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a b s t r a c t

RE3þ(RE3þ ¼ Ce3þ, Dy3þ, Eu3þ and Tb3þ) doped Gd2SiO5 optoelectronic materials were synthesised by
solid state diffusion method and their down conversion spectral properties were reported in this paper
as function of different RE3þ concentrations. The solid state diffusion results in well crystallized phosphor
particles. The prepared materials were characterized by XRD, FT-IR, photoluminescence (PL) and CIE
color co-ordinates techniques. Spectroscopic investigation revealed that gadolinium oxyorthosilicate
(GSO), Gd2SiO5 phosphor doped with Ce3þ shows broad band emission with peak at 390 nm and 440 nm
when excited at 350 nm excitation. Gd2SiO5:Dy3þ shows efficient blue and yellow band emissions at
481 nm and 576 nm Gd2SiO5:Eu

3þ phosphor shows an orange and red emission at 587 nm and 615 nm
respectively. Whereas Gd2SiO5:Tb3þ phosphor shows weak blue emission at 487 nm and strong green
545 nm. The excitation spectra used for the Gd2SiO5:RE3þ (where RE3þ ¼ Ce3þ, Dy3þ, Eu3þ and Tb3þ)
phosphor are in the near UV (nUV) region extending from 250 to 400 nm, which is characteristics of
modern lighting and display fields applications. The effect of the RE3þ (RE3þ ¼ Ce3þ, Dy3þ, Eu3þ and Tb3þ)
concentration on the luminescence properties of Gd2SiO5:RE3þ optoelectronics materials were also
studied. The investigated prepared Gd2SiO5 phosphors may be suitable for lighting based devices.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Luminescent phosphors for technological applications have
been widely used in lighting and displays. Global demand for
phosphormaterials as efficient sources of energy is an ever growing
industry and therefore the development of effective luminescent
materials is the subject of extensive research in the recent years. In
particular, interest has been focused on inorganic luminescent
materials, which have potential applications in almost all devices
such as fluorescent lamps [1e3], cathode ray tubes [4,5] and X-ray
detectors [6,7] etc.

A variety of oxides are known to have good luminescent prop-
erties when doped with rare-earth ions. Silica nanoparticles are
good candidate materials for the host matrix in the rare-earth ox-
ides, because SiO2 is cost effective as well as transparent in the
visible region and has almost no appreciable effect of its own on the
photoluminescence (PL) intensity. The gadolinium oxyorthosilicate
crystals (GSO) doped with rare earth ions are attractive materials

for spectroscopic measurements and many applications due to
wide energy range of transparency, especially in nUV region. The
rare earth ions can be conveniently incorporated into crystal lattice
structure at gadolinium local sites since the differences of ionic
radii are relatively low. On account of structural properties of
Gd2SiO5 crystal, the lanthanide ions may occupy the two distinct
sites with Cs and C3v point symmetry respectively. The former is
coordinated by seven oxygen ions and in the latter higher point
symmetry site is coordinated to the nine oxygen ions. Owing to the
physicochemical and luminescence characteristics, GSO materials
doped with RE3þ ions are promising and very attractive candidate
especially for nUV LED lighting and display field applications.

The luminescence properties of Gd3þ compounds have been of
considerable interest in recent years. This interest is based on the
occurrence of a number of energy transfer (ET) processes which
yield high luminescence efficiencies. Also these compounds can be
used as efficient phosphors in a new generation of fluorescent
lamps. Gd3þ ion is isoelectronic with Eu2þ ion, but its 4f/5d state
lies at much higher energy, as a consequence, the luminescence of
Gd3þ ion consist of sharp lines 6 P/8 S transitions, mainly at
313 nm. Due to its high energetic position, this emission can only be* Corresponding author.
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observed in lattices with optical absorption at high energy.
Scintillators are materials, which emit light when exposed to

ionizing radiation (X-rays, g-rays etc.). A lot of attention has been
paid during last two decades to Ce doped orthosilicate crystals in
order to find their potential as scintillating materials. They are
frequently used as radiation detectors in various medical imaging
medicine (such as x-ray radiography, X-ray mammography
computed tomography, gamma camera etc.). They are employed in
powder, ceramic or single-crystal form, often coupled to optical
photon detectors such as (photocathodes and photodiodes). Out of
the various scintillators employed in medical imaging modalities,
particular interest is being paid on gadolinium oxyorthosilicate
(Gd2SiO5 or GSO) often doped with cerium (Ce3þ) ion activator. In
single crystal form, GSO:Ce was firstly produced in 1983 by Takagi
and Fukazawa [8]. Number of papers have been devoted to explain
the scintillation mechanism and to assess the efficiency of scintil-
lation in GSO:Ce [9]. Rare earth oxyorthosilicates (RE2SiO5) doped
with Eu3þ and Tb3þ, are well-known luminescent materials due to
their cathodoluminescence, storage phosphor, scintillator and laser
properties [10].

Research on down conversion phosphor materials is the key for

the development of solid-state lighting (SSL).The purpose of this
work was to investigate the performance of gadolinium oxy-
orthosilicate (GSO), Gd2SiO5:RE3þ (RE3þ ¼ Ce3þ, Dy3þ, Eu3þ and
Tb3þ) as an optoelectronic materials with improved photo-
luminescence properties for lighting applications that can be
excited in the ultraviolet region. GSO can be an attractive LED
phosphor due to its wide band gap. Moreover, the ground state and
excited state of these RE doped ions lie within the band gap of GSO
lattice. It also has high density, high effective atomic number, large
light output and fast decay. The luminescence efficiency of GSO has
been reported to be higher than that of other phosphors. Moreover
it has low Stokes shift as compared to other phosphors due to the
crystal structural differences [11,12]. The intense absorption at
300e500 nm indicates that the phosphor could be effectively
excited by n-UV chips [13].

2. Experimental

Solid state method was used for synthesising gadolinium oxy-
orthosilicate phosphors (GSO) Gd2SiO5:RE3þ (RE3þ ¼ Ce3þ, Dy3þ,
Eu3þ and Tb3þ) phosphor at high temperature. The starting mate-
rials are gadolinium oxide (Gd2O3), silicon dioxide powder (SiO2)
and flux sodium carbonate (Na2CO3). Different flux materials such

as sodium carbonate (Na2CO3) are used to increase the powder
reactivity reaction rate, matrix formation and activator incorpora-
tion. These flux materials, which have melting point below the
temperature of phosphor formation and dissolving partially one or
both of the reactants, take no part in the solid-state reaction and
undergo no reaction with the final product [14]. All the chemicals
used during the synthesis were of analytical grade (A.R.). Sodium
carbonate (Na2CO3) used was 30e50 wt % of the total weight of the
as prepared phosphor. The dopants were ammonium hexanitrato-
cerate (NH4)2Ce(NO3)6, dysprosium oxide (Dy2O3), europium oxide
(Eu2O3) and terbium oxide (Tb2O3) for Ce, Dy, Eu and Tb, respec-
tively. The doping concentrations of four rare earth ions were var-
ied from 0.2 to 10 mol%. The starting materials with dopants in
stoichiometric ratio were thoroughly mixed using agatemortar and
preheated at 100�C then fired at 1150 �C for 6 h in a muffle furnace.
When the furnace was cooled down to room temperature the
samples were taken out and washed with distilled water 6 times
and finally with a mild hydrochloric acid. The washed powder was
subsequently dried and crushed to fine powder using agate mortar.
The variation in the concentration of the RE dopants is indicated in
Table 1.

The formation of Gd2SiO5 phosphor particle follows the chem-
ical formula:

ð1� xÞGd2O3 þ SiO2 þ RE2O3 4Gd2ð1�xÞSiO5 : RE2x (1)

(Where RE2O3 ¼ Dy2O3, Eu2O3 and Tb2O3. For Ce, (NH4)2Ce(NO3)6
was used.)

The phase purity and structure of the final products of the
gadolinium oxyorthosilicate phosphors Gd2SiO5 was examined by
x-ray powder diffraction using Cu Ka radiation on a BRUKER e

analytical x-ray diffractometer. Infrared spectrum of the pure
Gd2SiO5 was recorded using a Bruker Fourier transform infrared
spectrometer. The morphology of the as prepared phosphor was
observed by a Geol-6380 A scanning electron microscope (SEM).
For the measurement of spectroscopic properties, the excitation
and emission spectra for all samples were recorded on Shimadzu
RF-5301PC spectrophotofluorometer using solid sample holder.
Emission and excitation spectra were obtained using a spectral slit
width of 1.5 nm at room temperature. The co-ordinations in the xy-
chromaticity diagramwere directly calculated from the fluorescent
spectra (CIE 1931). All measurements were made at room
temperature.

Dopant ion Ce3þ Dy3þ Tb3þ Eu3þ

Dopant Concentration 0.5e5 mol% 0.2e10 mol% 0.5e10 mol% 0.5e10 mol %

Table 1
CIE Co-ordinates of Gd2SiO5: RE3þ phosphor (Where RE3þ ¼ Ce3þ, Dy3þ, Eu3þ and Tb3þ).

PHOSPHOR EXCITATION (nm) STRONG
EMISSION (nm)

(X,Y)
COORDINATE

COLOR REGION

Gd2SiO5: Ce3þ 340 440 (0.164, 0.010) Blue
Gd2SiO5: Dy3þ 275 481

576
(0.087, 0.144)
(0.485, 0.513)

Blue
Yellow

Gd2SiO5: Eu3þ 275 587
615

(0.557, 0.442)
(0.680, 0.319)

Orange
Red

Gd2SiO5: Tb3þ 275 487
545

(0.059, 0.235)
(0.265, 0.724)

Blue
Green
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3. Results and discussion

3.1. X-ray diffraction

The comprehensive analysis of phase verification, structural
parameters and crystalline structure of Gd2SiO5 phosphor was
carried out by powder X-ray diffraction using diffractometer with
CuKa radiation (1.505 Å) at operating voltage 40 kV, 30 mA and in
the range 2q of 10e90�, prepared by solid state diffusion method at
room temperature. The XRD pattern of the synthesised phosphor
material Gd2SiO5 is as shown in Fig. 1. It was found that acquired
diffraction peaks of the phosphor prepared at 1150�C are in well
agreement with the standard ICDD Database file no.74e1795. The
samplewas visually ensured and found to be physically stable (non-
hygroscopic) and milky white in appearance. The obtained pattern
reveals that Gd2SiO5 powder was formed with no contaminated
phases, and implies the complete formation of the homogeneous
phosphor material. Reasonably all the diffraction peaks can be
indexed to the high crystallinity and high purity of Gd2SiO5. The
XRD pattern did not indicate the existence of the constituents and

other likely phases which are direct authentication of the formation
of the phosphor.

3.2. Surface morphology

Fig. 2 shows a typical SEM micrograph of as synthesised oxy-
orthosilicate Gd2SiO5 phosphors. Morphology of powders was
characterized by SEM. It is clearly seen that the sizes of the phos-
phor particles are not uniform, which may be due to agglomeration
amongst the particles during the period of sample sintering. It is
also known that the morphologies and the shapes of phosphor
particles depend on the status of the startingmaterials, the reaction
temperature, and the preparation process. Crystallization granules
and agglomeration of particles are observed in the present phos-
phors. They are formed of agglomerated particles of a granule-like
morphology and a size in the range 1e5 mm long. It exhibited foamy
agglomerated particles with homogeneous distribution and pres-
ence of random distribution of voids in their structure.

Fig. 1. XRD pattern of pure Gd2SiO5.

Fig. 2. SEM micrograph of synthesised Gd2SiO5.
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3.3. Crystal structure

Crystal structure of Gd2SiO5 is shown in Fig. 3. It demonstrates
that symmetry of the GSO crystal still maintains the primitive
monoclinic structure with space group of P21/c. In GSO host lattice,
there are two non-equivalent crystallographic sites of Gd3þ [15],
labelled as CS symmetry site (Gd1) and C3V symmetry site (Gd2),
which are coordinatedwith 7 and 9 oxygen atoms, respectively. The
Gd1 coordinated with 7 oxygen is linked with three isolated oxygen
ions and three [SiO4

�] ions. The Gd2 coordinated with 9 oxygen is
bonded with one isolated oxygen and six tetrahedral [SiO4

�] ions. It
has been shown that Ce3þ, Eu3þ, Er3þ, Yb3þ and Dy3þ can substitute
both Gd1 and Gd2 sites in the GSO crystal lattice [16] and hence the
detailed investigations of RE doped GSO can provide fundamental
processes of excitation and relaxation of excited states and to
evaluate the potential of the GSO:RE system for application as a
phosphor or laser active material.

The ionic radius of four dopants are listed in Table 2 and it can be
seen that except Ce3þ the other three dopants are comparable in
size to Gd ion and hence can be effectively doped and occupy the
Gd1 and Gd2 sites in GSO lattice.

3.4. FT-IR analysis

Infrared spectroscopy exploits the fact that molecules have
specific rotational and vibrational frequencies corresponding to
discrete energy levels. FT-IR spectra shown in Fig. 4 were recorded
in the range of 500e4000 cm�1 to show the functional groups for
pure Gd2SiO5 sample. FTIR spectrum of the synthesised gadolinium
oxyorthosilicate phosphors (GSO) Gd2SiO5 obtained after heat
treatment at 11,00 �C for 6 h shows absorption regions in the range
500e1200 cm�1. Inorganic silicates have a characteristic, strong
band centred around 1100 cm�1 that in some cases appear as
multiple bands [17]. In our case, the bands noticed at 1118, 998, 929
and 888 cm�1 was assigned to asymmetric stretching vibration
modes of the SieOeSi bonds, suggesting the formation of well -
crystallized silicate. New absorption peaks at 629 and 616 cm�1 is
due to bonding vibrations of SieO bonds. It is noticed that after
heating the absorption peaks from eOH, and H2O disappear
completely as shown by the absence of peak in the 3400-
3600 cm�1 region. The FTIR spectrum of this phosphor emphasizes
the beginning of the silicate host lattice formation due to the fact
that the broadband between 800 and 1200 cm�1 becomes more
structured. The FTIR spectrum having new peaks other than those

assigned above clearly indicates the presence of RE-O vibration. In
the spectrum the absorption band of silicate groups are clearly
evident [18e20].

The primitive monoclinic structure space group (P2/c1) can be
established by the absence of SieOH stretching frequency in the
FTIR spectrum [21].

3.5. PL emission of RE3þ in Gd2SiO5 (RE3þ ¼ Ce3þ, Dy3þ, Eu3þ, and
Tb3þ)

Photoemission spectroscopy is a powerful tool for studying the
broad electronic structure of rare-earth-activated optical materials
that provides information about the relative energies of all the
occupied rare earth and host crystal electronic states. Gd is situated
between europium and terbium in the periodic table and does not
have the same intense luminescence characteristics as compared to
its neighbours. This is ascribed to the fact that it has more stable
half -filled f shell making it very difficult to promote an electron to
the excited state. It is known that Gd3þ ion has a half filled 4f shell
with 4f7 configuration. The ground term, 8S7/2 is located quite
deeply far below the excited states. Consequently, the absorption
spectrum of Gd3þ lies entirely in the ultraviolet region. Analysis of
the intensities in the excitation and emission spectrum of the Gd3þ

ion under UV excitation in gadolinium oxyorthosilicate, Gd2SiO5,
are presented in this paper [22].

3.5.1. PL emission of Ce3þ in Gd2SiO5

Fig. 5 shows the excitation spectra in the 300e400 nm range
and the emission spectra in the 370e600 nm range for samples
Gd2(1-x)SiO5:Ce2x (Where x ¼ 0.5, 1, 2, and 5 mol %) at room tem-
perature. For the excitation spectra the emitted light was detected
at 450 nm. For the emission spectra the samples were excited at
350 nm. The emission and excitation are explicitly explained by
considering the transitions between the configurations of the
4f1and 4f05 d1 states of Ce3þ [23e25].

The PL emission spectra of Ce3þ ions in Gd2SiO5 phosphors
displayed a double humped characteristics with a sharp weak peak
at 390 nm (emission of Ce3þ in CeO6 polyhedra) and a broad strong
peak at 440 nmwhich are assigned to the 5 d-4f transition of Ce3þ

ions [26e28] and other emission peaks are related to CeO7 poly-
hedra arising at two crystallographic sites of different CeeO co-
ordinates [29e31].

The crystal field effects on the configuration levels of the 4f05d1

induces a strong dependence of the emission and excitation
wavelength as a function of the cerium surroundings. It is also
noticed that the peak positions of the emission bands for all Ce3þ

doped Gd2SiO5 have not changed [32].
The effect of activator concentration was examined on the

fluorescent properties. With the increase of concentration of the
Ce3þ ion, the distance between Ce3þ ions becomes less and this
results in the migration of excitation energy among Ce3þ ions
leading to quenching of the emission [33]. The highest luminescent
intensity is obtained at 1 mol % and then declines with the increase
in concentration of the Ce3þ activator ions as shown in inset of
Fig. 5.

Various models have been proposed to explain the presence or
absence of luminescence. Among them, one-dimensional configu-
ration curve has been most widely used. To illustrate how radiativeFig. 3. Crystal structure of Gd2SiO5.

Table 2
The ionic radius of the RE dopants.

cation Gd3þ Ce3þ Dy3þ Tb3þ Eu3þ

radius 94 pm 103 pm 91 pm 92 pm 95 pm
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processes of Ce3þ in Gd2SiO5 phosphor works, a partial electronic
energy levels and energetic structure along with configuration co-
ordinate diagram are shown in Fig. 6.

The emission from Ce3þ arises from a 5 d state in which the
energy levels are highly influenced by the surrounding O2� ligands.
Since not all bonds between the Ce3þ and O2� ligands are of the
same length, the emission from these states becomes distorted
towards the longer wavelengths [34].

