge of electron, νJ is wavenumber of the respective
transition, (2Jþ1) equals 1 for 5D0 transitions, h is the
Planck's constant, Smd is the strength of the magnetic dipole
5D0–

7F1 transition, which is a constant and independent of the
medium, being equal to 9.6� 10�42 units [57], n is the
effective refractive index of the prepared nanophosphor. The
squared reduced matrix element j〈5D0 JU

ðλÞ J7FJ 〉j2 is inde-
pendent of the chemical environment of the Eu3þ ion and are
0.00324, 0.00229 and 0.00023 for J¼2, 4 and 6, respectively
[10]. Since the transition rate of each energy level is directly
proportion to the integral intensity of emission spectrum, and
hence the ratio of electric dipole to magnetic dipole transition
rate can be written as
R
IJdvR
I1dv

¼ A0J

A01
¼ e2

Smd

v3J
v31

ðn2þ2Þ2
9n2

Ωλj〈5D0 JU
ðλÞ J7FJ j2 ð9Þ

and hence Ω2, Ω4 and Ω6 are computed. The emission of
5D0–

7F6 transition is located in the infrared region and is quite
weak, which could not be experimentally detected here, hence
Ω6 couldn't be estimated.
The observed fluorescence lifetime τobs of 5D0, radiative

transition rate AR and non-radiative transition rate ANR are
related as

1
τobs

¼ AT ¼ ARþANR ð10Þ

where AT is the total transition rate.
The total radiative transition probability (AR) is obtained by

summing over the radiative rates A0J for each 5D0–
7FJ

transition and is given by

AR ¼∑
J
A0J ¼ A01

v01
I01

∑
4

J ¼ 0

I0J
v0J

ð11Þ

where ν01 and ν0J are the energy barycentre of the 5D0–
7F1 and

5D0–
7FJ transitions, A01 is the Einstein's coefficient between

5D0–
7F1 levels, I0J is the integrated area related to the

corresponding 5D0–
7FJ transition obtained from the emission

spectra data.
As the coefficients for spontaneous emission is equal to the

reciprocal of the radiative relaxation time (τrad),

τrad ¼ 1
∑
J
A0J

¼ 1
AR

ð12Þ

Quantum efficiency of the luminescent material can be
expressed as the ratio of the number of photons emitted by
the Eu3þ to that of number of photons absorbed by the Eu3þ

and it is related with radiative and non-radiative processes.
Using the measured lifetime τobs, along with the calculated
radiative lifetime τrad, the luminescence quantum efficiency (η)
of the 5D0 level can be written as,

η¼ τobs
τrad

¼ AR

ARþANR
¼ τobsAR ð13Þ

The fluorescence branching ratio measures the percentage of
emission for a given transition from a state with respect to all
other transitions from that state and hence the relative
amplitudes of the fluorescence transitions or fluorescence
branching ratio (β0J) corresponding to the emission from an
excited level to its lower level is

β0J ¼
A0J

∑A0J
ð14Þ

Judd–Ofelt theory can successfully account for the stimu-
lated emission cross-section, which is determined by the
Fuchtbabauer–Landenburg method as

s0J ¼
λ4p

8πcn2Δλef f
A0J ð15Þ



Table 2
Judd–Ofelt intensity parameters (Ω2, Ω4) and ratio of integrated emission intensities of the 5D0–

7F0 and
5D0–

7F2 (R02),
5D0–

7F2 and
5D0–

7F1 (R21),
5D0–

7F4 and
5D0–

7F1 (R41) transitions from
5D0 to the 7FJ levels determined from emission spectra of Gd1.9Eu0.1O3 samples.

Molar ratio of citric acid
to metal cations

Refractive index No J mixing J mixing R02 R21 R41

Ω2 (� 10�20 cm2) Ω4 (� 10�20 cm2) Ω2 (� 10�20 cm2) Ω4 (� 10�20 cm2)

0.5:1 1.9175 8.1084 1.0522 9.3826 1.1754 0.0276 5.5859 0.3323
1:1 1.8985 8.1974 1.0746 9.4856 1.2004 0.0292 5.6146 0.3374
2:1 1.7988 8.5140 1.2775 9.8520 1.4271 0.0323 5.6694 0.3900
3:1 1.7785 8.1428 0.9648 9.4224 1.0778 0.0247 5.3939 0.2930

Table 3
Transition rates (AR, ANR and AT ), life time (τrad and τobs), emission quantum efficiency (η), branching ratios (β01, β02 and β04) and stimulated emission cross-
sections (s01, s02 and s04) of the Gd1.9Eu0.1O3 nanophosphors determined from their respective emission spectra and life time data.

