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Abstract. This research aims to study the influence of variation of doping concentration on various properties of Ce3?
doped Gd2O3 phosphor. The phosphors (Gd1-xCex)2O3 (0 B x B 0.15) were successfully synthesized by the solution
combustion method. The structural and optical properties of the prepared phosphors were studied. Rietveld refinement
confirms the formation of the cubic phase. Fourier transform infrared spectra further confirm the formation of the
phosphor. It is found that an enhancement in doping concentration of Ce3? results in the expansion of the crystal lattice,
leading to a reduction in crystallite size as well as in the optical band gap. Photoluminescence emission spectra are
studied, and the exact emission colour is confirmed using 1931 Commission Internationale de l’Eclairage (CIE) chromaticity coordinates. The prepared phosphor exhibits bluish green emission corresponding to 5d–4f transitions of the
trivalent cerium ion and can be used as a promising candidate in optical display applications and LED applications.
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Introduction

Rare earth doped nanophosphors receive special attention
due to their unique optical, chemical and electronic properties, which make them suitable for various applications
such as optical sensing, lighting, display, forensic, etc.
[1–3]. Rare earth ions exhibit either 4f–4f or 5d–4f transitions [4]. In the case of rare earth ions, which exhibit f–f
transitions, the emission spectra consist of sharp bands with
high colour purity due to lanthanide contraction produced
because of imperfect shielding of 4fn electrons inside the
5s25p6 closed shells of the xenon core [5]. Some of the rare
earth ions involve 5d–4f transitions, which are very sensitive to the crystal field perturbations [6]. Trivalent cerium
ions show emission corresponding to 5d–4f parity allowed
electric dipole transitions [7,8]. Depending on the host
matrix, Ce3? shows emission in the visible region, as it has
its 5d levels, causing emission from the UV region to the
green region. As the 5d excited state is unshielded, the
crystal field strongly influences it causing the splitting of d
orbitals, and this will affect the emission spectra [9]. Gd3?
ions have emissions corresponding to 4f–4f transitions, and
these f–f states are overlapped with 5d–4f states of Ce3?
ions, which makes energy transfer between the ions causing
sharp emission peaks [7,10]. For the production of inorganic
phosphors, oxide host matrices are an excellent candidate.
Among them, Gd2O3 sesquioxides are highly recommended
due to its unique properties, such as good thermal stability,

high chemical durability, high refractive index ([1.9),
high density (7.64 g cm-3), low phonon energy (*600
cm-1) and high optical band gap energy (*5.4 eV), which
make it a promising host matrix for both up and down
conversion phosphors [4,5,11,12]. Earlier studies of Gd2O3
reported the existence of three structural polymorphs—the
highly temperature sensitive cubic phase (C-type), which
is relevant at room temperature, the more temperature
stable monoclinic phase (B-type) and the high temperature
hexagonal phase (A-type) [13]. Different preparation
techniques have been reported for the preparation of cubic
(C-type) sesquioxide Gd2O3, such as hydrothermal
method, solution combustion method, co-precipitation,
sol–gel, etc. [14–17]. Here we are exploiting the solution
combustion method, as it yields single phase compounds
with high homogeneity. This method also has the following advantages, such as low cost, high purity, less time
consumption compared to the co-precipitation method and
the sol–gel method [14–17]. Blue phosphors are in
increasing demand in optical applications, white light
emitting diodes, etc. Ce3? doped Gd2O3 can be a good
phosphor. The observation of bluish green emission is
reported in this study. The prepared phosphor can be used
as a potential candidate in lighting devices and white light
emitting diodes.
This study aims to synthesize (Gd1-xCex)2O3 (0 B x B
0.15) phosphors by the glycine mediated solution combustion method for the first time, to the best of the author’s
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knowledge. The structural and optical properties of the
synthesized phosphors were studied using X-ray diffraction
(XRD) studies, Rietveld refinement, Fourier transform
infrared spectroscopy (FTIR), UV–visible spectroscopy,
Photoluminescence (PL) emission spectroscopy and by the
evaluation of 1931 CIE chromaticity coordinates. The
variation of structural and optical properties with doping is
reported in this study.

2.