In configuration co-ordinate diagram, the potential energy of
the luminescent centre in the crystal lattice is plotted as functions
of the configuration coordinate Q. The quantity Q represents the
distance between rare earth ion and its surrounding ions. Optical
transitions are represented vertically on the configuration co-
ordinate diagrams, because they occur rapidly compared with nu-
clear motions, As we can see, ground and excited states take form of
parabola potential wells. The two lowest parabolas represent the
ground electronic configuration 4f1 by spineorbit interaction into
2F5/2 (the ground state) and 2F7/2 (the first excited state). The lowest

states of excited electronic configuration 5d1 are represented by
two higher parabolas. Electronelattice interaction in the excited
electronic manifold causes the shift of the respective parabolas in
the configurational space. In this diagram, the potential energy of
the luminescent centre Ce3þ is plotted on the vertical axis and the
value of single parameter describing the effective displacement of
the ion surrounding the activator, Q, is plotted on the horizontal
axis. Promotion of the inner 4f electron to the outer 5 d states
perturbs the surrounding ions, the lattice relaxes, and the potential
energy curve changes as shown below in Fig. 6. The good adapt-
ability of the position of the 4fe5d absorptions and the corre-
sponding emissions make Ce3þ an important ingredient in light
emitting materials. The respective excitation and emission path-
ways are indicated in Fig. 6 by arrows [35,36].

Thus Gadolinium silicate activated with Ce3þ, (Gd(l-x)Cex)2SiO5,
has been found to be an efficient phosphor that can potentially be
used as the blue-emitting component in field of lamp industry.

3.5.2. PL emission of Dy3þ in Gd2SiO5

The photoluminescence excitation spectra of Gd2SiO5:Dy3-
þoptoelectronics phosphor at room temperature monitored at
576 nm for 0.5mol % concentration is shown in Fig. 7. The excitation
spectrum in the range 220e450 nm consists of various transitions
of Gd3þ and Dy3þ ion. The excitation lines observed at 235 nm,
248 nm, 255 nm, 275 nm, 309 nm 315 and 326 nm are due to
transitions from ground level, 8S7/2 to higher energy levels 6D7/2,
6D9/2, 6D11/2, 6I7/2, 6P3/2, 6P5/2, and 6P7/2 of Gd3þ ion, respectively
[37]. The excitation peaks observed at 351 nm, 365 nm, 388 nm
426 nm and 455 nm are due to transitions from ground level, 6H15/2
to higher energy levels 6P7/2, 6P5/2, 4F7/2, 4G11/2 and 4I15/2 of Dy3þ ion,
respectively [38,39]. Of these transitions 8S7/2/6IJ (275 nm) is
more prominent; it is therefore used for the measurement of
emission spectra of Dy3þ: Gd2SiO5 phosphor. The presence of
gadolinium transitions in the excitation spectra implies an energy
transfer between Gd3þ and Dy3þ ions. This energy transfer may
occur from 6I energy level of Gd3þ to the highest energy levels of
Dy3þ 4f85d or 4f9 configuration.

Dy3þ ions are excited to (4f85d) upper energy level under an
excitation with 275 nm and fromwhere these excited ions cascade

Fig. 4. FT-IR spectrum of synthesised Gd2SiO5 phosphor.

Fig. 5. Concentration dependence of excitation and emission spectra of syn-
thesised Gd2SiO5:Ce3þ phosphor.
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rapidly towards 4F9/2 state through 4G11/2, 4I15/2 levels and then
finally relaxes non-radiatively by populating 4F9/2 metastable state.
The non-radiative decay is very fast because of closely spaced 4f9

levels between 4F9/2 and 4f85d levels. On reaching 4F9/2 level these
unstable ions relax radiatively by emitting fluorescence to the
nearest lower lying multiplet 6HJ (J ¼ 15/2, 13/2, 11/2) energy level.
The fluorescence spectrum exhibited two main peaks at 481 nm,
576 nm and with a weak band at 615 nm and 629 nm assigned to
the transitions from 4F9/2 to 6H13/2, and 6H11/2 as shown in the
emission spectra of Gd2(1-x)SiO5:Dy2x (Where x ¼ 0.2, 0.5, 1, and
2 mol %) monitored at 275 nm excitation.

The intensity of 481 nm (4F9/2 / 6H15/2) emission is almost
same to that of 577 nm (4F9/2 / 6H13/2) whereas intensity of
615 nm (4F9/2 / 6H11/2) and 629 nm (4F9/2 / 6H13/2) emissions are
weakest. The blue emission at 4F9/2 / 6H15/2 is a magnetic dipole
(DJ ¼ 0, ±1) transition which hardly varies with the host

environment around Dy3þ ion. The yellow emission due to 4F9/
2 / 6H13/2 transition is a forced electric dipole transition (hyper-
sensitive) with the selection rule DJ ¼ ± 2 and it is strongly influ-
enced by the crystal field strength around the rare earth ion. When
Dy3þ occupies a non-inversion symmetry site (low local symmetry
site; ED) yellow (6H13/2) emission is more dominant and if it oc-
cupies an inversion symmetry site (high symmetry local site; MD)
blue (6H15/2) emission is more dominant in the emission spectrum
[40]. In the present work, ED and MD transition has same intensity
suggesting the symmetric nature of Dy3þ in the host Gd2SiO5
phosphor.

From inset of Fig. 8, it is observed that variation of the dopant
ions Dy3þ concentrations have affected the luminescence intensity
in the host Gd2SiO5. Emission intensity increases in concentrations
up to 0.5 mol % and thereafter intensity quenches further for higher
concentration. This suggested that at lower concentrations the
interaction between ions is negligible, and for higher concentration

Fig. 6. Schematic illustration of partial energy levels and configurational coordinate diagram of Ce3þ.

Fig. 7. Excitation spectrum of synthesised Gd2SiO5:Dy3þ phosphor.

Fig. 8. Concentration dependence of emission spectra of synthesised Gd2SiO5:Dy3þ

phosphor at lex ¼ 275 nm.
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the distance between ions decreases and they start interacting with
each other due to enhanced non-radiative coupling between ions
thus resulting in quenching of luminescence intensity. Migration of
excitation energy takes place from one ion to another ion in a
random style and finally transfers to acceptor ions leading to con-
centration quenching. Various interactions have also been reported
to be responsible for the ion-ion relaxations that lead to quenching
of fluorescence. Dipole-dipole interactions are considered to be
more responsible for the self-quenching.

The intensity ratio of yellow/blue emission can be used to
analyse the distortion around the Dy3þ ion in the Gd2SiO5 phos-
phor. By carefully observing the emission spectra it is found that the
emission intensity of yellow to blue (Y/B) ratio is almost 1, sug-
gesting the symmetric nature of Dy3þ in the host Gd2SiO5 phosphor
[41].

Based on Dieke’s energy level diagram, energy transfer could
proceed from Gd3þ to Dy3þ as Gd3þ

fluorescence state or excited
state lies above the fluorescence state of Dy3þ. In the present study,
based on the results obtained from the luminescence intensities of
singly doped rare earth Dy3þions into Gd2SiO5 phosphor, the role of
host in energy transfer cannot be completely ruled out. As shown in
Figs. 7 and 8, there were an excitation and emission peak at around
315 nm which could be assigned to the 8S7/2 - 6P7/2 transitions of
host Gd3þ [42]. The presence of Gd3þ excitation and emission peaks
in the PL excitation spectrum indicated the existence of energy
transfer from Gd3þ to Dy3þ. The schematic energy level diagram of
Gd2SiO5: Dy3þ for possible excitation and emission processes were
depicted in Fig. 9.

3.5.3. PL emission of Eu3þ in Gd2SiO5

The photoluminescence excitation spectra of Gd2SiO5:Eu3-
þoptoelectronics phosphor at room temperature monitored at
615 nm for 5 mol % concentration is shown in Fig. 10. The excitation
spectrum in the range 220e450 nm consists of strong absorption
band with a maximum at 275 nm and several weak lines related to

various transitions of Gd3þ and Eu3þ ion. The sharp excitation line
observed at 275 nm is due to transitions from ground level, 8S7/2 to
higher energy levels 6I7/2 of Gd3þ ion.

The excitation peaks observed at 363 nm, 383 nm, 395 nm and
409 nm are due to transitions from ground level, 7F0 to higher
energy levels 5D4, 5G2-6, 5L6, and 5D3 of Eu3þ ion, respectively.
Among them, 8S7/2/6IJ (275 nm) transition is more prominent; it is
therefore used for the measurement of emission spectra of Eu3þ:
Gd2SiO5 phosphor. These weak lines are attributed to the f-f tran-
sitions within the 4f6 configuration of the Eu3þions. The absorption
intensity of the general fef transitions of the Eu3þions in the longer
wavelength region is very weak in comparisonwith Gd3þ ions. This
indicates that the excitation of the Eu3þ ions is through the Gd3þ

ions, i.e., by the energy transfer from the Gd3þ ions to Eu3þions
[43,44].

The emission spectra of Gd2(1-x)SiO5:Eu2x (Where x ¼ 0.5, 1, 2, 5
and 10 mol %) monitored at 275 nm excitation is sown in Fig. 11.
Fluorescence spectra of Eu3þ doped Gd2SiO5 were measured at
room temperature. Upon ultraviolet (UV) excitation, the
Gd2SiO5:Eu3þ phosphor exhibit a strong red luminescence. Eu3þ

ions emit a characteristic red light with a number of narrow lines
due to the 4f/4f(5D0/

7Fj ¼ 0,1,2,3,4) transitions [45]. After ab-
sorption of UV radiation and non-radiative relaxation to the lower
4f levels, luminescence occurs from the 5DJ (mainly 5D0) states of
Eu3þ. The following emission transitions were observed at 579 nm
(5D0/

7F0), 587e594 nm (5D0/
7F1), 615e628 nm (5D0/

7F2), and
very weak emission at 652 nm (5D0/

7F3). Amongst them, the
5D0/

7F2 transitions at 615 nm are the strongest. The emission
bands from 587 to 594 nm are less prominent and correspond to
the magnetic dipole transition (5D0/

7F1) of Eu3þ ion whereas the
emission band at 615 nm is more prominent and is due to electric
dipole transition (5D0/

7F2) of Eu3þ ion. These two emission peaks
are obtained due to crystal field splitting of 5D0 level to 7Fj ground
state levels.

The luminescence spectra of Eu3þ ion is slightly influenced by
surrounding ligands of the host material because the transition of
Eu3þ involve only a redistribution of electrons within the inner 4f
subshells. As shown in Fig. 11, the transition 5D0/

7F2 at 615 nm is
much stronger than the transitions at 5D0/

7F1, which suggests that
the Eu3þ is located in a distorted (or asymmetric) cation environ-
ment. The sites for dopants in the host are determined by their ionic
radii. The radius of Eu3þ, and Gd3þ are 95, and 94 pm, respectively
which are almost same. Thus, the Eu3þ ions can readily occupy theFig. 9. Schematic illustration of partial energy level diagram showing energy

transfer process in Gd2SiO5:Dy3þ phosphor at lex ¼ 275 nm.

Fig. 10. Excitation spectrum of Gd2SiO5:Eu3þ phosphor.
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Gd sites in the lattice [46]. Although the emission bands are rela-
tively broad (due to the high number of components of Eu3þ

manifolds), the predominance of the 5D0-7F2 transition at 615 nm
confers high red color purity for this compound.

The emission intensity is related to the concentration of the
Eu3þ activator ions. With the increase of concentration of the Eu3þ

ion, the distance between Eu3þ ions becomes less and this results in
the migration of excitation energy amongst Eu3þ ions leading to
quenching of the emission. The highest luminescent intensity is
obtained at 5 mol % as shown in inset of Fig. 11 and then declines
with the increase in concentration of the Eu3þ activator ions.

No characteristic emission in the range 310e315 nm from the
Gd3þ ion was observed. It indicates that the energy transfer from
the Gd3þ ion to Eu3þ ions is very efficient.

The partial energy levels, energetic structure, radiative pro-
cesses and energy transfer in Gd3þ - Eu3þ are presented in Fig. 12.
Upon UV excitation at 6IJ level of Gd, energy is transferred to Eu3þ

through cross relaxation between Gd3þ in the 6IJ state and Eu3þ in
the 7FJ ground state, resulting in Eu3þ in the 5D0 excited state and
Gd3þ in the 6PJ state. A visible photon can be emitted from Eu3þ

through the transitions of 5D0/
7FJ. Thus visible photons can be

produced through absorption of UV photon by Gd3þ (8S7/2/6IJ).
The respective emission and excitation pathways are indicated in
figure by arrows [47].

3.5.4. PL emission of Tb3þ in Gd2SiO5

The photoluminescence excitation spectra of
Gd2SiO5:Tb3þoptoelectronics phosphor at room temperature
monitored at 545 nm for 0.5 mol % concentration is shown in
Fig. 13. The overall excitation spectrum of Tb3þ can be divided into
two parts. One, in the wavelength range 220 nme320 nm
comprising of 4f8 /4f75d1 transitions and other part of the exci-
tation spectrum, in the range 320 nme450 nm which stands for
4f8/4f8 transitions of the Tb3þ ions [48]. The excitation spectrum
in the range 220e320 nm consists of various transitions of Gd3þ

ion. The excitation transitions of Tb3þ, comprising 4f8 /4f75d1

transitions are not observed. The excitation lines observed at
235 nm, 275 nm, 308 nm and 315 nm are due to transitions from
ground level, 8S7/2 to higher energy levels 6D7/2, 6I7/2, 6P3/2, and 6P5/

2, of Gd3þ ion, respectively. The excitation peaks in the region 320 to
450 have very low intensity and therefore were shown in the inset
of Fig. 13.

There are two excitation peaks in the 320e450 nm region cor-
responding to transitions between 7F6 and the various excited
states belonging to the 4f8 electronic configuration of Tb3þ ions
[49]. The excitation peaks at 354 nm (7F6/5L9), and 381 nm
(7F6/5G6) due to forbidden 4f-4f transition of Tb3þ ion. As there

Fig. 11. Concentration dependence of emission spectra of Gd2SiO5:Eu3þ phosphor.

Fig. 12. Schematic illustration of partial energy level diagram showing energy transfer
process in Gd2SiO5: Eu3þ phosphor at lex ¼ 275 nm.
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were significant absorption in the UV region and the excitation at
275 nm has highest intensity, we have chosen lex ¼ 275 nm to
study the fluorescence properties of Gd2SiO5 phosphor. Appearance
of excitation bands of Gd3þin the excitation spectra indicates that
energy transfer from Gd3þ to Tb3þ takes place in Gd2SiO5:Tb3þ

phosphor.
The emission of terbium doped phosphor is mainly in the green

region due to 5D4/
7FJ transitions and the blue emission contrib-

utes to the emission from the higher level 5D3/
7FJ transitions.

Fig. 14 shows the emission spectra of Gd2SiO5:Tb3þ phosphors
under the excitation wavelength of 275 nm. The emission peaks at
381 nm, 417 nm, and 438 nm were due to 5D3/

7F6, 5D3/
7F3, and

5D3/
7F4 transition of Tb3þ ions and the emission peaks at 487,

545 nm, 586 nm and 623 nmwere assigned to the 5D4/
7FJ (J¼ 6, 5,

4 and 3) transition of Tb3þ ions. As expected, the spectral shift was
not observed because the 4f shell of Tb3þ was well shielded by 5s
and 5p shells. In addition to the emission peaks at longer

wavelength due toTb3þ ions, emission peak due to the transmission
of 6P5/2 / 8S7/2 transition of Gd3þ ions was also observed. The in-
tensity of Gd3þ emission was found to be significantly very low.

From the emission spectra of Gd2SiO5:Tb3þ phosphors with
different dopant concentrations it is noted that the Tb3þ emission
spectrum in the Gd2SiO5 lattice is dependent on its content due to
cross-relaxation processes [50]. At low Tb3þ concentration, the blue
emissions from 5D3/

7FJ transitions were prominent. When the
activator concentration is increased, the blue emissions vanished
and only the 5D4/

7FJ emissions appeared in the spectrum. The
emission intensity of the green transitions increases linearly with
the increase in concentration of Tb3þ up to 5 mol % as shown in
inset of Fig. 14 [51].

Although the emission bands are relatively broad (due to the
high number of components of Tb3þ manifolds), the predominance
of the 5D4-7F5 transition at 545 nm confers high green color purity
for this compound.

The enhanced emission of Tb3þ ions following energy transfer
process from Gd3þ to Tb3þ in Gd2SiO5 lattice was due to energy
migration among Gd3þ ions and which were trapped by Tb3þ ions,
hence resulting in a decrease in Gd3þ emission and an increase in
Tb3þ emission. The weak emission intensity at 315 nm indicates
that the energy transfer between Gd3þ ions becomes more prob-
able than the radiative decay of the Gd3þions.

Schematic illustration of partial energy level diagram showing
energy transfer process of Gd3þ/Tb3þ in Gd2SiO5:Tb3þ phosphor
at lex ¼ 275 nm is shown in following Fig. 15. It is clear that the
energy level difference between 6PJ and 8S7/2 is about 32,000 cm�1

or the energy level difference between Gd3þ is similar to that in the
range of 36,000e34,000 cm�1 of Tb3þ. The excitation energy of
Gd3þ migrates in lattice Gd2SiO5 until a Tb3þ ion is reached. After a
fast nonradiative relaxation to 5D3, 4 states, a visible photon is
emitted [52].

The interesting result is that the highest emission intensity for
Ce3þ and Dy3þ is below 1%, but it is about 5% for Eu3þ and Tb3þ. This
is probably due to better and efficient energy transfer mechanism
in Ce3þ and Dy3þ as compared to Eu3þ and Tb3þ. Moreover the
distribution coefficient of RE3þ in RE:GSO crystals depend on the

Fig. 13. Excitation spectrum of Gd2SiO5:Tb3þ phosphor.

Fig. 14. Concentration dependence of emission spectra of Gd2SiO5:Tb3þ phosphor.
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solubility of RE ion in the RE:GSO host lattice for Eu3þ and Tb3þ it is
high hence doping level can be achieved [53].

3.6. Chromatic properties

Most lighting specifications refer to color in terms of the 1931
CIE chromatic color coordinates which recognizes that the human
visual system uses three primary colors: red, green, and blue
[54,55]. In general, the color of any light source can be represented
on the (x, y) coordinate in this color space. Fig. 16 shows the
Commission International de l Eclairage (CIE) chromaticity co-
ordinates of the prepared phosphor Gd2SiO5: RE3þ phosphor

(RE3þ ¼ Ce3þ, Dy3þ, Eu3þ and Tb3þ). The chromatic co-ordinates (X,
Y) are calculated using the color calculator radiant imaging soft-
ware and are summarized in following Table 1.