Radiative parameter Molar ratio of citric acid to metal cations

0.5:1 1:1 2:1 3:1

AR (s�1) 762.42 744.71 646.01 585.44
ANR (s�1) 267.25 248.78 175.57 204.55
AT (s�1) 1029.66 993.49 821.58 789.99
τrad (ms) 1.31162 1.34280 1.54796 1.70812
τobs (ms) 0.97119 1.00655 1.21716 1.26584
η (%) 74.05 74.96 78.63 74.11
β01 (%) 13.351 13.267 13.008 13.874
β02 (%) 76.970 76.873 76.113 77.232
β04 (%) 5.290 5.337 6.048 4.847
s01 (cm2) 6.9683� 10�22 7.4294� 10�22 7.4297� 10�22 5.6612� 10�22

s02 (cm2) 3.8465� 10�21 3.8833� 10�21 3.9801� 10�21 3.7440� 10�21

s04 (cm2) 4.5998� 10�22 4.9169� 10�22 5.9459� 10�22 3.9867� 10�22

R.G. Abhilash Kumar et al. / Ceramics International 40 (2014) 2915–29262924
where λp is the wavelength of peak emission and Δλeff the
effective line width of the emission band.

Table 2 presents the Judd–Ofelt intensity parameters of the
samples together with the emission intensity ratios of the major
electronic transitions from the 5D0 level of Eu

3þ to 7FJ levels.
The values of Judd–Ofelt intensity (J–O) parameters reflect the
local structure and bonding in the vicinity of rare earth ions.
According to Judd–Ofelt theory, electronic transitions from the
5D0 state to low-lying 7FJ levels with J¼0, 3 or 5 are both
electrically and magnetically forbidden in the frame of inter-
mediate coupling scheme [55,56]. However the observed weak
transitions from 5D0 to these levels in the emission spectrum
may be due to the crystal field induced J-mixing effect [10].
The R02 intensity parameter (Table 2), defined as the ratio
between the intensities of the 5D0–

7F0 and
5D0–

7F2 transitions,
may give information about the J-mixing effect associated with
the 5D0–

7F0 transition. This effect is primarily due to the
mixing between the 7F2 manifold and the 7F0 level, through the
rank two components of the ligand field. The calculated values
of J–O parameters are at par with the reported values [10].
For comparison, J–O parameters are also determined by
considering the J mixing effect and found that it slightly
affects the determined J–O parameters. The value of Ω2 is
much larger than that of Ω4 for all samples and the larger value
of the Ω2 parameter indicates that Eu3þ ions are located in a
higher polarizable chemical environment. Moreover, Ω2 can
describe the dependence between rare earth ions and ligand
anions on the covalency and give information about the
asymmetry of the local environment of Eu3þ site [58].
Transition rates (AR, ANR and AT), life time (τrad and τobs),
quantum efficiency (η), branching ratios (β01, β02 and β04) and
stimulated emission cross-sections (s01, s02 and s04) of the
samples determined from the emission spectra and life time
measurements are given in Table 3. The phosphor synthesized
with 2:1 molar concentration ratio of citric acid to metal
cations has the highest quantum efficiency of 78.63%. The
obtained large value of emission cross-section for forced
5D0–

7F2 electric dipole transition indicates colour purity and
lower symmetry of Eu3þ ions.

4. Conclusions

In summary, Eu3þ ion incorporated Gd2O3 nanophosphors
were synthesized by solvothermal combustion of metal–citrate
complex in diethylene glycol medium. The dependence of
molar concentration ratio of citric acid to metal cations on the
crystal structure, morphology and luminescence properties was
investigated. X-ray diffraction and microscopic analysis
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indicated strong influence of CM ratio on the crystallinity and
morphology of the phosphor. Calorimetric parameters such as
correlated colour temperature and CIE colour coordinates were
evaluated and it was found that emission from nanophosphors
lies in the red region. An optimum molar concentration ratio of
2:1 between citric acid to metal cations resulted in the
formation of sample with a quantum efficiency of 78.63%
and a life time of 1.217 ms. The life time decay dynamics of
samples followed a single exponential function and life time
value was found to be sensitive to molar concentration of metal
cations. The larger value of the intensity parameter Ω2,

obtained from Judd–Ofelt analysis suggest that Eu3þ ions
reside at a more asymmetric environment with higher cova-
lency in the host matrix resulting in intense 5D0–

7F2 electric
dipole transition. The present study suggests that molar
concentration of metal cations plays a vital role in the
morphology and structural environment of Eu3þ ion which
modifies the radiative and non-radiative relaxations and the
emission properties.
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