Experimental

(Gd1-xCex)2O3 (0 B x B 0.15) phosphors were synthesized
by the solution combustion method. The starting materials
used were Gd(NO3)36H2O (99.99%) and Ce(NO3)36H2O
(99.99%) of analytical grade purchased from the Sigma
Aldrich, without further purification. The precursors were
taken in a stoichiometric ratio and dissolved in deionized
water using the magnetic stirring method for obtaining a
uniform homogenous solution. As per the propellant theory,
the ratio of oxidizing to reducing valencies should be unity.
Glycine (C2H5NO2), the fuel was weighed, satisfying the
propellant theory and was mixed with deionized water and
slowly added to the metal nitrate solution with continuous
stirring. The solution was maintained at neutral pH. The
precursor so obtained was placed on a hot plate. A rapid and
vigorous redox reaction takes place after the whole water
gets evaporated [17]. All the gaseous products were liberated during dehydration and later reached the point of
spontaneous combustion. During spontaneous combustion,
the solution instantly burns and the reaction was highly
exothermic. The vapourized solution turns to a burning
solid with the liberation of oxides of nitrogen, carbon, and
the reaction was finished [16,18]. The sample so obtained
was cooled down to room temperature. The cream coloured
sample was ground well and calcined in air for 2 h at 300°C,
resulting in the formation of phosphor.
The crystal structure and the phase formation of the
prepared powders were identified by XRD patterns recorded
using Bruker AXS D8 Advance diffractometer using CuKa
radiation (k = 1.54060 Å) in the angular range from 10° to
70° and step size 0.02°. The confirmation of phase formation, as well as the calculation of lattice parameters, were
done by the method of Rietveld refinement using the
FULLPROF package assuming pseudo-Voigt profile function. The atomic bands present in the samples were identified and confirmed using FTIR spectra recorded in the
range 400–4000 cm-1 on an FTIR spectrometer, Shimadzu,
IR Prestige-21 using KBr pellet method. The band gap
energy of the phosphors was calculated from the UV–visible absorption spectra recorded by SL 159 ELICO UV–VIS
Spectrophotometer using BaSO4 as the reference. The PL
emission spectra were recorded at room temperature using
Perkin Elmer Fluorescence Spectrometer (LS 45) equipped
with Xe lamp as an excitation source. From the PL emission
spectra, CIE chromaticity coordinates (x,y) of the phosphors
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were calculated using 1931 CIE chromaticity 2° colour
matching functions.

3.

Results and discussion

3.1

Phase and structure studies

Figure 1 shows the XRD pattern of undoped and cerium
doped Gd2O3. The XRD pattern has well defined peaks,
which indicate high crystallinity of the synthesized samples.
The samples have a cubic phase with space group la-3 (206)
entirely consistent with the standard cubic structure of
Gd2O3 (JCPDS File No: 86-2477). No secondary phases are
seen in the XRD pattern, which suggests proper incorporation of dopant in metal oxide lattice, which can be
attributed to the high in situ temperature produced during
combustion synthesis. All the peaks are indexed according
to the JCPDS file, and the strongest peak was observed at 2h
* 28.563° corresponding to the (222) plane. The crystallite
size corresponding to the (hkl) plane is calculated using the
Debye–Scherrer equation [16],
Dhkl ¼

Kk
b cos h

ð1Þ

where k the wavelength of X-rays used, b the full width at
half maximum of diffraction peaks expressed in radians, h
the Bragg diffraction angle, and K a constant taken to be
0.9.
The crystallite size is found to decrease with an increase
in the doping concentration of Ce3? and is obtained in the
range 34–20 nm, which is very less compared with the
crystallite size of the pure sample (41 nm). This can be
attributed to the substitution of Gd3? by Ce3? ions, which