4. Conclusion

The Gd2SiO5:RE3þ (RE3þ ¼ Ce3þ, Dy3þ, Eu3þ and Tb3þ) opto-
electronics phosphor has been prepared by the solid state flux
diffusion method. PL properties in the UV and visible region which
are characteristics for optoelectronic devices were studied. XRD
analysis was carried out to study phase purity of the prepared
optoelectronics phosphor. FT-IR spectra were recorded to show the
functional groups for pure Gd2SiO5 sample. CIE study was carried
out to study color quality. Cross relaxation process led to non-
radiative quenching therefore the emission intensity of RE3þ ions
decreased with increasing amount of doped RE3þ ions. It is
confirmed that a Gd3þ ionwhich absorbs the energy of a UV photon
can transfer part of its energy to radiative energy state of a RE3þ ion
through cross relaxation resulting in the emission of visible pho-
tons from RE3þ ions. As oxysalts are easier to produce and cheaper
than fluorides, investigation of Gd2SiO5:RE3þ will open a new way
for oxysalts to serve as host materials for new phosphors suitable
for a modern lighting applications.
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Abstract
Rare earth  Eu3+ and  Dy3+-activated  LaAlO3 phosphor were prepared by wet chemical method. The prepared phosphors 
were characterized by, X-ray diffraction(XRD) for phase purity, scanning electron microscopy (SEM) for morphology and 
photoluminescence (PL) emission and excitation spectra. SEM analysis does not reveal the crystal structure; however, it 
shows that the prepared phosphor has irregular morphology with particle size in micron range. Under both 395 nm and 
466 nm excitation,  LaAlO3:Eu3+ phosphor shows emission at 593 nm and 614 nm.  LaAlO3:Dy3+ phosphor shows emission 
at 484 nm and 575 nm when excited by wavelength of 351 nm. The synthesized phosphors have mercury-free excitation, 
and therefore, prepared phosphor might be applicable in environmental-friendly solid-state lighting.

1 Introduction

Currently, phosphor-converted white light-emitting diodes 
(w–LEDs) have been attracted worldwide attention as a new 
source for the solid-state lighting to next generation due to 
their special advantages such as long lifetimes, luminous 
efficiency, absence of mercury, low energy consumption, 
weak environmental impact, excellent chemical as well as 
physical stability, availability of final products in different 
sizes, and so on [1, 2]. A lot of studies have been investi-
gating different luminescent materials to help the growth 
of suitable phosphors. Phosphors are also useful for pro-
ducing white light when they are excited by blue or near-
ultraviolet (NUV) lights (300–420 nm). It is very impor-
tant to choose the right compound materials and assure 
they have outstanding physical and chemical stability for 
obtaining phosphors with highly proficient emissions [3, 
4]. Lanthanides elements such as  Tb3+,  Pr3+,  Eu3+,  Sm3+, 
 Dy3+,  La3+ etc. have been broadly used as luminescent cen-
tres in phosphor materials due to their intense transitions in 

d→f shell. Between these ions, dysprosium and europium 
is mostly used as a dopant and it has been used in phosphor 
materials for developing solid-state lighting [5–7]. Recently, 
there is developing interest in luminescence of trivalent rare 
earth ions such as tungstate, phosphates, borates, aluminates 
and molybdates; among which rare earth-doped aluminate 
are especially attractive due to their magnificent physical, 
chemical and thermal stability, high UV transparency and 
high-luminescence efficiency [8–14]. Research on the lumi-
nescence of a series of such compounds offers much valu-
able data for optical applications such as flat panel displays, 
high-density optical storage, temperature sensors, under sea 
communication, various fluorescent devices, colour display 
and visible solid-state lasers traffic signals, safety indica-
tors on emergency appliances and less energy-consuming 
light sources. Oxide phosphors are non-toxic in nature due 
to this they are environmental friendly [15, 16]. Lanthanum 
aluminate is well known for its perovskite-like crystalline 
structure. Materials having these properties are applicable 
for various technological applications due to their special 
magnetic and electrical properties. Maczka et al. reported 
the  LaAlO3 phosphors doped with  Eu3+ and  Er3+ ions were 
synthesized by low temperature method and studied its opti-
cal properties [17]. Hernández et al. synthesized the  LaAlO3 
phosphors doped with  Eu3+ prepared by Modified Pechini 
(MP) method and studied its photoluminescence, thermolu-
minescence properties for ionizing radiation dosimeter [18]. 
Mao et al. developed  LaAlO3:Eu phosphor for white light 
emitting diode [19]. In addition,  Eu3+-doped  LaAlO3 nano-
systems reported by Quiang et al. which is synthesized by 
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a simple hydrothermal method [20]. Jin et al. successfully 
synthesized the  LaAlO3:Eu3+ phosphors by coprecipitation 
moltan salt synthesis and found phosphor may be good can-
didate in color display [21]. It was our main interest to syn-
thesize  LaAlO3 doped with rare earth ions prepared via low 
temperature initiated wet chemical process and investigating 
their photoluminescence properties for solid state lighting 
applications.

2  Experimental

The  LaAlO3:Eu3+ and  LaAlO3:Dy3+ phosphors were pre-
pared using wet chemical method. For the synthesis of 
 LaAlO3:Eu3+, analytical-grade reagents of Lanthanum 
nitrate  (LaN3O9·6H2O), Aluminium nitrate (Al(NO3)3·9H2O) 
and Europium oxide (III)  (Eu2O3) were used as starting 
materials.

An appropriate amounts of Lanthanum nitrate, Aluminium 
nitrate powders were taken in beaker, dissolved in distilled 
water and stirred it until the solution becomes transparent. 
The Europium oxide was converted into nitrate by dissolving 
it in appropriate amount of dilute  HNO3, and then added this 
solution in beaker. The solution was then kept on magnetic 
stirrer maintained at 80 °C for 10 h. The final product was 
using funnel and filter paper, dried and grinded in mortar pas-
tel to get fine powder. Finally, the fine powder was annealed 
at 800 °C for 3 h which was then used for further charac-
terization. Similar procedure was applied for  LaAlO3:Dy3+ 
phosphor. The basic chemical reaction is given as follows

3  Results and discussion

3.1  X‑ray diffraction pattern of  LaAlO3 phosphor

The XRD pattern of the  LaAlO3 powder sample annealed 
at 800 °C is shown in Fig. 1. XRD is well matched with the 
standard JCPDS file no. 820478. All the peaks in the XRD 
pattern is in accordance with JCPDS file no. 820478, which 
indicates that the prepared phosphor has fully turned into 
 LaAlO3 phase.

3.2  Morphology of  LaAlO3 phosphors

The surface morphology of pure  LaAlO3 phosphors pre-
pared via a wet chemical method is shown in Fig. 2. It is 
clearly evident that, the powders show highly porous struc-
ture, agglomeration of several crystals with an irregular 

Al
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NO
3

)

3
⋅ 9H

2
O + LaN

3
O

9
⋅ 6H

2
O

→ LaAlO
3
+ 6NH

3
+ 6H

2
O + 12O

2

morphology, large voids and shapes. The particle size can 
be seen in micro-meter range. This type of morphology is 
due to the escape of a large volume of gas during wet chemi-
cal process. The SEM image at two different magnifications 
shows that crystallites have no uniform shapes and sizes.

3.3  Photoluminescence properties of  LaAlO3:Eu3+ 
phosphor

The luminescence emission shows the characteristic peaks 
associated with the trivalent Europium ion’s inter-electronic 
energy level transitions. Figure  3 shows the excitation 

Fig. 1  XRD pattern of  LaAlO3 phosphor

Fig. 2  SEM micrographs of  LaAlO3 phosphor
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spectra of  LaAlO3:Eu3+ phosphor. The excitation spec-
trum consists of series of peaks located at 363 nm, 384 nm, 
395 nm and 466 nm. When  LaAlO3:Eu3+ phosphor is excited 
at 395 nm and 466 nm; corresponding emission spectrum is 
shown in Fig. 4. Emission spectrum consists of two charac-
teristics peaks located at 593 nm and 614 nm. The emission 
band of  Eu3+ ions in  LaAlO3 shows the emission at 593 nm 
(orange) and 614 nm (red). The emission peaks observed 
at 593 nm and 614 nm corresponds to the magnetic dipole 
(5D0 → 7F1) and electric dipole (5D0 → 7F2) transitions, 
respectively [22, 23]. As it can be seen, the highest inten-
sity was found to be stronger in magnetic dipole transition 
than that of the electric dipole transition. It implies that  Eu3+ 
has a symmetric environment, which means that more  Eu3+ 
ions seized the  La3+ lattice sites and lesser  Eu3+ ions seized 

the grain boundary or defect lattice. The larger excitation 
wavelength has no effect on the peak position, however, peak 
intensity found to be considerably increased.

3.4  Photoluminescence properties of  LaAlO3:Dy3+ 
phosphor

Figure 5 shows the excitation spectra of  LaAlO3:Dy3+ phos-
phor monitored at 484 nm emission wavelength. Excitation 
spectrum consists of series of lines peaking at 327 nm, 
351 nm, 388 nm and 428 nm. Strongest excitation peak 
observed at 351 nm. The luminescence emission shows the 
characteristic peaks associated with the trivalent Dy ion’s 
inter-electronic energy-level transitions. Figure 6 shows the 
PL emission spectra of  LaAlO3:Dy3+ phosphor. The emis-
sion band of  Dy3+ ions in  LaAlO3 shows the emission at 
484 nm (blue) and 575 nm (yellow).The peaks at 484 nm 
and 575  nm correspond to magnetic dipole transitions 

Fig. 3  Excitation spectrum of  LaAlO3:Eu3+ phosphor (λem, = 614 nm)

Fig. 4  Emission spectrum of  LaAlO3:Eu3+ phosphor, where a 
λex, = 395 nm, b λex = 466 nm

Fig. 5  Excitation spectrum of  LaAlO3:Dy3+ phosphor (λem, = 484 nm)

Fig. 6  Excitation spectrum of  LaAlO3:Dy3+ phosphor (λex, = 351 nm)
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4F9/2 → 6H15/2 and electric dipole transitions 4F9/2 → 6H13/2 
of  Dy3+, respectively [24–26].

3.5  Chromatic properties of  LaAlO3:Eu3+ 
and  LaAlO3:Dy3+ phosphors

Figure 7 shows CIE chromatic diagram of  LaAlO3:Eu3+ and 
 LaAlO3:Dy3+ phosphors. The CIE color coordinates of the 
 LaAlO3:Eu3+ phosphors of wavelength 593 nm is (X = 0.592, 
Y = 0.407) and of wavelength 614  nm is (X = 0.677, 
Y = 0.322). The CIE color coordinates of the  LaAlO3:Dy3+ 
phosphor of wavelength 484 is (X = 0.073, Y = 0.185) and 
of wavelength 575 is (X = 0.478, Y = 0.520). All the color 
co-ordinates are situated at the edge of chromaticity diagram 
indicating high color purity [5, 27].

4  Conclusions

Rare earth  Dy3+ and  Eu3+-activated  LaAlO3 phosphors 
were prepared by wet chemical method. X-ray diffraction 
pattern confirms the phase purity of  LaAlO3 phosphor. 
SEM morphology shows porous irregular agglomerated 
structures with particle size in micro-meter range.  LaAlO3: 
 Eu3+ phosphor gives emission at 593 nm and 614 nm upon 
excitation with 395 nm and 466 nm.  LaAlO3:Dy3+ phosphor 
exhibit emission at 484 nm and 575 nm under excitation of 

351 nm. The calculated color coordinates are situated at the 
edge indicating high-color purity. Both the excitations are 
mercury-free excitation, therefore, prepared phosphor might 
be applicable in solid-state lighting.

References

 1. Y. Guo, B.K. Moon, B.C. Choi, J.H. Jeong, J.H. Kim, Mater. Res. 
Bull. 88, 166 (2017)

 2. D.N. Game, N.B. Ingale, S.K. Omanwar, Optik 127, 6204 (2016)
 3. C.Y. Lin, S.H. Yang, J.L. Lin, C.F. Yang, Appl. Sci. 7, 30 (2017)
 4. S. Ashwini, S.C. Prashantha, R. Naik, H. Nagabhushana, J. Rare 

Earths 18, 278 (2018)
 5. S.J. Dhoble, B.P. Kore, A.N. Yerpude, R.L. Kohale, P.W. 

Yawalkar, N.S. Dhoble, Optik 126, 1527 (2015)
 6. A.N. Yerpude, S.J. Dhoble, J. Lumin. 132, 1781 (2012)
 7. A.N. Yerpude, S.J. Dhoble, Micro Nano Lett. 7, 268 (2012)
 8. A.N. Yerpude, V.R. Panse, S.J. Dhoble, N.S. Kokode, M. Srinivas, 

Luminescence 32, 1361 (2017)
 9. A.N. Yerpude, G.N. Nikhare, S.J. Dhoble, N.S. Kokode, Mater. 

Today Proc. 15, 511 (2019)
 10. D.A. Hakeema, J.W. Pia, G.W. Junga, S.W. Kimb, K. Park, Dyes 

Pigm. 160, 234 (2019)
 11. X. Liu, Z. Song, Y. Kong, S. Wang, S. Zhang, Z. Xia, Q. Liu, J. 

Alloys Compd. 770, 1069 (2019)
 12. B.P. Kore, S. Tamboli, N.S. Dhoble, A.K. Sinh, M.N. Singh, S.J. 

Dhoble, H.C. Swart, Mater. Chem. Phys. 187, 233 (2017)
 13. K. Li, R.V. Deun, Dyes Pigments 155, 258 (2018)
 14. T. Fan, J. Lu, F. Lin, Z. Zhou, IOP Publ. Mater. Res. Express 3, 

045010 (2016)
 15. L.T. Melato, O.M. Ntwaeaborwa, R.E. Kroon, T.E. Motaung, S.V. 

Motloung, J. Mol. Struct. 1176, 217 (2019)
 16. B.C. Jamalaiah, M. Jayasimhadri, J. Mol. Struct. 1178, 394 (2019)
 17. M.A. Bednarkiewicz, E.M. Mendoza, A.F. Fuentes, L. Kepinski, 

J. Solid State Chem. 194, 264 (2012)
 18. A.M. Hernández, M.A. Alfaro, A.B. Villatoro, C. Falcony, T.R. 

Montalvo, J.Z. Medina, Open J. Synth. Theory Appl. 6, 1 (2017)
 19. Z. Mao, D. Wang, Q. Lu, W. Yu, Z. Yuan, Chem. Commun. 3, 346 

(2009)
 20. W. Qiang, H.Y. Ping, D. Ning, Z.B. Suo, Sci China B 52, 1104 

(2009)
 21. X. Jin, L. Zhang, H. Luo, X. Fan, L. Jin, B. Liu, D. Li, Z. Qiu, Y. 

Gan, Integr. Ferroelectr. 188, 1 (2018)
 22. Y. Jiao, X. Wu, Q. Ren, O. Hai, F. Lin, W. Bai, Opt. Laser Tech-

nol. 109, 470 (2019)
 23. D. Xiang, Y. Chua, X. Xiaoc, J. Xua, Z. Zhanga, Z. Liua, Y. 

Zhanga, B. Yanga, J. Solid State Chem. 268, 130 (2018)
 24. A.N. Yerpude, S.J. Dhoble, N.S. Kokode, Optik 179, 774 (2019)
 25. N. Baig, N.S. Dhoble, A.N. Yerpude, V. Singh, S.J. Dhoble, Optik 

127, 6574 (2016)
 26. A.N. Yerpude, S.J. Dhoble, J. Lumin. 132, 2975 (2012)
 27. R.L. Kohale, S.J. Dhoble, J. Lumin. 138, 153 (2013)

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Fig. 7  CIE chromatic diagram of  LaAlO3:Eu3+ and  LaAlO3:Dy3+ 
phosphors



International Journal of Innovative Technology and Exploring Engineering (IJITEE) 
ISSN: 2278-3075 (Online), Volume-9 Issue-4, February 2020 

2068  
Retrieval Number: D1412029420 /2020©BEIESP 
DOI: 10.35940/ijitee.D1412.029420 
Journal Website: www.ijitee.org 

Published By: 
Blue Eyes Intelligence Engineering 
& Sciences Publication  

 
Abstract: In this, a series of iso-structural Y2O2S (RE3+ = Dy3+, 

Eu3+ and Tb3+) phosphors were synthesized by high temperature 
solid state reaction method. All the phosphors exhibit strong line 
and broad excitation in the near ultraviolet (n-UV) region. Bright 
color emission in blue, green and red color region of 
electromagnetic hue cycle was noticed. The concentration of 
activator doped was optimized from the photoluminescence (PL) 
study. The quenching in luminescence intensity after particular 
concentration of dopant is discussed here. Y2O2S phosphor doped 
with Dy3+displays useful blue and yellow emission bands at 487nm 
and 574nm, when stimulated by 388nm excitation wavelength. 
Y2O2S:Eu3+ phosphor displays an orange and red emission at 
594nm and 620nm, when stimulated at 396 nm. Whereas, 
Y2O2S:Tb3+ phosphor displays weak blue radiation in the range 
485nm and strong green radiation at 545nm, when stimulated at 
305 nm. 

The excitation spectra used for the Y2O2S:RE3+ (RE3+ = Dy3+, 
Eu3+ and Tb3+) phosphor is in the near ultraviolet (n-UV) region 
spanning from 300 nm to 400 nm, which is a peculiarity of near 
ultraviolet stimulated LED. The outcome of the RE3+ (RE3+= Dy3+, 
Eu3+and Tb3+) absorption on the luminescence properties of 
Y2O2S:RE3+ phosphors was also studied. 

Keywords: Oxy-sulphide, phosphor, lamp phosphor, light 
emitting diode, Rare earth. 

I. INTRODUCTION 

Light emitting diode (LED) industrial science is reaching 
towards fully developed stage by replacing the old technology 
of fluorescent lamps. During the last 20 years, improvements 
in phosphors have opened the new gateways for white LEDs, 
in which numerous wavelengths mix together to simulate the 
solar chromatic spectrum. There are two major approaches 
for achieving white light from LEDs. The first approach is to 
blend the light from particular electrically driven LEDs that 
radiate the primary colors, i.e., red, green and blue. The 
inadequacy of getting highly efficient green LEDs restricts the 
use of this approach to the generation of white light.  
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In second approach the blue or UV emitting LEDs coated 
with a color converting phosphors which leads to the emission 
of white light. Majority of the research efforts on solid-state 
lighting (SSL) has focused on the development of light 
emitter and light extraction mechanisms to meet general 
illumination application requirements [1, 2].   

The Y2O2S host is a prominent large band-gap (4.6-4.8eV) 
semiconductor [3]. The Y2O2S do not exist as usual mineral 
but was devised, firstly, as a host matrix for RE3+ ions by 
Royce [4] and Yocom [5] in 1968. Since then this lattice has 
been subject of intensive research interest and utilized as a 
potential luminescence material for various application in 
lighting technology and display as a host. Y2O2S:Tb is known 
to be a X-ray phosphor used in  practical X-ray display 
screens as well as a green phosphor for CRT displays. 
Y2O2S:Eu is one of the most crucial red-emitting phosphors 
used in industry. Some of the important applications of 
Y2O2S:Eu phosphor are in cathode-ray tubes (CRTs) and field 
emission displays (FEDs) [6-9]. The present investigations of 
rare earth doped Y2O2S phosphors into the visible emissions 
under near ultraviolet stimulation (excitation) were 
undertaken to examine the mechanism of emission process. 
The main aim of this study is to develop this phosphor and 
improve the PL properties for lighting applications when 
excited in the n-UV (near ultraviolet) region. In the present 
study we have used near ultraviolet excitation wavelength, as 
this range of excitation wavelength comes in the same region 
for the white LED excitation. 

II.  EXPERIMENTAL METHOD 

In the present work, Y2O2S:RE3+ (RE3+ =, Dy3+, Eu3+ and 
Tb3+) phosphors were synthesized by solid flux fusion 
reaction method. The starting materials used were yttrium 
oxide (Y2O3), sulphur powder (S), Sodium carbonate 
(Na2CO3), tri-potassium Phosphate (K3PO4) as fluxes. 
Different flux materials such as sodium carbonate (Na2CO3) 
and tri-potassium phosphate (K3PO4) are used to increase the 
rate of reaction and lower down the reaction temperature. 
These raw materials have melting point below the melting 
temperature of Y2O2S material. These fluxes dissolve 
partially and remain inactive in the solid state reaction. 
During synthesis, the quantity of flux used was 20 weight % 
for K3PO4 and 30 to 50 weight % for both sulphur powder and 
Na2CO3, of the total weight.  
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The rare earth dopants used were ammonium 
hexanitratocerate (NH4)2Ce(NO3)6, dysprosium oxide 
(Dy2O3), Europium oxide (Eu2O3,) and terbium oxide 
(Tb2O3). 

 In this synthesis the stoichiometric quantities of raw 
materials were weighted and mixed in homogeneous form by 
crushing mechanically for 1 hour in mortar pastel. These 
crushed powders were preheated in a muffle furnace at around 
1000C and then again crushed all these samples and placed in 
muffle furnace for annealing at 1150°C for 10 hours. After that 
prepared samples were taken out from the furnace and washed 
with distilled water several times then finally washed with 
diluted HCl acid. The prepared samples were again placed in 
for drying then crushed in mortar pastel [10]. The preparation 
of Y2O2S:RE phosphor follows the chemical reaction:  
Y2O3 + RE2O3 + Flux (S + Na2CO3 + K3PO4) → Y2O2S:RE 

+ flux residues (Na2Sx + Na2SO4) + gaseous products  

The phase purity and crystallinity of prepared host lattice 
Y2O2S was characterized by X-ray powder diffraction method 
using Cu Kα radiation. The particle size and morphological 

behaviour of synthesized powder were analyzed by scanning 
electron microscope (SEM). Brucker Fourier transform 
infrared spectrometer was used to record infrared spectra. The 
spectroscopic properties of synthesized phosphors were 
measured at room temperature by using Shimadzu make 
RF5301PC spectro-fluorometer. At measurement time slit 
width of the instrument was fixed at 1.5nm. The 
co-ordinations in the xy-chromaticity diagram are directly 
calculated from the fluorescent spectra (CIE 1931) [11].  

III. RESULTS AND DISCUSSION 

A. X-ray Diffraction (XRD) 

Figure 1 shows XRD pattern of synthesized Y2O2S 
phosphor. It is found that diffraction peaks of the phosphor 
are in well accordance with the standard ICDD File No. 
24–1424. The XRD diffraction pattern of prepared Y2O2S 
host did not indicate presence of any constituent and other 
likely phases. All the diffraction peaks were evidence of the 
high purity and crystallinity of Y2O2S. 

The sample was found to be non-hygroscopic, stable and 
whitish in nature. The diffraction pattern acknowledges that 
the Y2O2S phosphor was prepared without any impurity and it 

confirms Y2O2S phosphor were successfully prepared in the 
homogeneous form.  

 
Figure 1: XRD pattern of pure Y2O2S. 

 

B. Surface Morphology 

Figure 2 shows the SEM micrograph of Y2O2S powders. 
During annealing at high temperature, the crystallites come 
closer and form an agglomerated structure which is consist of 
small sintered clusters. The morphology of the Y2O2S 
powders found to be irregular in shape and the grain size is 
significantly varying. The approximate particle size ranges 
from 1 to 5 μm. The particle size strongly depends on the type 

of synthesis method and synthesis conditions. Phosphors 
synthesized by solid state method generally have particle size 
within this range. 

 
Figure 2: SEM image of synthesized Y2O2S. 

C. Crystal Structure 

Schematic crystal structure of Y2O2S is shown in figure 3. 
The Y2O2S lattice has trigonal crystal symmetry with P3¯m 1 
space group. The Y2O2S lattice found to be A-type rare-earth 
oxide structure, and analyzed that the one of the three oxygen 
sites is occupied by a sulphur atom. Figure clearly illustrate 
that the every metal ions bonded with four oxygen atoms and 
three sulphur atoms. In presented crystal structure 
investigation found to form a seven coordinated geometry 
with the oxygen and the metal in the same plane. The Y2O2S 
crystal structure shows Ln and oxygen atoms have the same 
site symmetry of C3v and the S site has symmetry of D3d[10]. 

 

 
Figure 3: Schematic crystal structure of Y2O2S. 

D. FT-IR Analysis 

FT-IR is the characterization tool which gives information 
about the vibrations of bonds present in prepared host. FT-IR 
spectroscopy gives the information about molecules 
frequencies, their vibrations and stretching corresponding to 
distinct energy levels.  
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An obtained spectrogram provides valuable knowledge 
about type of bonding present in the sample, the strength of 
the bonding and bonding percentage present in the sample. 
Fourier transform infrared spectrometer was used for 
measurement of FT-IR spectra of the pure Y2O2S phosphor. 
The spectrum was measured in the range of 500 to 4000 cm-1. 
Figure 4 shows the FTIR spectrum of Y2O2S.  

 

 
Figure 4: FT-IR spectrum of Y2O2S phosphor. 

In this no absorption deep was observed around 3500 cm-1 
which suggest complete removal of O-H molecules from the 
sample after annealing. The absorption deep of cubic phase of 
Y2O2S appears at 561 cm−1. Strong deeps at 1540 and 1072 
cm−1 were due to Y-O symmetric stretching mode. The 
stretching modes due Y-S and S-O bonding were not 
witnessed in the FTIR spectrum [10, 11].  

E.  PL Emission Of RE3+ In Y2O2S (RE3+= Dy3+, Eu3+ 
and Tb3+) 

 
Photoluminescence studies of RE3+ (RE3+= Dy3+, Eu3+ or 

Tb3+) doped Y2O2S oxy-sulphides phosphors are investigated 
here. This work gives the optimum quantity of activator 
required for getting maximum lighting efficiency and light 
emission of dopant in particular region.  

i) PL Emission Of Dy3+ In Y2O2S 

The excitation spectra of Y2O2S:2mol%Dy3+ phosphor was 
recorded under 574 nm emission wavelengths as shown in 
figure 5. The excitation spectrum consists of several peaks 
varying from 220 nm to 450 nm. The excitation peaks in the 
range 275 to 450nm, which are ascribed due to f-f transition of 
the Dy3+ ion. The prominent excitation peaks recorded at 351 
nm, 368 nm and 388 nm, which are due observed  due to the 
6H15/2  6P7/2, 

6H15/2  6P5/2, and 6H15/2  6I13/2 transitions 
Dy3+ ion, respectively[12,13]. 

 
The excitation spectra for Y2O2S:Dy3+ phosphor has three 

prominent peaks in the near UV region at 351nm, 368nm and 
388nm. The PL emission of Y2O2S:Dy3+ phosphor for all 
these excitations is shown in figure 6. The excitation peak 
shows highest intensity at 351nm compared to other peaks. 
The excitation spectra shows highest intensity at 351nm 
wavelength but 388nm excitation peak is more promising for 
solid state lighting because it is well matched with UV 
excitation range [14]. 

 
Figure 5: Excitation spectrum of Y2O2S:Dy3+ phosphor. 
 

 
Figure 6: Emission spectra of Y2O2S:Dy3+ phosphor at 2 

mole% for various excitation wavelengths. 
 

Under 388nm excitation, the emission spectrum was 
recorded for Y2O2S:Dy3+, phosphors as shown in the figure 7. 
The PL emission spectrum shows two prominent emission 
peaks at blue (487nm) and yellow (574nm) regions, which are 
ascribed due to the 4F9/2→

6H15/2 and 4F9/2→
6H13/2 electronic 

transitions of Dy3+ ions, respectively [15]. According to 
available literature, 4F9/2→

6H15/2 (487nm) and 4F9/2→
6H13/2 

(574nm) transition occurred due to magnetic dipole transition 
and hypertensive (forced dipole) transition, respectively. 

The optical properties of the material are often affected by 
the structure of the matrix and synthesis technique [16]. 
According to literature it is well known that 4F9/2→

6H15/2 

(magnetic dipole transition) occurred because of insensitivity 
to the crystal field around the Dy3+ ions and 4F9/2→

6H13/2 
(hyper sensitive transition) occurred because of strongly 
influenced by the outside environment surrounding of Dy3+. 
When the 4F9/2→

6H15/2 transition is stronger than the 
4F9/2→

6H13/2 transition then Dy3+ is located at a low symmetry 
site (without inversion symmetry) [10, 17]. Thus, from 
emission spectra shown in figure 7, it can be concluded that 
Dy3+ has occupied low symmetry site that too without 
inversion symmetry. 
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Figure 7: Emission spectra of Y2O2S:Dy3+ phosphor. 

 
Photoluminescence properties of a phosphor is fully 

depends on the concentration of dopants [18]. It is well known 
that the pattern of emission peak does not change with doping 
of rare earth ions, only the emission intensity vary with 
increasing the concentration of rare earth ions [19]. Fig. 7 
shows that when concentration of Dy3+ increases then PL 
emission intensity increased up to 2mol%.  PL emission 
spectrum shows maximum value of intensity at 2mole % and 
then decreases with an increase of dopant concentration due 
to concentration quenching. This happens when the 
concentration of Dy3+ increases continuously which increases 
the interaction among Dy3+ ions. The interaction between 
Dy3+ ions is such that they transfer energy to nearest Dy3+ ion 
through non-radiative transfer. With increase in Dy 
concentration the probability of non-radiative energy transfer 
increases which leads to further decrease in emission 
intensity. In the process of cross relaxation among two 
dopants, the excitation energy from an ion decaying from an 
excited state stimulates a nearby ion from the ground state to 
the metastable level. In case of Dy3+ the energy of the (4F9/2 → 
6H11/2 + 6H9/2) transition matches that of the (6H15/2→ 6F11/2 + 
6H9/2) transition. In the present work, concentration quenching 
occurred due to cross relaxation process i.e. energy transfers 
from one Dy3+ to another neighboring Dy3+ [20]. The 300 to 
400 nm is Hg free excitation and it is very important for solid 
state lighting phosphors. All these outcomes shows our 
synthesized Y2O2S:Dy3+ phosphors have potential application 
in field of solid state lighting devices as well as in white LED. 

ii) PL Emission Of Eu3+ In Y2O2S
 

The excitation spectra of Y2O2S:Eu3+ phosphor monitored 
at 594 nm emission wavelength is shown in figure 8. The 
excitation spectra observed in the range of 200nm to 500nm. 
In this range we have observed charge transfer band at 255nm 
and several narrow excitation peaks in the range of 350nm 
and 400nm are due to the typical f-f transition of Eu3+. The 
strongest excitation peaks observed at 396 nm and 468nm, 
which are ascribed due to 7F0→

5L6 and 7F0→
5D2 transitions of 

Eu3+ ions, respectively [21]. Besides this, due to the charge 
transfer band (Eu3+

→O
2-) broad excitation peak at 255 nm is 

also observed. 

Figure 9 and 10 show the emission spectra of Y2O2S:Eu3+ 

phosphors excited by 396 nm and 468 nm wavelengths, 
respectively. The Y2O2S:Eu3+ phosphor when excited by 
λex=396 nm and λex=468 nm shows prominent emission peaks 
at 594 nm, 620 nm 589 nm and 613 nm respectively. The 
characteristic emission peaks in region of Eu3+. A strong red 
emission of Eu3+ in the region 610 to 620 nm was due to the 
5D0→

7F2 transition and emission in the region 589 to 596 nm 
was due to 5D0→

7F1 transition. It is observed that at λex=396, 
594 nm (5D0→

7F1) emission is dominant compared to 620 nm 
(5D0→

7F2) whereas at λex=468 nm, 613 nm (5D0→
7F2) 

emission is dominant compared to 589 nm (5D0→
7F1) 

emission [22, 23]. 
 

 
Figure 8: Excitation spectrum of Y2O2S:Eu3+ phosphor. 

 
Figure 9: Emission spectra of Y2O2S:Eu3+phosphor at 

λex=396 nm. 
580 to 640 nm corresponds to intra 4f shell transitions of 
5D0→

7FJ (J=0, 1, 2, 3, 4) of The emission spectra of Eu3+ 
particle is marginally impacted by encompassing ligands of 
the host material because the transition of Eu3+ include just a 
redistribution of electrons inside the internal 4f subshells. A 
less transitions are delicate to the environment and turn out to 
be increasingly extreme and such advances are known as 
hypersensitive transitions. For Y2O2S:Eu3+ phosphor the 
emission in the range 610 - 620 nm is because of 5D0→

7F2 is 
electric dipole transition and considered as hypersensitive 
transition. 
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 In the present work, prepared material gives bright emission 
because its transition obey the selection rule ΔJ=2. The 

orange emission observed in the range of 590 to 596 nm is 
because of 5D0→

7F1 transition, with the selection rule ΔJ=1 is 

a magnetic-dipole transition. According to literature, 
inversion symmetry occurred in Eu3+ when 5D0→

7F1 
transition is dominant. On the contrary, if Eu3+ does not 
occupy the inversion symmetry site, the 5D0→

7F2 transition is 
dominant. The luminescence property of material depends on 
the concentration of the dopants. In the present study, when 
concentration of Eu3+ ions increased then the distance 
between Eu3+ ions becomes less and this results in the 
migration of excitation energy among Eu3+ ions leading to 
quenching of the emission. The maximum emission intensity 
is observed at 5mol% of Eu3+ concentration and decreases 
with further increase in concentration of Eu3+ ions [10]. 

 
Figure 10: Emission spectra of Y2O2S:Eu3+phosphor at 
λex=468 nm. 
 

iii)  PL Emission Of Tb3+ In Y2O2S  

Figure 11 show the excitation spectra of Y2O2S:Tb3+ 

phosphor in the 220–500 nm range, monitored at 545 nm 
emission wavelength. The overall excitation spectrum of Tb3+ 
can be divided into two parts. First part is in the wavelength 
range from 220-320 nm comprising of 4f8 →4f

75d1 transitions 
and other part of the excitation spectrum in the wavelength 
range 320–500 nm which is due to 4f8

→4f
8 transitions of the 

Tb3+ ions [24]. 
 

 
Figure 11: Excitation spectrum of Y2O2S:Tb3+phosphor. 

There are several excitation peaks in the 320 to 400 nm 
region corresponding to transitions between 7F6 and the 

various excited states belonging to the 4f8 electronic 
configuration of Tb3+ ions. The excitation peaks at 352 nm 
(7F6→

5L9) and 380 nm (7F6→
5G6) were due to forbidden 4f-4f 

transition of Tb3+ ions. Though there were significant 
absorption at 260 nm for Y2O2S:Tb3+ 

we have chosen λex=305 
nm as excitation for Y2O2S:Tb3+, as it is more suitable for near 
UV excitation in white LED and therefore, Y2O2S:Tb3+ has 
potential to be used as near-UV LED phosphor. The emission 
spectra of Y2O2S:Tb3+ is determined by the transitions of 
electrons from an upper (5D3) and a lower (5D4) excited level 
to the multiple levels 7FJ (J = 0, 1, 2, 3, 4, 5, 6) of the 4f8 
configuration. The emission of terbium doped phosphor is 
mainly in the green region due to the 5D4→

7FJ transitions and 
the blue emission contributes to the emission from the higher 
level transitions 5D3→

7FJ [25].  
 
Figure 12 shows the emission spectra of Y2O2S:Tb3+ 

phosphors under the excitation wavelength of 305 nm. The 
emission peaks were found in the region 485-495, 545 and 
580-600 nm, which were assigned to the 5D4→

7FJ (J = 6, 5, 4) 
transition of Tb3+ ions. 
 

 
Figure 12: Emission spectra of Y2O2S:Tb3+phosphor at 
λex=305 nm. 
 

As expected, the spectral shift was not observed because 
the 4f shell of Tb3+ was well shielded by 5s and 5p shells. 
Moreover, the emission from 5D3→

7FJ level are quenched by 
the cross relaxation [Tb3 (5D3) + Tb3 (7F6) → Tb

3 (5D4) + Tb3 

(7F1)]. The cross relaxation process produces the rapid 
population of the 5D4 level at the expense of 5D3, resulting in a 
strong emission from the 5D4 to the 7FJ level [26–27]. 
Generally, the cross relaxation is observed at higher Tb3+ 
concentration. The occurrence of PL emission quenching at 
higher concentration of Tb was witnessed, which is due to the 
cross relaxation. This is in good agreement with the results 
reported in literature. The luminescent mechanism of 
phosphor is due to competition between the optical activation 
of Tb3+ ions which results in increase of PL intensity and the 
clustering of Tb3+ causes concentration quenching. At lower 
concentration of Tb3+, the first mechanism is dominant in the 
luminescence process and the PL intensity increases with the 
increase in concentration of Tb3+ [28].  
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Figure 12 also shows the relative PL intensities of 545 nm (5D4→
7F5) emission

under 305nm excitation for Y2O2S:Tb3+ phosphors. Up to 
2mol% concentration of Tb3+ ion the PL intensity of 545 nm 
emission peak increases with increase of Tb3+ ion 
concentration after that the PL intensity of 545 nm emissions 
decreases.  As the concentration of Tb3+ exceed the critical 
concentration, distance between Tb3+ ions become shorter, 
which cause activator to form pairs and thus results in 
concentration quenching. The emission intensity reached its 
maximum value at about 2 mole% doping concentration in the 
Y2O2S:Tb3+ phosphor [24]. 
 