Figure 1. XRD spectra of Gd2-xCe2xO3 phosphor [(a) x = 0.00,
(b) 0.05, (c) 0.10, (d) 0.125 and (e) 0.15]. The inset demonstrates
the left shift in XRD spectra with doping for the two prominent
peak positions.
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has a comparatively larger ionic radius (1.03 Å) than Gd3?
(0.94 Å) [19]. The difference in the ionic radius may result
in the formation of lattice distortions, which in turn will
affect the width of the diffraction peaks. This reduces the
crystallite size with doping and is consistent with the
Debye–Scherrer equation, where the peak width is inversely
related to the crystallite size [20]. Similar results were
reported by Jadhav et al [19], where the effect of doping on
the reduction in the crystallite size was studied, and they
explained that the change in crystallinity with doping had
caused an increase in FWHM, which decreases the crystallite size. Li et al [21] reported that the reduction in
crystallite size with doping is due to the small numeric
density of inter atomic distance that causes broadening of
diffraction peaks [22].
It is evident from figure 1 that, the intensity of XRD
peaks decreases and the peaks were shifted to lower
diffraction angles with doping. The left shift in XRD peaks
with doping is due to the effect of the difference in the ionic
radius between the cations, which cause the crystalline
lattice to expand and is consistent with the Bragg’s equation
[20,23,24]. The shift in the XRD peak position with doping
is depicted in the inset spectrum of figure 1. The result is
consistent with Li et al [21], where the decrease in numeric
density of inter atomic distances causes the XRD peak
positions to shift to lower diffraction angles with doping.
Meetei and Singh [22] reported that the comparatively larger ionic radius of the dopant with respect to the host could
cause the shifting of peaks to lower diffraction positions due
to the creation of the lattice distortions. The reduction in the
peak intensity may be due to the difference in the electron
densities of the dopant and the host, which mainly depends
on the scattering factor, structure factor, etc. In the cerium
doped gadolinium system, the decrease in crystallite size
reduces the structure factor, which may cause a reduction in
XRD peak intensity with doping. Similar results were
reported by Marin et al [20] in the cerium yttrium system,
where the peak intensity decreases with doping. Jisha et al
[25] reported that the reduction in XRD peak intensity with
doping is due to the tensile stress developed because of the
expansion of the crystal lattice.
To confirm the formation of phosphor in the cubic phase,
Rietveld refinement is done [25]. Figure 2 shows the Rietveld refined results of pure and cerium doped Gd2O3
phosphor at various doping concentrations. Experimental
and theoretical values of XRD have a negligible difference
in intensity, which is revealed by line Yobs–Ycalc. The refined
parameters are tabulated in table 1 and compared with the
corresponding JCPDS data.
The quality of structural refinement is checked using a
parameter called goodness of fit (v2), and for better refinement, its value should approach unity [26]. In this study,
low values of v2 reveals the best fitting of data. It is clear
from the refined data that as the concentration of doping
increases, both lattice constant, as well as cell volume,
slightly increases, which justifies the shifting of XRD peaks
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towards lower diffraction angles [9]. Thus the comparatively
larger ionic radius of Ce3? compared with Gd3? makes it an
excellent candidate to expand the crystal lattice with the
incorporation of more Ce3? into the host lattice in accordance
with Vegard’s law [27].
Figure 3 shows the FTIR spectra of the prepared phosphors. The strong absorption band centred around 544 cm-1
is due to the lattice vibration of the Gd–O bond [14,28,29].
The intensity of the absorption peak is high for pure sample
and is found to decrease with doping. The absorption band
centred at 810 cm-1 can be attributed to the vibration of the
Ce–O bond and it is confirmed, as it is absent in the pure
sample [30]. The band around 1200 cm-1 is due to the
stretching vibration of C–O and that around 1400 cm-1 is
due to the asymmetric stretching of C=O [29]. The intensity
of the carbon asymmetric stretching band decreases with
doping and almost disappears at higher dopant concentrations. The band near 1600 cm-1 is formed as a result of
deformation in the vibration of water molecules, and that
around 3400–3700 cm-1 is due to the stretching mode of
the O–H group [9,16,29,30]. These bands are formed
because of the absorption of moisture from the atmosphere.
Thus by the analysis of the FTIR spectra, the formation of
the phosphor is confirmed.

3.2

Optical studies

Figure 4 represents the UV–visible absorption spectra of the
prepared phosphors. In the UV–visible spectra, a small peak
is observed at *213 nm for both pure and doped samples.
This can be related to the absorption corresponding to the
metal–oxygen band of the host [31] and absorption edge of
the doped samples is red shifted comparing the host due to
crystallite effects [26]. UV–visible spectra of the doped
samples have a prominent absorption peak at *270 nm,
which is almost absent in the case of the pure sample. This
band is due to the formation of metastable energy levels
between the valence and conduction band of Ce3? ions.
With doping enhancement, the UV–visible absorption of the
phosphors increases, and the absorption peaks undergo a red
shift. This rapid rise in the absorption can be used to obtain
the band gap energy. The optical band gap energy is calculated using Wood and Tauc relation [23],
n
ah# ¼ h#  Eg
ð2Þ
where a is the optical absorption coefficient, h# the incident
photon energy, and the value of n depends on the type of
optical transition due to the absorption of a photon.
From equation (2), the optical band gap energy, Eg, can
be determined by the extrapolation of the linear portion of
(aht)2 vs. the incident photon energy (h#) to zero
employing linear curve fitting. Tauc plot contains both
linear and nonlinear portions, which are the characteristics
of direct allowed transitions. The presence of a linear portion is due to the characteristic absorption and nonlinear
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Figure 2.