F.   Chromatic Properties 
 

The Commission International de l Eclairage (CIE) 1931 
diagram of the prepared Y2O2S:RE3+ phosphor (Where RE3+ 

= Dy3+, Eu3+ or Tb3+) is shown in figure 13. 

 
The chromatic co-ordinates (X, Y) are calculated using the 

color calculator radiant imaging software and are summarized 

in table 1 given on page 10. The emitting color of the 
phosphor can be tuned in the respective color region either by 
changing the concentration of dopant or by changing the 
excitation wavelength [29, 30]. 

IV. CONCLUSION 

In summary, we have successfully synthesized and 
investigated the luminescent properties of the 
Y2O2S:RE3+(RE3+ = Dy3+, Eu3+ or Tb3+) phosphors. The use 
of flux reduces the reaction temperature and enhances the 
reaction rate, finally results in single phase Y2O2S compound. 
The emission color of the obtained phosphors can be 
modulated either by controlling the doping content of the rare 
earth ions or by fixing the doping content and varying the 
excitation wavelength. The developed Y2O2S:RE3+(RE3+ = 
Dy3+, Eu3+ or Tb3+) phosphor can be stimulated (excited) in 
n-UV domain which is most desired requirement for 
commercially producing white light emitting diodes. The 
synthesized phosphor emits bright color in the blue, yellow, 
green and red region. Hence, it has likely potential to be used 
in phosphor converted light emitting diodes as a primary color 
emitter in 3 band pc-LEDs or red spectrum enhancer in yellow 
phosphor converted white light emitting diodes and therefore 
results indicate that these phosphors may be a promising 
candidates for white LEDs. 
 
 

Figure 13: Chromatic graph of Y2O2S: RE3+ phosphor 
(RE3+ = Dy3+, Eu3+ and Tb3+). 
  
Table I: The (X, Y) chromatic co-ordinates for Y2O2S: RE3+ phosphor (RE3+ = Dy3+, Eu3+ and Tb3+).

 
Name of 
sample 

 
Excitation (nm) 

 
Emission 

(nm) 

 
(X,Y) 

Coordinates 

 
Color region 

Y2O2S: Dy3+ 388 
487 
574 

(0.059, 0.235) 
(0.472, 0.527) 

Blue 
Yellow 

Y2O2S: Eu3+ 396 
594 
620 

(0.598, 0.402) 
(0.692, 0.308) 

Orange 
Red 

Y2O2S: Tb3+ 305 
485 
545 

(0.069, 0.201) 
(0.265, 0.724) 

Blue 
Green 
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Abstract Single phase Sr5(PO4)3Br:RE3+ (RE3+= Dy3+, Eu3+ or 

Tb3+) phosphors were prepared by solid state reaction method and 
optical properties were investigated for the possible applications in 
white light emitting diodes (LED) and display devices. Prepared 
phosphors are characterized by X-ray diffraction, scanning 
electron microscopy, photoluminescence (PL) and FT-IR 
spectroscopy. The PL properties of Sr5(PO4)3Br:Dy3+ phosphor 
shows the characteristic emission of blue (479 nm) and yellow 
(575 nm) light under near UV excitation of 387nm,  
Sr5(PO4)3Br:Eu3+ shows characteristic orange (590 nm) and red 
(613 nm) under near UV excitation of 396 nm and 
Sr5(PO4)3Br:Tb3+ shows green (545 nm) emission under 379 nm 
excitation. The results indicate that the RE3+ activated 
bromoapatite phosphor could be promising candidate for near 
UV-based white LEDs and display devices. 

 
Keywords: Bromoapatite, FT-IR, Photoluminescence, Rare 

earth, SEM, XRD. 

I. INTRODUCTION 

A phosphor is a luminescent material that absorbs radiation 
energy in a UV portion of the electromagnetic spectrum and 
emits energy in another visible portion of the electromagnetic 
spectrum. Phosphors are crystalline inorganic compounds in 
which small quantities of other elements, called “activators” 

are added to convert them into efficient fluorescent materials. 
With proper combination of activators and inorganic 
compounds, the color of the emission can be controlled. Most 
useful and well-known phosphors emit radiation in the visible 
portion of the electromagnetic spectrum in response to 
excitation by electromagnetic radiation outside the visible 
range. A light-emitting phosphor consists of a host lattice into 
which activator ions such as rare earths are doped at a few 
mol% [1]. White light-emitting diodes offer several 
advantages in terms of energy saving, reliability, and safety 
and therefore have become important in recent years. 
Nowadays, one of the most important part of optoelectronic 
devices are light emitting diodes (LEDs) because several 
factors are driving their development.  
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The most important ones are brightness, efficiency 
flexibility, lifetime, rugged construction, low power 
consumption and suitable driving voltage. These properties 
are contributing to growth in markets such as traffic lights, 
automotive brake signals displays, decorative signs and the 
many uses of the new white LED-based products [2]. 

 To increase the efficiency of white LEDs, special attention 
has recently been paid to the development of new phosphors 
with good luminescence properties that can be excited in the 
near UV range (350–420 nm) for display devices [3]. Apatite 
phosphors also known as alkaline-earth-metal halo 
phosphates, which are naturally occurring materials, have 
recently been used for field-emission displays (FEDs) and 
would be suitable for white LEDs in the near future because of 
their low price, environmental friendliness, thermal stability 
and good photoluminescence properties. 

 Apatites have the generic molecular formula M5(PO4)3X 
(M=Ca, Sr, Ba; X=F, Cl, Br, OH). Apatite is one of the most 
interesting types of new inorganic materials due to the ability 
of the tetrahedral PO4

3- group to bond with other structural 
units. Apatites are well known phosphor materials for their 
applications as laser hosts, and biocompatible materials. 
Among these, Ba5(PO4)3Cl:Eu2+ is a promising material for 
X-ray imaging. Sr5(PO4)3Cl:Eu2+ is an efficient photo 
luminescent material, used in high efficiency compact 
fluorescent lamp. To the best of our knowledge the reports on 
optical properties of rare earth doped Sr5(PO4)3Br phosphors 
has not reported yet. Hence, in this work the PL study of Dy3+, 
Eu3+ and Tb3+ doped Sr5(PO4)3Br phosphors are undertaken 
[3]. 

II.  EXPERIMENTAL METHOD 

Bromoapatite phosphors Sr5(PO4)3Br reported here were 
prepared by the solid state reaction method. The pure starting 
materials were Sr(NO3)2, NH4H2PO4, NH4Br, Dy2O3, Eu2O3 
and Tb2O3 were used for preparation of Sr5(PO4)3Br 
materials. The formation of Sr5(PO4)3Br (pure) and 
Sr5(PO4)3Br:RE3+ are shown by following chemical reaction: 
 
10Sr(NO3)2 + 6NH4H2PO4 + 2NH4Br = 2Sr5(PO4)3Br + 
19O2↑ + 22H2O↑ + 14N2↑ 

In this synthesis the stoichiometric quantities of raw 
materials were weighted and mixed thoroughly by crushing 
mechanically for 1hr in agate mortar. These dry powders were 
then heated in a muffle furnace, at around 1500C for 2hrs.  
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The powders were again crushed and heated at 4000C for 
2hrs to remove all gases. The powders were crushed and 
finally annealed at about at 9000C for 6 hours in air by slowly 
Increasing the temperature of muffle furnace, and then cooled 
down slowly to room temperature. The powder were crushed 
again in agate mortar as done previously. Finally the samples 
were quenched at 11000C after heating 1hour to observe the 
effect of raising the temperature on intensity of PL emission. 
Same method were utilized for the preparation of the rare 
earth (Dy3+, Eu3+ and Tb3+ ) doped phosphors in various molar 
concentration (0.1-2mol%). 

  The X-ray powder diffraction method using Cu Kα 

radiation was used for the prepared host lattice Sr5(PO4)3Br to 
characterized it for phase purity and crystallinity. Phosphors 
morphology was checked by a scanning electron microscope 
(SEM). Bruker Fourier transform infrared spectrometer was 
used to record infrared spectra. It was taken in the range of 
500 to 4000cm-1. The excitation and emission spectra, for the 
measurement of spectroscopic properties, were recorded at 
room temperature on Shimadzu make RF5301PC 
spectro-fluorometer using a spectral slit width of 1.5nm.for all 
samples [4]-[6]. 

III. RESULTS AND DISCUSSION 

A. X-ray Diffraction (XRD) 

X-ray diffraction analysis was carried out to confirm the 
forming of prepared host by solid state method. Figure 1 
shows the diffraction data pattern for the prepared pure 
Sr5(PO4)3Br phosphor host. The sharp diffraction peaks of 
XRD patterns of strontium bromoapatite confirms the 
forming of a crystalline Sr5(PO4)3Br host. It shows good 
similarity with ICDD data file 89-5876 of Sr5(PO4)3Br. 
 

 
Figure 1: XRD pattern of synthesized Bromoapatite 

Sr5(PO4)3Br Phosphors. 

 
The XRD diffraction pattern of prepared Sr5(PO4)3Br host 

did not indicate existence of the nitrate component and the 
remains of ammonia. This shows an indirect evidence for the 
homogeneous formation of the prepared Sr5(PO4)3Br host. 

The crystal structure of prepared Sr5(PO4)3Br  host was 
refined precisely using the single crystal  structure model 
of Sr5(PO4)3Br from XRD data, earlier by the Rietveld 
method [7] . The prepared Sr5(PO4)3Br host has same 
structure with Sr5(PO4)3Br and belongs to P63/m space group 
with  cell parameters are a0 = 9.9641(1)Å, c0 = 7.2070(1) Å, 
α=β=90°, γ=120°, Z=2 [8] [8]-[10]. 

B. Surface Morphology 

The surface morphology and crystallite sizes were 
investigated by scanning electron microscope analysis for the 
prepared Sr5(PO4)3Br host. It is shown in figure 2. The SEM 
observations of the sample shows highly agglomerated 
crystallite morphology. Estimation of particle size is 
uncertain as the particles are highly amassed together. At 
higher magnification, SEM analysis shows the presence of 
particles in the submicron range in some regions of the SEM 
micrographs with irregular spherical morphology [11]. 
 

 
Figure 2: Scanning electron microscope (SEM) 

micrographs of synthesized Bromoapatite Sr5(PO4)3Br. 

C. FT-IR Analysis 

The infrared spectrum for bromoapatite Sr5(PO4)3Br 
phosphors is as shown in figure 3. The phosphate group is the 
only and essential polyatomic ion in bromoapatite 
Sr5(PO4)3Br phosphors. A unit cell of phosphate group PO4

3- 

contains three phosphorous atoms. Each phosphorous atom is 
surrounded by a tetrahedron of oxygen atoms. The most 
characteristic chemical group in the FTIR spectrum of 
synthesized bromoapatite is PO4

3-. 
 

 
Figure 3: FT-IR spectrum of synthesised Bromoapatite 

Sr5(PO4)3Br phosphors. 

 
The infrared spectra of bromoapatite show characteristic 

bands originating from P-O or O-P-O vibrations present in 
[PO4] tetrahedral. These are the bands due to the symmetric 
stretching vibration ν1 (933 cm-1

) and ν3 asymmetric 
stretching modes (1084 cm-1 and 1008 cm-1) vibrations as well 
as bands originating from the asymmetric vibrations ν4 (590 
cm-1, 561 cm-1) occurring within these tetrahedral. In addition, 
the peak at 737 cm-1, implies the presence of P2O7

4- group 
which is a characteristic to strontium bromo phosphate phase. 
It is further inferred that the prepared host is free from nitrate 
group (2213-2034 cm-1).  
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It is also observed that OH- bands completely evaporated 
in a prepared bromoapatite host, implying that bromine ions 
have been substituted effectively and therefore the 
characteristic bands of the (PO4)

3- groups are observed [4]. 

D.  PL Emission Of RE3+ In Sr5(PO4)3Br 

i) Luminescence Studies Of  Sr5(PO4)3Br:Dy3+ 

The PL excitation and emission spectra of the as prepared 
Dy3+ activated Sr5(PO4)3Br phosphor are shown in figure 4. 
The excitation spectrum for all the Sr5(PO4)3Br phosphors 
with various Dy3+ concentrations was  observed at 575nm 
emission corresponding to the 4F9/2→

6H13/2 transition of  
Dy3+. The excitation peaks observed at 350nm (6H15/2→

6P7/2), 
365nm (6H15/2→

6P5/2) and 387nm (6H15/2→
4I13/2) were due to 

f-f transition [12]. We chose 387nm as excitation wavelength 
amongst all these three near UV excitation peaks, because it is 
more intense and suitable for solid state lighting for display 
devices [13]. 
 

 
Figure 4: Excitation and emission spectra of 

Sr5(PO4)3Br:Dy3+ phosphors. 

The emission spectra of Sr5(PO4)3Br:Dy3+  (Dy3+  mol% = 
0.1, 0.2, 0.5, 1 and 2) phosphors excited at 387nm range 
display two predominant peaks at  479nm (blue, 4F9/2→

6H15/2) 
and 575 nm (yellow, 4F9/2→

6H13/2) zone[11]. The blue 
emission is due to magnetic dipole transition, and the yellow 
emission belongs to the hypersensitive (forced electric dipole) 
transition following the selection rule, ΔJ = 2 [4]. The 

magnetic dipole transition gives blue emission and the yellow 
emission is due to hypersensitive forced electric dipole 
hypersensitive transition. It follows ΔJ = 2 selection rule. It is 

known that the blue emission (4F9/2→
6H15/2) at 479nm is 

insensitive to the crystal field around the Dy3+ ions and the 
yellow emission (4F9/2→

6H13/2) at 575nm is hypersensitive 
transition and it is strongly influenced by the surrounding 
environment around Dy3+ [12]-[14]. In this prepared host, the 
stronger yellow emission implies that low symmetry sites 
(without inversion symmetry) have been occupied by Dy3+ 
ions. Due to the porosity of spinal structure, the Dy3+ ion may 
enter into the host lattice to substitute Sr2+ ions as the ionic 
radii of Dy3+ ions (912 pm) are much smaller than that of Sr2+ 
ions(118pm)[15]. 

Dependence of luminescence intensity on concentration of 
Dy3+ ions for Sr5(PO4)3Br:Dy3+ prepared phosphor is shown 
in inset of figure 4. The optimum concentration is 1mol% and 

decreases for higher concentration due to concentration 
quenching.  

The yellow to blue (Y/B) emission intensity ratio is 
depicted in inset of figure 4. By carefully observing the 
emission spectra it is found that the yellow to blue (Y/B) 
emission intensity ratio is greater than 1. This confirms that 
Dy3+ ions occupy low symmetry site with no inversion 
symmetry in Sr5(PO4)3Br prepared host [16].  

ii) Luminescence Studies Of  Sr5(PO4)3Br:Eu3+ 

The PL excitation and emission spectra of the prepared 
Sr5(PO4)3Br:Eu3+ phosphors are shown in figure 5. It is 
obtained by tracking the red emission at 613nm and near UV 
excitation at 396nm, respectively. The excitation band 
observed at 396nm (7F0→

5L6) was sharp and caused by f-f 
transition. 
 

 
Figure 5: Excitation and emission spectra of 

Sr5(PO4)3Br:Eu3+ phosphors. 

The characteristic emission bands of Sr5(PO4)3Br:Eu3+ 
phosphor are in the region of 580 to 640nm corresponding to 
intra 4f-shell transitions of 5D0→

7FJ (J=0, 1, 2, 3, 4) of Eu3+. 
With λex= 396nm, the emissions at 590nm (Orange, 5D0→

7F1, 
magnetic dipole) and 613 nm (Red, 5D0→

7F2, electric dipole 
which is hyper sensitive) were found with emission peaks 
differing only in their relative intensity values. The intensity 
of emission at 590nm and 613nm was found to be almost 
equal.  

Dependence of luminescence intensity on concentration of 
Eu3+ ions for Sr5(PO4)3Br:Eu3+ prepared phosphor is shown in 
inset of figure 5. The highest luminescent intensity is 
observed at 1 mol% and then decreases with the increase in 
concentration of the Eu3+ activator ions due to concentration 
quenching effect [4][17].  

iii)  Luminescence Studies Of Sr5(PO4)3Br:Tb3+ 

The PL excitation and emission spectra of the prepared 
Tb3+ activated Sr5(PO4)3Br phosphors are shown in figure 6. 
The excitation peaks associated with f-f transitions were 
observed at 351nm (7F6→

5L9), 371nm (7F6→
5G5) and 379nm 

(7F6→
5G6). Amongst these, excitation wavelength above 

379nm is taken which is more suitable for solid state lighting 
and display devices [7][18]. 
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Figure 6: Excitation and emission spectra of 

Sr5(PO4)3Br:Tb3+ phosphors. 

Sr5(PO4)3Br:Tb3+ phosphor shows sharp and intense 
narrow green emission (5D4→

7F5, magnetic dipole transition 
(ΔJ = ±1))  at 545nm with other weak blue emission 

(5D4→
7F6) at 491nm, and very weak yellow emission ( 

5D4→
7F4) at 585nm due to 4f - 4f transitions of Tb3+ ions. The 

PL emission peaks differs only in their relative intensity. The 
emission from the higher energy level (5D3 → 

7FJ (J = 3, 4, 5, 
6)) in the blue spectral region is not observed. The reason for 
this may be the formation of terbium ions pairs (Tb-Tb) and 
because of this the excitation energy of the 5D3 level relaxes to 
the 5D4 level by cross relaxation. Another possible reason for 
this may be due to fast relaxation from 5D3 level since its 
lifetime is very small [19]-[21]. 