Table 1.
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Rietveld refined patterns of Gd2-xCe2xO3 phosphor [(a) x = 0.00, (b) 0.05, (c) 0.10, (d) 0.125 and (e) 0.15].
Structural parameters of the phosphors obtained by Rietveld refinement.
Parameters

Samples
Gd2.00Ce0.00O3
Gd1.90Ce0.10O3
Gd1.80Ce0.20O3
Gd1.75Ce0.25O3
Gd1.70Ce0.30O3

Lattice parameters, a = b = c (Å)
10.81442
10.82335
10.83390
10.83508
10.83707

±
±
±
±
±

0.00048
0.00044
0.00044
0.00044
0.00057

portions due to the residual absorptions from impurity
levels [26]. The type of optical transition is further confirmed by choosing the best fit, and n is obtained a value
1/2, indicating a direct allowed optical transition [29].
Figure 5 represents Tauc plot curve of the prepared phosphors, and it is observed that the direct band gap decreases
with an increase in the doping concentration of Ce3? ion
and is very much less compared with the band gap energy of

Cell volume, V (Å)3
1264.765
1267.901
1271.611
1272.028
1272.727

±
±
±
±
±

0.183
0.155
0.156
0.156
0.201

Goodness of fit (v2)
1.06
2.91
3.19
1.44
2.89

pure Gd2O3, that is 5.146 eV. This may be due to the
introduction of new defect levels with doping [23]. The
effect of crystallinity and electronegativity difference
between the cations may also cause a reduction in band gap
energy [31,32]. The results of the absorption edge shift in
energy level are consistent with Park et al [8], in which the
absorbance peak is red shifted with Ce3? doping, and the
band gap energy decreases. This can be verified by
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The position of the conduction band (CB) can be deduced
from the equation,
ECB ¼ EVB  Eg

Figure 3. FTIR spectra of Gd2-xCe2xO3 phosphor [(a) x = 0.00,
(b) 0.05, (c) 0.10, (d) 0.125 and (e) 0.15].

Figure 4. UV–visible absorption spectra of Gd2-xCe2xO3 phosphor [(a) x = 0.00, (b) 0.05, (c) 0.10, (d) 0.125 and (e) 0.15].

estimating the band energy position, which is explained
later. The band gap energy of the prepared phosphors ranges
from 5.146 to 3.261 eV and is tabulated in table 2.
To study the effect of the Ce3? doping on the electronic
structure of Gd2O3, we can calculate the position of valence
band at the zero charge point in a similar way as reported
earlier, using the empirical formula [31–33],
EVB ¼ v  Ee  0:5Eg

ð3Þ

where EVB is the valence band edge potential, v is the
absolute electronegativity of the host, defined as the geometric mean of the absolute electronegativity of the constituent atoms, Ee is the energy of the free electrons on the
hydrogen scale (*4.5 eV) and Eg is the band gap energy of
the host material.

ð4Þ

Figure 6 shows the position band gap structure of the
prepared phosphor, and the estimated band positions are
tabulated in table 2. It clearly shows the effect of doping on
the reduction in band gap energy by introducing new levels.
Figure 7 represents the PL emission spectra of the prepared phosphors in the wavelength range 400–600 nm under
UV excitation. Pure gadolinium oxide does not show any
emission spectrum in the visible region of the electromagnetic spectrum [34,35]. The doped samples show a deep
emission band at 480 nm in the blue region of the electromagnetic spectrum and weak emissions at 520, 446 and
552 nm, respectively.
Under spin orbit interaction, the 4f ground state of Ce3?
ion splits to 2F7/2 and 2F5/2 states [36], and due to crystal
field splitting, the 5d excited state also splits to 5D5/2 and
5
D3/2 states [9]. The transitions between these states result
in various emissions. The prominent peaks in the wavelength range 480 and 520 nm are due to 5d (2A1g) ? 2Fj and
5d (2B1g) ? 2Fj electron transitions of Ce3? ions
[8,9,36–38]. The oxygen vacancies in the deep trapped
levels and the defect levels will cause emission, which may
be the reason for other emission peaks [26]. The schematic
energy level diagram is shown in figure 8 [39].
The emission intensity is found to decrease with an
increase in the doping concentration of Ce3? ion. This can
be attributed to many reasons, such as concentration
quenching, size quenching, etc. As the concentration of
Ce3? increases, the distance between the cerium ions
decreases, resulting in an increase probability of energy
transfer between the ions. Thus, some part of the excitation
energy will be dissipated non-radiatively, causing reduction
in luminescence intensity due to concentration quenching
[40]. It is consistent with Jadhav et al [19], where the higher
dopant concentration causes stronger excitation vibration
and cause the luminescence intensity to decrease due to the
increase in the possibility of trapping of excitation energy
in quenching centres. Size quenching can also cause a
decrease in luminescence intensity. From table 1, it is clear
that the crystallite size is found to decrease with doping.
This reduction in crystallite size causes an increase in surface area that can enhance the probability of non-radiative
decay, which results in luminescence quenching [41,42]. It
was reported by Wang et al [43] that, as the crystallite size
decreases, the density of surface defects increases, contributing suppression in emission intensity. The presence of
hydroxyl ions and carbonate ions may also cause luminescence quenching [26], and the presence is evident from the
FTIR spectra. It was reported by Meetei and Singh [22] that
inspite of concentration and size quenching, the crystal
structure also influence the luminescence intensity. All
these reasons together cause quenching of luminescence
intensity with doping.
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Figure 5.
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Tauc plot of Gd2-xCe2xO3 phosphor [(a) x = 0.00, (b) 0.05, (c) 0.10, (d) 0.125 and (e) 0.15].