Dependence of luminescence intensity on concentration of 
Tb3+ ions for Sr5(PO4)3Br:Tb3+ prepared phosphor is shown in 
inset of figure 6. Up to 1 mol%, the PL intensity rises with 
increase of Tb3+ ion concentration and thereafter falls at 
higher concentrations due to concentration quenching [22]. 

iv) Effect Of Temperature On PL Intensity Of 
Sr5(PO4)3Br:RE3+ (Where RE3+= Dy3+, Eu3+, 
Tb3+) 

The prepared samples of Sr5(PO4)3Br:RE3+ were quenched 
at  11000C for 1 hour and their excitation and emission spectra 
were compared with the samples annealed at 9000C for 6 
hours. The two spectra i.e. one annealed at 9000C for 6 hours 
and the as-quenched one are identical but with a large 
difference in intensity. It implies that the local environment 
for the RE3+ (RE3+ = Dy3+, Eu3+, Tb3+) ions remains same in 
both. A rise in emission intensity in as quenched sample is due 
to the better crystallinity of Sr5(PO4)3Br, which further could 
be attributed to the reduced surface area due to the reduction 
of the concentration of inherent defective states or adsorbed 
species [23][24]. 

a) Effect Of Temperature On PL Intensity Of 
Sr5(PO4)3Br:Dy3+ 

In figure 7, excitation and emission spectra of a quenched 
sample of Sr5(PO4)3Br:Dy3+ is shown which indicates the 
radical change in the yellow to blue (Y/B) ratio. The yellow to 
blue (Y/B) ratio for Sr5(PO4)3Br:Dy3+ as quenched sample is 
found to be less than one indicating that magnetic dipole 

transition (Blue emission, 4F9/2→
6H15/2) of Dy3+ take up high 

symmetry site (with an inversion centre), prominently 
[25]-[27]. 
 

 
Figure 7: Excitation and emission spectra of quenched 

Sr5(PO4)3Br:Dy3+ phosphors. 

b) Effect Of Temperature On PL Intensity Of 
Sr5(PO4)3Br:Eu3+ 

In figure 8, excitation and emission spectra of a quenched 
sample of Sr5(PO4)3Br:Eu3+ is shown which indicates the 
drastic change in the red to orange colour emission. It 
suggests that the local environment for the Eu3+ ion is same 
in both. The ration of red to orange colour emission  for 
annealed and as quenched sample is found to be greater than 
one and hence we can infer that Eu3+ ions did not take up 
inversion symmetry site in Sr5(PO4)3Br [4]. 

 

Figure 8: Excitation and emission spectra of quenched 
Sr5(PO4)3Br:Eu3+ phosphors. 

c) Effect Of Temperature On PL Intensity Of 
Sr5(PO4)3Br:Tb3+ 

Figure 9 shows the excitation and emission spectra of a 
quenched sample of Sr5(PO4)3Br:Tb3+ . The change in the 
intensity of excitation and emission spectra implies that the 
local environment for the Tb3+ ion is same in both. 
 



International Journal of Innovative Technology and Exploring Engineering (IJITEE) 
ISSN: 2278-3075 (Online), Volume-9 Issue-4, February 2020 

2066 

Published By: 
Blue Eyes Intelligence Engineering 
& Sciences Publication  

Retrieval Number: D1386029420/2020©BEIESP 
DOI: 10.35940/ijitee.D1386.029420 
Journal Website: www.ijitee.org 

 
Figure 9: Excitation and emission spectra of quenched 

Sr5(PO4)3Br:Tb3+ phosphors. 

E.   Chromatic Properties 

The figure 10 shows the CIE (Commission International de 
l Eclairage) chromaticity co-ordinates of the prepared 
phosphor Sr5(PO4)3Br:RE3+ (RE= Dy3+, Eu3+, Tb3+). The (X, 
Y) chromatic co-ordinates are calculated using the colour 
calculator radiant imaging software for Sr5(PO4)3Br:RE are 
summarized in table III [4][13]. 

The comparison of percentage change in excitation and 
emission intensity of PL spectra is summarized in table I and 
table II, respectively. 
 

 
Figure 10: Chromatic graph of Sr5(PO4)3Br:RE3+ 

(RE3+ = Dy3+, Eu3+, Tb3+)  phosphor excited near UV 
excitation. 

 
 

 
Table I: % increase in intensity of excitation spectra of Sr5(PO4)3Br:RE3+ phosphors. 

 

 
PHOSPHOR 

Conc. 
(Mol%

) 

Excitation Spectrum 
(9000C, 6 Hours.) 

Excitation spectrum 
(11000C, 1 Hours.) Increase in intensity 

(%) λex (nm) Intensity (au) λex (nm) Intensity (au) 

Sr5(PO4)3Br:Dy3+ 1 387 38 387 59 55.26 

Sr5(PO4)3Br:Eu3+ 1 396 22 396 74 236.36 

Sr5(PO4)3Br:Tb3+ 1 379 110 379 110 00.00 

 
Table II: % increase in intensity of emission spectra of Sr5(PO4)3Br:RE3+ phosphors. 

 
 
 

PHOSPHOR Conc. 
(Mol%) 

Emission Spectra 
(9000C, 6 Hours) 

Emission spectra 
(11000C, 1 Hours) Increase in intensity 

(%) 
λem 

(nm) 
Intensity (au) 

λem  
(nm) 

Intensity (au) 

Sr5(PO4)3Br:Dy3+ 1 
479 
575 

85 
69 

479 
575 

95 
73 

11.76 
5.79 

Sr5(PO4)3Br:Eu3+ 1 613 25 613 85 240.00 

Sr5(PO4)3Br:Tb3+ 1 545 177 545 210 18.64 

 
Table III: The (X, Y) chromatic co-ordinates for synthesised Sr5(PO4)3Br:RE3+ phosphors. 

PHOSPHOR Excitation (nm) Strong Emission (nm) 
(X,Y) 

Coordinate 
Colour 
Region 

Sr5(PO4)3Br: Dy3+ 387 
479 
575 

(0.095, 0.121) 
(0.478, 0.520) 

Blue 
Yellow 

Sr5(PO4)3Br: Eu3+ 396 613 (0.674, 0.325) Red 

Sr5(PO4)3Br: Tb3+ 379 545 (0.265, 0.724) Green 
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IV. CONCLUSION 

The bromoapatite   Sr5(PO4)3Br doped  with  different  
concentrations  of  RE3+  (RE3+ = Dy3+, Eu3+, Tb3+) ions  have  
been  synthesized  by solid state diffusion method and  are  
characterized for their physical properties through XRD, 
SEM, FT-IR, absorption and luminescence spectra 
measurements. Solid state lighting phosphors uses Hg free 
excitation in the 300 to 400 nm range. The excitation spectra 
of Sr5(PO4)3Br: RE3+ has shown good absorption in near UV 
region. The emissions of prepared Sr5(PO4)3Br:RE3+ (RE= 
Dy3+, Eu3+, Tb3+) phosphors are observed at 479 nm (Yellow), 
575nm (Blue) for Dy3+ ions,  593nm (Orange), 613 nm(Red) 
for Eu3+ ions and 545 nm (Green) for Tb3+ ions, when excited 
by near UV excitation source. Based on the results obtained in 
the present work, we propose that, these optoelectronic 
luminescent phosphors have possible applications as a near 
UV convertible phosphor for white light emitting diodes and 
display devices. 
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Abstract: RE3+(RE3+ = Ce3+, Dy3+, Eu3+ and Tb3+) doped La2O2S 

phosphors was synthesized by solid state flux fusion method and 
their down conversion spectral properties were studied as a 
function different RE3+ concentrations and reported in this paper. 
The solid state flux fusion results in well crystallized hexagonal 
shaped phosphor particles. The samples were characterized by 
XRD, SEM, FT-IR photoluminescence (PL) and CIE colour 
co-ordinates techniques. The lanthanum oxysulphide  (La2O2S) 
phosphor doped with Ce3+ shows broad band emission with peak 
at 390 nm and 415 nm when excited at 340 nm excitation. 
La2O2S:Dy3+ shows efficient blue and yellow band emissions at 
480 nm and 572 nm. La2O2S:Eu3+ phosphor shows an orange and 
red emission at 590 nm and 615 nm. Whereas La2O2S:Tb3+ 
phosphor shows weak blue emission at 488 nm and strong green 
545 nm. The excitation spectra used for the La2O2S:RE3+ (where 
RE3+ = Ce3+, Dy3+, Eu3+ and Tb3+) phosphors is in the near UV 
region extending from 350 to 400 nm, which is characteristics of 
near UV excited LED. The effect of the RE3+ (RE3+= Ce3+, Dy3+, 
Eu3+ and Tb3+) concentration on the luminescence properties of 
La2O2S:RE3+ phosphors were also studied. The investigated 
prepared La2O2S phosphors may be suitable for a near UV excited 
W-LED. Keywords: Oxysulphide, SEM, FT-IR, PL, SSL, CIE. 

I. INTRODUCTION 

Global demand for phosphor materials as efficient sources 
of energy is growing day by day and therefore the 
development of luminescent materials is the subject of 
extensive research in the recent years. Particular interest has 
been focused on inorganic luminescent materials, which have 
practical applications in almost all devices involving the 
artificial production of light [1]. In the last decade, there has 
been a dramatic increase in the number of research on 
solid-state lighting (SSL) and phosphor materials to generate 
white light using light emitting diodes (LEDs) as a new light 
source for general lighting and displays [2].  
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SSL technology has several advantages over conventional 
fluorescent lamps such as reduced power consumption, 
compactness, efficient light output, and longer lifetime. 

The conventional white light illumination are mostly 
composed of blue-emitting InGaN chip and yellow phosphor, 
typically Y3Al5O12:Ce3+ (YAG) [3, 4], which exhibits high 
luminescence efficiency and chemical stability. The 
combination of blue chip and YAG, however, show a lower 
colour rendering index (Ra) of ~80 due to the lack of red 
colour contribution. In the second approach, combination of 
blue LED with two other phosphors emitting red and green 
light are used. In third approach, three different phosphors 
which emit red, green and blue light are developed to cover 
nUV LEDs. The advantage of these LEDs is that they provide 
large colour area in the CIE diagram and thus enabling the 
light source more like sunlight. There are only a limited 
number of phosphor materials that are suitable for this this 
type of W-LEDs mentioned in third approach.  

Lanthanide oxysulphides are known as wide gap (4.6 – 4.8 
eV) semiconductors and widely used as efficient phosphorent 
material host for variety of applications in lighting and 
display.La2O2S:RE3+ (Where RE3+ = Ce3+, Dy3+, Eu3+ and 
Tb3+) is excellent material of current interest owing to their 
interesting opto-electronic properties. The aim of this work is 
to investigate and examine the luminescence properties of a 
La2O2S:RE3+ (Where RE3+ = Ce3+, Dy3+, Eu3+ and Tb3+) 
phosphor material with improved photo luminescent 
properties for lighting applications that can be excited in the 
near ultraviolet region. The improvement of luminescence 
intensity through energy transfer from co-doped Ce3+ to Dy3+, 
Eu3+ and Tb3+ in La2O2S host is also discussed in this work. 

II.  EXPERIMENTAL METHOD 

A high temperature solid state flux fusion method was used 
for synthesising La2O2S:RE3+ (Where RE3+ = Ce3+, Dy3+, Eu3+ 
and Tb3+) phosphor. The starting materials are Lanthanum 
oxide (La2O3), Sulphur powder (S) and flux Sodium 
carbonate (Na2CO3), Tri potassium Phosphate (K3PO4). 
Different flux materials such as Sodium carbonate(Na2CO3) 
and Tripotassium Phosphate (K3PO4) are used to increase the 
powder reactivity reaction rate, matrix formation and 
activator incorporation.  
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These flux materials, which have melting point below the 
temperature of phosphor formation and dissolving partially 
one or both of the reactants, take no part in the solid-state 
reaction and undergo no reaction with the product [5,6].  Both 
S and Na2CO3 were 30 to 50 weight % and K3PO4 was 20 
weight % of the total weight.  

The dopants were Ammonium Hexanitratocerate 
(NH4)2Ce(NO3)6) for Ce, Dysprosium oxide (Dy2O3) for Dy,  
Europium oxide (Eu2O3,) for Eu and Terbium Oxide (Tb2O3) 
for Tb. The starting materials with dopants in stoichiometric 
ratio were thoroughly mixed using agate mortar and preheated 
at 100OC then fired at 1150 0C for 90 min in a muffle furnace. 
When the furnace was cooled down to room temperature the 
samples were taken out and washed with distilled water 6 
times and finally with a mild hydrochloric acid. The washed 
powder was subsequently dried and crushed to fine powder 
using agate mortar. 

The formation of La2O2S phosphor particle follows the 
chemical formula:  
La2O3 +RE2O3 +Flux (S+Na2CO3 +K3PO4) →La2O2S: RE + 
flux residues (Na2Sx +Na2SO4) + gaseous products (HS+SO4 
+CO2 +O) 

The phase purity and structure of the final products of the 
oxysulphide phosphors La2O2S was examined by x-ray 
powder diffraction using Cu Kα radiation on a BRUKER – 
analytical x-ray diffractometer. Phosphor morphology was 
observed by a Geol-6380A scanning electron microscope 
(SEM). Infrared spectra of the pure La2O2S was recorded 
using a Bruker Fourier transform infrared spectrometer. For 
the measurement of spectroscopic properties, the excitation 
and emission spectra for all samples were recorded on 
Shimadzu make RF-5301PC spectrophotofluorometer using 
solid sample holder. Emission and excitation spectra were 
recorded using a spectral slit width of 1.5 nm at room 
temperature. The co ordinations in the xy-chromaticity 
diagram are directly calculated from the fluorescent spectra 
(CIE 1931). All measurements were made at room 
temperature. 

III. RESULTS AND DISCUSSION 

A. X-ray Diffraction (XRD) 

The comprehensive analysis of phase verification, 
structural parameters and crystalline structure of La2O2S 
phosphor was carried out by powder X-ray diffraction  using        
diffractometer with CuKα radiation            ) at operating 
voltage 4  KV, 3  m  and in the range 2θ of    – 90 degree, 
prepared by solid state diffusion method at room temperature 
. The XRD pattern of the synthesised phosphor material 
La2O2S is as shown in figure 1. It is found that ac uired 
diffraction pea s of the phosphor prepared at        c are in 
well agreement with the standard ICDD file No 71-2098. The 
sample was visually ensured and found to be physically stable 
(non-hygroscopic) and purely milky white in appearance. The 
obtained pattern reveals that La2O2S powder was formed with 
no contaminated phases, and implies the complete formation 
of the homogeneous phosphor material. Reasonably all the 
diffraction peaks can be indexed to the high crystallinity and 
high purity of La2O2S. The XRD pattern did not indicate the 

existence of the constituents and other likely phases which are 
direct authentication of the formation of the phosphor. 
 

 
Figure 1: XRD pattern of La2O2S pure and La2O2S:RE3+ 

(Where RE3+= Ce3+, Dy3+, Eu3+, and Tb3+). 
 

B. Surface Morphology 

Surface morphology of the phosphor was examined by 
using scanning electron microscopy (SEM, JED-2300) 
equipped with an energy dispersive spectrometry attached to 
the JEOL 6380A. SEM images provide the direct information 
about the size and typical shapes of the prepared samples. 
SEM micrographs of La2O2S and Y2O2S phosphors are shown 
in figure 2. The obtained micrographs show that the particles 
agglomerate and the average grain size diameter is in the 
range of 300–800 nm submicron range. It is clearly seen that 
the sample consists of microspheres with a slight agglomerate 
phenomenon and is irregularly spherical shaped morphology 
with a mean diameter of about 300–800 nm. The particle sizes 
strongly depend on the synthesis methods and synthesis 
conditions. The particle size and surface morphology which 
always affect the luminescent properties could be well 
controlled to improve the luminescent performance. 
 

 
Figure 2: Scanning electron microscope (SEM) image of 

synthesized La2O2S.. 
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C. Crystal Structure 

Crystal structure of La2O2S is shown in figure 3. The 
symmetry is trigonal and the space group is P3¯m 1. There is 
one formula unit per unit cell. The structure is very closely 
related to the A-type rare-earth oxide structure, the difference 
being that one of the three oxygen sites is occupied by a 
sulphur atom. Each metal atom seems to be bonded to four 
oxygen atoms and three sulphur atoms, to form a seven 
coordinated geometry with the oxygen and the metal in the 
same plane. 
 

 
Figure 3: Crystal structure of La2O2S. La (Pink), O (red) 

and S (yellow). (For interpretation of the references to 
color in this figure legend, the reader is referred to the 

web version of this article.) 

D. FT-IR Analysis 

Infrared spectroscopy exploits the fact that molecules have 
specific frequencies at which they rotate or vibrate 
corresponding to discrete energy levels. FT-IR spectra shown 
in figure 4 were recorded in the range of 500 to 4000 cm-1 to 
show the functional groups for pure La2O2S sample. The 
weak absorption band after 3500 cm-1 indicates the absorption 
of water from atmosphere. It is attributed to the stretching 
vibration of the O–H bond and the bending vibration of 
H–O–H from water molecules on the external surface of the 
samples during handling to record the spectra. It is a basic 
character of lanthanides to absorb water and carbon dioxide 
when they are exposed to atmosphere. For this reason storing 
of these compounds away from atmospheric condition is 
necessary [7–10]. The absorption band of cubic phase La2O2S 
appears at 544, 524 and 517 cm−1. A strong peak at 617 cm-1 is 
related to La-S stretching mode. The weak peak at 880 cm-1 
can be assigned to S-O stretching group. The weak 
absorbance at 1454 and 1101 cm−1 La-O are symmetric 
stretching mode. 

 
Figure 4: FT-IR spectrum of synthesized La2O2S 

phosphor. 
E.  PL emission of RE3+ in La2O2S (Where RE3+= Ce3+  , 

Dy3+ , Eu3+ , and Tb3+) 

i) PL emission of Ce3+ in La2O2S 

Figure 5  shows the excitation spectra in the 300–380 nm 
range and the emission spectra in the 350–500 nm range for 
samples La2(1-x)O2S: Cex (Where X = X = 0.5, 1, 2, 5, and 10 
mole %) at room temperature. The excitation spectrum is 
obtained by monitoring the emission at 415 nm. The broad 
band is observed at around 340 nm at room temperature. The 
excitation band at 340 nm is assigned to the lowest 4f–5d 
transition for Ce3+ in the host lattice.  A single 4f–5d 
excitation bands shows that the crystal field might not have 
split the excited state (5D1) into more than one component 
indicating that Ce3+ ions occupy one lattice site [11]. 

 
Figure 5: Excitation and emission spectra of synthesized 

La2O2S:Ce3+ phosphor. 
The PL emission spectra of Ce3+ ions in La2O2S phosphors 

with different concentrations under the excitation of 340 nm 
wavelengths of light is as shown in figure 5. It shows a double 
humped characteristics with a sharp strong peak at 390 nm 
and a broad strong peak at 415 nm which are assigned to the 
5d-4f transition of Ce3+ ions. It is clear that the emission bands 
correspond to the 5d-4f transition of Ce3+ ions. The 
characteristic emission of Ce3+ in the near UV region 
originates from parity allowed electric dipole transition 
between excited 5d and ground 4f states.  
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The 5d orbitals have their energy levels split by crystal 
effects into at least two sublevels of 5d. Due to spin orbit 
coupling the lowest sublevels of 5d can be further split into 
new components, as it is also the case for the ground state 
level 4f, which splits into the 2f5/2 and 2f7/2 sublevels. Thus 
excited state derived from the 5d state is sensitive to the 
crystal field and is coupled to the lattice vibrations which 
results in broad band emission rather than line emission. The 
energy structure of Ce3+ is such that localised multiphoton 
non-radiative relaxation and transfer cross relaxation 
quenching to other like ions are highly improbable and 
therefore the 5d luminescence of Ce3+ is strong and efficient. 
The crystal fields play an important role in  d→4f transitions 

because 5d levels are outside the Ce atomic nucleus. M. 
Raukas et al.[12-13] suggested that luminescence efficiency 
was determined by small but crucial differences on the 
location of the lowest 5d level relative to the conduction band. 

It may be induced by the difference in radius between La3+ 
(R = 103 pm) and Ce3+ (R = 100 pm), which will cause the 
distortion of lattice, the changes of the crystal field and the 
band gap. All these may cause the Ce3+ emission efficiency in 
La2O2S to change. It is also noticed that the peak positions of 
the emission bands for all Ce3+ doped La2O2S have not 
changed.  
 

 
Figure 6: Gaussian fitted curve for synthesised 

La2O2S:Ce3+ phosphor. 
 

The PL spectrum when further resolved by assuming a 
Gaussian profile for two emission peaks at 390 and 415 nm, 
attributed to the transitions of 5d to 2f5/2 and 2f2/7, respectively, 
gives the peak at 381 nm and 410 nm as shown in figure 6 . 
The energy difference between 381 and 410 nm was 
calculated to be ~1856 cm-1, which is close to theoretical 
value of ~2000 cm-1

  The sto e’s shift ΔS  λem=39  nm - 
λex=34  nm) and  λem=4   nm - λex=34  nm) is found to be 
3771 cm-1 and 5257 cm-1 , respectively  The sto e’s shift is 
due to the strong electron lattice coupling in host. On the basis 
of configuration coordinate diagram, the excitation band is 
expanded and therefore the equilibrium of the ground state 
might have displaced [14]. 

Various models have been proposed to explain the 
presence or absence of luminescence. Among them, 
one-dimensional configuration curve has been most widely 

used. To illustrate how radiative processes of Ce3+ in La2O2S 
phosphor works, a partial electronic energy levels and 
energetic structure along with configuration co-ordinate 
diagram are shown in figure 7.  

 
Figure 7: Schematic illustration of partial energy levels 

and configurational coordinate diagram of Ce3+. 
In partial electronic structure, the 4f ground state of Ce3+ 

ion is split into 2F7/2 and 2F5/2 levels due to spin orbit coupling. 
Its lowest excited state is the 5d band that is easily affected by 
the crystal field. The crystal field splitting of 5d usually forms 
2 to 5 configurations.  Ce3+ fluorescence is related to an 
electric dipole 4f→ d transition [15]. The transition is parity 
and spin allowed. When Ce3+ is placed in a crystal, the 
emission occurs from ultraviolet to visible band depending on 
the particular compound or host symmetry. It is because the 
5d state of Ce3+ is strongly affected by three interrelated 
effects: crystal field splitting (crystal field effect), covalence  
(nephelauxectic effect) and Stokes shift.[16] Therefore, the 
luminescence centre is a good candidate as activators in 
phosphors with the designed excitation and emission 
wavelengths because luminescence positions can be flexibly 
adjusted. 

In configuration co-ordinate diagram, the potential energy 
of the luminescent centre in the crystal lattice is plotted as 
functions of the configuration coordinate Q. The quantity Q 
represents the distance between rare earth ion and its 
surrounding ions. Optical transitions are represented 
vertically on the configuration co-ordinate diagrams, because 
they occur rapidly compared with nuclear motions, As we can 
see, ground and excited states take form of parabola potential 
wells. The two lowest parabolas represent the ground 
electronic configuration 4f1 by spin–orbit interaction into 2F5/2 
(the ground state) and 2F7/2 (the first excited state). The lowest 
states of excited electronic configuration 5d1 are represented 
by two higher parabolas. Electron–lattice interaction in the 
excited electronic manifold causes the shift of the respective 
parabolas in the configurational space. In this diagram, the 
potential energy of the luminescent centre Ce3+ is plotted on 
the vertical axis and the value of single parameter describing 
the effective displacement of the ion surrounding the 
activator, Q, is plotted on the horizontal axis. Promotion of 
the inner 4f electron to the outer 5d states perturbs the 
surrounding ions, the lattice relaxes, and the potential energy 
curve changes as shown below in figure 7.  
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The good adaptability of the position of the 4f–5d 
absorptions and the corresponding emissions make Ce3+ an 
important ingredient in light emitting materials. The 
respective excitation and emission pathways are indicated in 
figure by arrows [17, 18]. 

ii) PL emission of Dy3+ in La2O2S
 

The photoluminescence excitation and emission spectra of 
the La2(1-x)O2S: Dyx (Where X = 0.2, 0.5, 1, 1.5, 2 mole %) 
optoelectronics phosphor at room temperature is shown in 
figure 8. The excitation spectrum in the range 350 - 400 nm 
consists of the f-f transition of the Dy3+ ion. The excitation 
peaks observed at 351 nm, 367 nm and 388 nm are due to 
transitions from ground level, 6H15/2 to higher energy levels 
4G11/2, 4I15/2, and 4F9/2 of Dy3+ ion, respectively. Amongst 
these three near UV excitation peaks, though the emission 
intensity is larger for λex=3   nm and λex=367 nm as shown 
in figure 8, we chose 388 nm as excitation wavelength 
because it is more suitable for solid state lighting [19, 20]. 

 
Figure 8: Emission spectra of synthesized La2O2S:Dy3+ 

phosphor at 1.5 mole% for various excitation 
wavelengths. 

La2O2S:Dy3+ phosphor exhibits characteristics emission 
bands centred at 480 nm and yellow band at 572 nm 
originating from Dy3+ ion under the excitation of 388 nm. 
Dy3+ emission at around 480 nm (4

F9/2 →
6H15/2) is due to 

magnetic dipole moment and  76 nm  4F9/2 → 6H 3/2) is 

due to electric dipole moment. The ionic radius of Dy3+ (91.2 
pm) is much smaller than that La3+ (103 pm). Therefore, most 
of the Dy3+ ions may have entered the lattice with few of them 
located on the surface of the La2O2S:Dy3+ host crystal due to 
the porosity of the structure. From the PL spectra it is clear 
that, energy transfer is possible from the host to the Dy3+ 
activator ions in La2O2S:Dy3+host lattice. The inset of figure 
9, shows the dependence of the luminescence intensity with 
the Dy3+ concentration. The emission spectrum shape does 
not vary with the Dy3+ concentration but the luminescence 
intensity changes more significantly. It is found that the 
emission intensity of Dy3+ increases with an increase of 
dopant ion concentration. It reaches to a maximum value at 1 
mole %, and then decreases with an increase of dopant at 2 
mole % due to self-quench processes. Such near UV 

excitation in phosphors host may be helpful for white-LEDs 
[21 – 24]. 

 
Figure 9: Excitation and emission spectra of synthesised 

La2O2S:Dy3+ phosphor. 
 

The emission intensity of yellow to blue (Y/B) ratio is 
depicted in inset of figure 9. By carefully observing the 
emission spectra it is found that the emission intensity of 
yellow to blue (Y/B) ratio is less than 1. This shows that Dy3+ 
ions occupy the site with inversion symmetry predominantly 
[25]. 

The partial energy levels and energetic structure and 
radiative processes in Dy3+ are presented in a configurational 
coordinate diagram in figure 10. In the figure the 6H and 6F 
states of the ground multiplet and the 4F, 4I, and 4G states of 
the 4f9 electronic configuration, are presented. Under 
excitation through 4f9 transitions in the Dy3+ ion at 388 nm the 
system can relax nonradiatively to the 4F9/2 state and then 
yield Dy3+ emission. The respective emission pathways are 
indicated in figure by arrows. 

 

 
Figure 10: Schematic illustration of partial energy levels 

and configurational coordinate diagram of Dy3+. 
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iii) PL emission of Eu3+ in La2O2S
 

The PL excitation spectra of La2(1-x)O2S: Eux (Where X = 
0.2, 0.5, 1, 1.5, 2 mole %) optoelectronics phosphor at room 
temperature is shown in figure 11. The excitation spectrum at 
396 nm is characteristic of W-LED excitation in the near UV 
range. The sharp excitation peaks between 350 and 400 nm 
are due to the typical f-f transition of Eu3+. The strongest line 
absorption in the excitation spectrum is located at 396 nm, 
which is resulting from the 7F0→

5L6 transition [26, 27]. 
The La2O2S:Eu3+  phosphor has one sharp orange emission 

bands at 590 nm and weak bands at 615 nm due to 
characteristics emission of Eu3+ ion, as shown in figure 11, 
observed due to the 5D0→ 

7Fi=0,1,2,3,4 transitions of Eu3+ ions. 
The emission band at 590 nm is more prominent and 
corresponds to the magnetic dipole transition (5D0→

7F1) of 
Eu3+ ion whereas the emission band at 615 nm is less 
prominent and is due to electric dipole transition (5D0→

7F2) 
of Eu3+ ion. These two emission peaks are obtained due to 
crystal field splitting of 5D0 level to 7Fj ground state levels. 
The luminescence spectra of Eu3+ ion is slightly influenced by 
surrounding ligands of the host material because the transition 
of Eu3+ involve only a redistribution of electrons within the 
inner 4f subshells. The relative intensities of the 590 nm 
(5D0→

7F1) and 615 nm (5D0→
7F2) emissions are very 

sensitive to the site that Eu3+ ions occupied. As for 
La2O2S:Eu3+ particles, the Eu3+ ions may have occupied the 
La ion in host lattice and are at a site with inversion symmetry 
in the La2O2S matrix and thus dominating the emission 
centred at  93 nm corresponding to the  D →7F  magnetic 

dipole transition. Thus, La2O2S: Eu3+ phosphor may be 
promising candidates for the development of white-LEDs [28 
– 33]. 
 

 
Figure 6: Excitation and emission spectra of La2O2S:Eu3+ 

phosphor. 
The partial energy levels and energetic structure and 

radiative processes in Eu3+ are presented in a configurational 
coordinate diagram in figure 12. In the figure the 7FJ states for 
J= 0,1,2,3,4,5,6 of the ground multiplet and the excited 
electronic states 5D0, 

5D1, 
5D2, 

5D3 and 5L6 states of the 4f6 
electronic configuration, are presented. Under excitation 
through 4f6 transitions in the Eu3+ ion at 396 nm the system can 
relax nonradiatively to the 5D0 state and then yield Eu3+ 

emission. The respective emission pathways are indicated in 
figure by arrows. 

 
Figure 12: Schematic illustration of partial energy levels 

and configurational coordinate diagram of Eu3+. 

iv) PL emission of Tb3+ in La2O2S
 

Figure 13  shows the excitation spectra in the 340–400 nm 
range and the emission spectra in the 450–650 nm range for 
samples La2(1-x)O2S: Tbx (Where X = 0.2, 0.5, 1, 1.5, 2 mole 
%) at room temperature.  

 
Figure 13: Excitation and emission spectra of 

La2O2S:Tb3+ phosphor. 
The overall excitation spectrum of Tb3+ can be divided into 

two parts. One, in the wavelength range 220 nm-310 nm 
comprising of 4f8 →

4f7
5d1 transitions and other part of the 

excitation spectrum, in the range 310 nm–500 nm which 
stands for 4f8→

4f8 transitions of the Tb3+ ions [34]. There are 
several excitation peaks in the 340 to 390 nm region 
corresponding to transitions between 7F6 and the various 
excited states belonging to the 4f8 electronic configuration of 
Tb3+ ions [35]. The excitation peaks at 352 nm (7

F6→
5L9), 

371 nm (7
F6→

5G5) and 380 nm (7
F6→

5G6) due to forbidden 
4f-4f transition of Tb3+ ion. Though there were significant 
absorption in the near-UV region and the excitation at 352 nm 
has highest intensity, we have chosen λex=38  nm as it is 

more suitable near UV excitation for white LED and therefore 
La2O2S: Tb had potential to be used as near-UV LED 
phosphors [36]. 
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The emission spectrum of La2O2S: Tb is determined by the 
transitions of electrons from an upper (5D3) and a lower (5D4) 
excited level to the level of the multiplet term 7FJ (J = 0, 1, 2, 
3, 4, 5, 6) levels of the 4f8 configuration [37, 38]. The emission 
of terbium doped phosphor is mainly in the green due to 
transitions 5D4→

7FJ and the blue emission contributes to the 
emission from the higher level transitions 5D3→

7FJ. Figure 13 
shows the emission spectra of La2O2S:Tb3+ phosphors under 
the excitation wavelength of 380 nm. The emission peaks 
were found at 488, 545, and 583 nm, which were assigned to 
the 5D4→

7FJ ( J = 6, 5, 4) transition of Tb3+ ions [9]. As 
expected, the spectral shift was not observed because the 4f 
shell of Tb3+ was well shielded by 5s and 5p shells. Moreover, 
the emission from 5D3→

7FJ level are quenched by the cross 
relaxation (Tb3 (5D3) + Tb3(7F6) →Tb

3(5D4) + Tb3(7F1)) [39 
,40]. The cross relaxation process produces the rapid 
population of the 5D4 level at the expense of 5D3, resulting in a 
strong emission from the 5D4 to the 7FJ level. Generally, the 
cross relaxation is observed at higher Tb3+ concentration, 
which made good agreement with the results in our case.  
 

 
Figure 14: Schematic illustration of partial energy levels 

and configurational coordinate diagram of Tb3+. 
 

The luminescent mechanism of phosphor is due to 
competition between the optical activation of Tb3+ ions which 
results in increase of PL intensity and the clustering of Tb3+ 
causes concentration quenching. At lower concentration of 
concentration, the PL intensity of 545 nm (5

D4→
7F5) and 488 

nm (5
D4→

7F6) emissions decreases with increase of Tb3+ ion 
concentration. As the concentration of Tb3+ exceed the critical 
concentration, distance between Tb3+ ions become shorter, 
which cause activator to form pairs and thus results in 
concentration quenching. The emission intensity reached its 
optimum doping concentration at about 1.5 mole% in the 
La2O2S:Tb3+ phosphors. 

The partial energy levels and energetic structure and 
radiative processes in Tb3+ are presented in a configurational 
coordinate diagram in figure 14. In the figure the 7FJ states 7F3 
, 7F4 , 

7F5 , and 7F6 of the ground multiplet and the 5D2, 
5D3 and 

5D4 states of the 4f8 electronic configuration, are presented. 
Under excitation through 4f8 transitions in the Tb3+ ion at 380 
nm the system can relax nonradiatively to the 5D4 state and 

then yield Tb3+ emission. The respective emission pathways 
are indicated in figure by arrows [41]. Tb3+, the first 
mechanism is dominant in the luminescent process and the PL 
intensity increases with the increase in concentration of Tb3+. 
The inset of figure 13 show the relative PL intensities of 545 
nm (5

D4→
7F5) and 488 nm (5

D4→
7F6) emissions under 380 

nm excitation. Up to 1.5 mole% concentration of Tb3+ion the 
PL intensity of  545 nm (5

D4→
7F5) and 488 nm (5

D4→
7F6) 

emission increases with increase of Tb3+ ion concentration 
above 1.5 mole % . 

F. Chromatic Properties 

The figure 15 shows the Commission International de l 
Eclairage (CIE) chromaticity co-ordinates of the prepared 
phosphor La2O2S: RE3+ phosphor (Where RE3+ = Ce3+, Dy3+, 
Eu3+ and Tb3+).The chromatic co-ordinates (X, Y) are 
calculated using the colour calculator radiant imaging 
software and are summarized in following table 1. 
 

 
Figure 15: Chromatic graph of La2O2S: RE3+ phosphor 

(Where RE3+ = Ce3+, Dy3+, Eu3+ and Tb3+). 
 
G.  Luminescence and energy transfer in La2O2S:Tb3+, 

Ce3+ 
In this section, PL characteristics of La2O2S phosphor with 

doubly doped Tb3+ and Ce3+ is investigated. Energy transfer 
from Ce3+ to Tb3+ is also discussed. The Tb3+ and Ce3+ are two 
important rare earth ions, which have been used to produce 
green and blue emission [42]. In addition, Ce3+ is also an 
efficient sensitizer to Tb3+, due to its allowed optical 
transition from 4f to 5d and broad emission. The broad 
emission of Ce3+ creates high possibility overlapping with the 
excitation band of Tb3+ which gives bright green emission 
suitable for lighting and display devices. 

Emission and excitation spectra of the La2O2S:Ce3+ and 
La2O2S:Tb3+ phosphor is already discussed and shown in 
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Table I: CIE Co-ordinates of La2O2S: RE3+ phosphor (Where RE3+ = Ce3+, Dy3+, Eu3+ and Tb3+). 