Table 2. The estimated band positions for Gd2O3:Ce3? phosphor at the zero charge point along with the absolute electronegativity and
the band gap energy calculated using Wood and Tauc relation.
Samples
Gd2.00Ce0.00O3
Gd1.90Ce0.10O3
Gd1.80Ce0.20O3
Gd1.75Ce0.25O3
Gd1.70Ce0.30O3

Absolute electronegativity
(eV)

Calculated band gap energy
(eV)

Calculated VB position
(eV)

Calculated CB position
(eV)

5.313
5.310
5.307
5.306
5.304

5.146
3.453
3.351
3.308
3.261

3.386
2.537
2.483
2.460
2.435

-1.760
-0.917
-0.869
-0.848
-0.827

Commission Internationale de l’Eclairage (CIE) 1931
diagram can be used to represent the emission colour of any
photo-emitter using chromaticity coordinates (x,y) [4,24].
The chromaticity coordinates of the particular phosphor can
be calculated from the PL emission spectra of that corresponding phosphor based on the CIE 1931 2° colour
matching functions. Figure 9 represents the 1931 CIE
chromaticity diagram for Gd2O3 phosphors with different
doping concentrations of trivalent cerium ion.

The realization of colour is analysed and confirmed using
the CIE chromaticity diagram. The value of chromaticity
coordinates of all the prepared phosphors is tabulated in
table 3, and no significant change in chromaticity coordinates is observed.
The CIE coordinates fall in the bluish green
region of the CIE diagram and confirm the possibility
of the prepared phosphor for various optical
applications.
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Position band gap structure of Gd2O3:Ce3?.

Figure 9. CIE chromaticity diagram showing the coordinates of
Gd2-xCe2xO3 phosphor [(A) x = 0.05, (B) 0.10, (C) 0.125 and
(D) 0.15].
Table 3. CIE chromaticity coordinate values of Gd2–xCe2xO3
[(A) x = 0.05, (B) 0.10, (C) 0.125 and (D) 0.15] phosphor.
CIE coordinates
Phosphors
A
B
C
D

x

y

0.2107
0.2152
0.2288
0.2219

0.3433
0.3626
0.3641
0.3432

Figure 7. PL emission spectra of Gd2-xCe2xO3 phosphor [(a) x =
0.05, (b) 0.10, (c) 0.125 and (d) 0.15] excited with 325 nm.

4.

Figure 8. Schematic energy level diagram representing Gd3?
and Ce3? ions.

Cubic Gd2O3:Ce3? phosphors were successfully synthesized by the glycine mediated solution combustion method.
A cubic phase is obtained for the prepared samples and is
further confirmed using Rietveld refinement. An increase in
the doping concentration of Ce3? causes a decrease in
crystallinity and causes the crystalline lattice to expand. The
comparatively larger ionic radius of Ce3? with respect to
Gd3? causes the lattice to expand with the increase in
doping concentration and cause the XRD peaks to shift
towards lower diffraction angles. Optical absorbance
increases with enhancement in doping concentration and
undergoes a red shift. The band gap energy is estimated by
Wood and Tauc relation and is found to decrease with an
increase in doping concentration. Doping of cerium ion
expands the lattice and introduces new defect levels that
result in bluish green emission under UV excitation and
agrees well with the calculated CIE colour coordinates. The
results conclude the suitability of the glycine mediated

Conclusion
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solution combustion method for the preparation of Gd2O3:
Ce3? phosphor and the possibility of the phosphor as a
promising candidate in white light emitting diodes.
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