 
PHOSPHOR 

 
EXCITATION 

(nm) 

STRONG 
EMISSION 

(nm) 

(X,Y) 
COORDINATE 

COLOUR 
REGION 

La2O2S: Ce3+ 340 
390 
415 

(0.173, 0.004) 
(0.172, 0.004) 

UV 
UV 

La2O2S: Dy3+ 397 
480 
572 

(0.091, 0.132) 
(0.458, 0.542) 

Blue 
Yellow 

La2O2S: Eu3+ 396 
590 
615 

(0.575, 0.424) 
(0.680, 0.319) 

Orange 
Red 

La2O2S: Tb3+ 380 
488 
545 

(0.091, 0.132) 
(0.265, 0.724) 

Blue 
Green 

 
 

figure 5 and 13 respectively. The emission of Ce3+ includes 
emission bands of the transitions of 5d-excited state to 2F7/2 
and 2F5/2 states. The emission spectrum observed in 
La2O2S:Ce3+ consist of emission peaking at 390 and 415 nm 
under excitation wavelength of 340 nm which corresponds to 
the transitions from ground state of Ce3+ to its field splitting 
levels of 5d1 states [43]. The emission spectra of La2O2S:Tb3+ 
phosphor consist of emission peaks at 488, 545, 583 nm, 
which are assigned to the 5D4 to 7FJ (J=6, 5, 4) transitions of 
singly doped Tb3+ in La2O2S when excited at near UV 380 nm 
wavelength. Some emissions from 5D3 to 7FJ (J=5, 4, 3, 2, 1, 
0) are also found from 400 to 485 nm in Tb3+ singly doped 
sample [44]. 
 

 
Figure 16: Excitation & Emission spectra of single doped 

La2O2S:Ce3+ (2 M%) and Excitation spectrum of 
La2O2S:Tb3+ (1.5 M%) showing strong overlap between 

Ce3+ emission and Tb3+ absorption in the range 300 to 450 
nm. 

 
Energy transfer is controlled by luminescent kinetics, 

which is affected by energy level, lifetime, distance between 
co-dopants, etc. One of the dopant is called as activator from 
where the emission takes place and other is sensitizer, which 
will improve the luminescence efficiency of activator 
emission. Ce3+ to Tb3+ energy transfer process in different 
host matrices is well known [45, 46]. Broad band emitters are 
often used to sensitize the luminescence of RE ions. Efficient 
energy transfer from the broad (i.e., Ce3+) to the narrow-line 
emitter (i.e., Tb3+) is possible only between nearest 
neighbours in the crystal lattice and optimal spectral overlap. 
If the spectral overlap is small, only partial energy transfer is 
possible. 

As shown in figure 16, Ce3+ doped sample exhibits broad 
band emission from 360 - 450 nm, while Tb3+ doped sample 
shows an excitation band ranging from 345 to 400 nm. It 
means that, there is a strong overlap between Ce3+ emission 
and Tb3+ excitation in the range of 360- 400 nm. Therefore, it 

is expected that an efficient energy transfer can occur from 
Ce3+ to Tb3+. 
 

 
Figure 17: Excitation and emission spectra of the 

single-doped and co-doped samples, (A) La2O2S:Ce3+, (B) 
La2O2S:Tb3+ and (c) La2O2S: Ce3+

→Tb
3+. 

 
Figure 17 (A) shows the excitation and emission spectra of 

La2O2S:Ce3+ at 2 mole%. Figure 17 (B) shows the excitation 
and emission spectra of La2O2S:Tb3+ at 1.5 mole%. Figure 17 
(C) depicts the excitation and emission spectra of 
La2O2S:Ce3+

→Tb3+sample. The excitation spectrum is 
monitored at λem= 4 nm  The broad excitation band at 34  

nm is in agreement with the Ce3+ solely doped system.  
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The emission spectra in Figure 17 (C) indicate the high 
light output of Tb3+ which actually comes from the energy 
transfer process from Ce3+ to Tb3+.  The optimal excitation 
wavelength for Ce3+ is 340 nm light excitation but not for 
Tb3+. In La2O2S phosphor, Ce3+  not only exhibit the emission 
at 390 and 414 nm, but also due to energy transfer Tb3+  
radiates the strong green emission band at 545 nm along with 
weak emission at 488 and 582 nm. The Ce3+ ion first absorbs 
UV light at 340 nm. An electron is pumped to 5d level, and 
then non-radiatively relaxes to the lowest component of 5d 
level finally decaying to 2F5/2 and 2F7/2 levels by radiative 
process emitting photons at 390 and 414 nm. As  the value of 
energy level of excited 5d state of Ce3+ is close to the 5D3 and 
other levels of Tb3+ ions, the energy transfers from Ce3+ to 
Tb3+ ions would have been occurred, promoting it from 7F6 
ground state to 5D3 and other levels of Tb3+ ion. Then the 
excited Tb3+ ion relaxes, non-radiatively, to the 5D4 levels and 
gives the strong emission of Tb3+ (5D4-

7FJ). Figure 18 shows 
schematic energy level diagram indicating Ce3+

→Tb
3+ energy 

transfer in La2O2S. 
For a better understanding, an energy level model that 

explains the energy transfer from Ce3+
→Tb

3+ is illustrated in 
figure 18. It shows interaction between the 5D state of Ce3+ 
and the 5D state of Tb3+. The 5D4 →

7F6 (blue) and 5D4 →
7F5 

(green) occurs at 488 nm and 588 nm, respectively. As a 
result, the energy transfer from Ce3+ to Tb3+ is allowed by the 
law of conservation of energy.  Thus it illustrates that both 
blue emission and green emission of Tb3+ ions could be 
obtained in the La2O2S host, which is the base of multicolour 
emission under the excitation of UV light in the present 
system.  

 

 
Figure 18: Schematic energy level diagram indicating 

Ce3+
→Tb

3+ energy transfer in La2O2S. 
 

The luminescence colours of La2O2S:Ce3+
→Tb3+ 

phosphors excited at 340 nm are characterized by 
Commission International de I’Eclairage  CIE) chromaticity 

diagram and is shown in figure 19. The chromaticity 
coordinate La2O2S:Ce3+

→Tb3+ phosphors is calculated to be 

(0.265, 0.724) for 415 nm and (0.265, 0.724) for 545 nm. The 
line connecting the chromaticity point passes nearly from 
white region. It is worthwhile to notice that by combining the 
emission band of Ce3+ ions at blue region and the emission 
band of Tb3+ ions at green region, white light emission may be 
achieved. 
 

 
Figure 19: Chromatic graph of La2O2S:Ce3+

→Tb
3+ 

phosphors phosphor excited near UV excitation. 

IV. CONCLUSION 

The La2O2S:RE3+ (Where RE3+ = Ce3+, Dy3+, Eu3+ and 
Tb3+) optoelectronics phosphor has been prepared by the 
solid state flux diffusion method. PL properties in the near 
UV and visible region which are characteristics for 
optoelectronic devices are studied. XRD analysis is carried 
out to check phase purity of the prepared optoelectronics 
phosphor. SEM analysis show agglomerates ranging from few 
microns to a few tens of microns with highly porous 
morphology of the synthesised phosphor. . FT-IR spectra 
were recorded to show the functional groups for pure La2O2S 
sample. CIE is carried out to check colour quality of the 
prepared phosphor. The developed La2O2S:RE3+ (Where 
RE3+ = Ce3+, Dy3+, Eu3+ and Tb3+) phosphor has been excited 
in near UV range which is desirable characteristics for 
commercially available W-LED. The developed phosphor 
emits in the blue, yellow, green and red region. Hence it has 
potential to be used in phosphor converted LED as a primary 
colour emitter in 3 band pc-LED or red spectrum enhancer in 
yellow phosphor converted white LED and therefore our 
results indicate that prepared phosphor may be a promising 
candidates for white LEDs. Cross relaxation process led to 
non-radiative quenching therefore the emission intensity of 
RE3+ ions decreased with increasing amount of doped RE3+ 
ions. 

To investigate the energy transfer from Ce3+ to Tb3+ ions,  
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the emission spectra of La2O2S:Ce3+
→Tb3+ phosphors 

under excitation wavelength 340 nm were measured. The 
emissions of Ce3+ and Tb3+ were observed. The intensity of 
Ce3+ emission were found reduced and that of Tb3+ increased 
when compared with emission intensity La2O2S:Ce3+ and 
La2O2S:Tb3+  , indicating the energy transfer from Ce3+ to Tb3+ 
ions in La2O2S host. 
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Prospective of Monascus Pigments as an 
Additive to Commercial Sunscreens

Sunil H. Koli1, Rahul K. Suryawanshi1, Bhavana V. Mohite2, and 
Satish V. Patil1,3   

Abstract
Red and yellow pigments from Monascus purpureus (NMCC- PF01) were evaluated to enhance sun protection factor (SPF) of com-
mercial sunscreens and Aloe vera extract. The extracted Monascus pigments contain rubropunctamine (red pigment) and the mixture 
of monascin and ankaflavin (yellow pigment) as major components. Antioxidant activity and in- vitro safety of the pigments were 
assessed by ferric reduction potential and DPPH radical scavenging assays, human keratinocytes (HaCaT), and erythrocytes (RBCs) 
cytotoxicity assay, respectively. In results, SPF of commercial sunscreens showed an increase of 36.5% with red pigment compared 
to the 13% increase by yellow pigment. The in- vitro studies showed 67.6% ferric reducing potential and 27% DPPH radical scav-
enging activity, neither cytotoxic effect against human keratinocytes nor haemolytic activity. These results confirmed the safe na-
ture of the Monascus pigments; however, in- vivo studies merit further research. In conclusion, screened pigments from Monascus 
purpureus may act as potential candidates to increase SPF of commercial sunscreen naturally.

Keywords
SPF, commercial sunscreens, Monascus pigments, antioxidant, Aloe vera extract
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Ultraviolet (UV) radiation can damage the skin by multiple 
modes like mutations in cell DNA, the formation of  reactive 
oxygen species, changes in histochemistry of  cell, increased 
expression levels of  the p53 gene, and/or influencing the 
immune system.1 Increased consciousness about skin exposure 
to ultraviolet radiation has tempted the use of  commercial sun-
screen products. The commercial sunscreen is generally com-
posed of  organic, inorganic UV absorbers like aminobenzoates, 
cinnamates, avobenzone, oxybenzone, and oxides of  zinc, tita-
nium, iron. However, increasing side effects of  some sunscreen 
components has made it indispensable to search for natural 
photoprotectants.2 The most commonly utilizing sunscreen 
ingredients such as oxybenzone linked to sun exposure trig-
gered allergic reactions, generating free radicals, which may be 
associated with cell damages.3,4 While the nanoscale TiO2 and 
ZnO are responsible for the generation of  a substantial amount 
of  reactive oxygen species, which upon UV illumination causes 
modifications in nucleic acid bases and eventually cell death.5,6 
Consequently, it is the need of  an hour to look for other 
options to replace harmful components of  sunscreens.

Nature is an abundant source of  metabolites, considering 
the fact that UV damage is not only limited to humans but also 
to microbes. In continuation of  our research on natural UV 
protectants,7 we targeted pigments from Monascus purpureus, 
which are well known for their multifaceted use in food 

coloration and range of  other bioactivities. The selection of  
these pigments was rationalized on their variable bioactivity 
after linking with different amino acids.8 This amino acid- based 
derivatization of  Monascus pigments may change their absorp-
tion maxima in the UV region. Here we sought to study the 
ability of  food- grade pigments from Monascus purpureus 
(NMCC- PF01) (i) to increase the SPF of  commercially avail-
able sunscreens, (ii) evaluation of  their antioxidant potential, 
and (iii) cytotoxicity testing on human keratinocytes and eryth-
rocytes cells.
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Experimental
Commercial Sunscreens, Chemicals, and Plant Extract
Two different commercial sunscreens with labeled sun protec-
tion factors (SPFs) of  15 and 24 were brought from local mar-
ket Jalgaon, India. Ethanol was purchased from Sd- fine 
chemicals (India). For plant extract, 10 g of  Aloe vera leaf  was 
macerated and filtrated through muslin cloth; the resultant 
extract was used for further studies.

Microorganisms and Cultural Conditions
Monascus purpureus (NMCC- PF01) was procured from North 
Maharashtra Microbial Culture Collection Centre (NMCC), 
Jalgaon and used for pigment production. The potato dex-
trose agar (PDA) (Hi- Media, India) slope was used for the 
maintenance of  fungal culture at 4°C and subcultured 
periodically.

Microbial Pigments Production
The inoculum preparation and production of  Monascus pig-
ments were performed in aliquots as per our previous 
report.9

Extraction and Purification of  Pigments
For extraction of  extracellular Monascus pigments, fungal myce-
lium was separated by filtering fermentation broth using 
Whatman filter paper. The dark red colored filtrate was con-
centrated under vacuum and extracted by 95% (v/v) ethanol. It 
was kept rotating for 1 hour at 200 rpm, followed by filtration 
through Whatman paper to derive crude extract of  pigments.10 
The crude Monascus pigments were further purified by chro-
matographic methods.

Column Chromatography
The chromatography column (300 × 18 mm sintered disc glass 
column) with silica mesh (60 × 120) was used with a solvent 
gradient system of  100: 0, 100: 10, 50: 50 chloroform: metha-
nol gradient 4 mL/min.9

Thin-Layer Chromatography
The pigment fractions collected after column chromatography 
were concentrated and spotted on TLC (silica gel 60 Merck 
Darmstadt, Germany) plate, and pigments were separated with 
a solvent system of  chloroform : methanol : acetic acid (285: 
24: 9). The two separated (yellow and red color) bands on TLC 
plate were scrapped and redissolved in ethanol and centrifuge 

at 3000 rpm for 15 minutes to settle down the silica. The super-
natant was collected and concentrated for further study.11,12

Pigments Characterization
Two dominant colored pigments (yellow and red) were 
obtained and characterized using UV- Visible absorption 
(Shimadzu spectrophotometer), Fourier transform infrared 
spectroscopic analysis (Shimadzu FTIR 8400, range 400 cm−1 
to 4000 cm−1), and mass spectrophotometry analysis (WATER 
Q- TOF MICROMASS).

Determination of  Sunscreen Protection Factors
The sunscreen protection factors (SPFs) of  commercial sun-
screens (SPF-15 & 24) and sunscreens enrich with Monascus 
pigments were determined by the in vitro spectrophotometric 
method with slight modification.7,13,14 The commercial sun-
screens with labeled SPF of  15 and 24 and Aloe vera extract 
were constituted as control while, in the test, Monascus pigments 
at a concentration of  4% and 8% w/w were added to the above 
commercial sunscreens. Multiple samples (0.1 g) each from 
control and test sunscreens formulations were taken and sepa-
rately added to volumetric flasks containing 10 mL ethanol. All 
samples (ie, controls and pigment- supplemented samples) were 
ultrasonicated for 5 minutes and then filtrated through a mus-
lin cloth. The 0.5 mL aliquots of  filtrate were collected in tube 
and made up to 2.5 mL by addition of  ethanol.

The optical density of  each of  these solutions was mea-
sured in the UV range from 290 to 320 nm at 5 nm intervals 
using ethanol as blank. Three independent analyses were per-
formed, and SPFs were calculated, according to Mansur et al. 
(1986)15 using the following formula:

 SPF = CF×
∑320

290 EE
(
λ
)

× I
(
λ
)
× Abs

(
λ
)
  

where CF (correction factor) = 10; EE (λ) = erythmogenic 
effect of  radiation with wavelength λ; Abs. (λ) = absorbance 
value of  a solution; and I = solar intensity spectrum. EE (λ)  ×I  
is constant and determined by Sayre et al. (1979),16 as shown in 
Supplemental table S1.

Ferric Reducing Potential
Antioxidant potential of  the pigment samples was determined 
by evaluating ferric reducing activity as per our previous 
reports.7,14 In brief, individual test samples, including red and 
yellow pigments (10 mg each) were added to 2.5 mL phosphate 
buffer (pH 6.6) and 2.5 mL of  1 % w/v potassium ferricyanide 
and incubated for 20 minutes. Further, the mixture was added 
with 10 % w/v trichloroacetic acid (2.5 mL) and centrifuged at 
3000 rpm for 10 minutes (Remi C-24 BL). Then, 2.5 mL of  the 
mixture from the upper layer was mixed with distilled water 
(2.5 mL), and freshly prepared 0.5 mL of  ferric chloride solu-
tion (0.1% w/v) was added, and the volume was made up to 
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100 mL with distilled water. The optical density was recorded 
at 700 nm. Percent reduction in the ferric chloride was deter-
mined by comparing with the ascorbic acid as a positive con-
trol. The experiment was carried out in triplicates.

DPPH Radical Scavenging Assay
The radical scavenging activity was determined by DPPH 
(1,1- Diphenyl-2- picrylhydrazyl) assay with a slight modifica-
tion of  Chang et al17 method. In brief, 40 µl of  Monascus pig-
ments (10 mg/mL in DMSO) was mixed with 2.96 mL DPPH 
(0.1 mM) solution. The reaction mixture was vigorously shaken 
and incubated in dark condition at room temperature for 30 
minutes. The absorbance was measured at 517 nm with DPPH 
as control. Ascorbic acid was used as positive control. The % 
radical scavenging activity was calculated using the following 
formula,

 % Inhibition = Abs Control−Abs Sample
Abs Control x 100  

where Abs control is the absorbance of  DPPH solution and 
Abs sample is the DPPH +pigments.

Human Keratinocytes Cytotoxicity Assay
The cytotoxicity of  the pigments was analyzed using human 
keratinocytes (HaCaT) cell line (obtained from NCCS, Pune, 
India). Dulbecco's Modified Eagle's medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS), and the 1X antibi-
otic solution was used for cells maintenance at 37°C in a CO2 
incubator. The cells were harvested and seeded into a 96- well 
plate at a concentration of  1 × 104 cells/well. After 24 hour 
incubation, the samples were added at different concentrations 
(0.25-2 mg/mL), and the cells were incubated for further 24 
hour. The test samples were prepared in 10% DMSO. The 
cytotoxicity of  the samples was evaluated using the standard 
method of  MTT (3-(4,5- dimethylthiazol-2- yl)-2,5- diphenyltetr
azolium bromide) assay.18 Twenty microliter (stock-5 mg/mL) 
MTT reagent was added in each well and kept for incubation in 
the CO2 incubator at 37°C for 4 hour. Then 100 µL of  DMSO 
was added to each well and kept in the dark for 1 hour. The 
absorbance was measured at 595 nm wavelength. The cells 
without treatment were taken as a control (added 10% DMSO) 
for the study. Experiments were done in triplicate, and the per-
centage viability was calculated by using the following 
equation:

 %Cell viability = (OD595 (Test)/OD595 (Control))× 100  

Human Erythrocytes Cytotoxicity Assay
The cytotoxicity testing of  the pigment molecules was per-
formed by hemolysis assay according to the method of  Borase 
et al14 with appropriate modifications. Five- milliliter blood was 
collected from a healthy volunteer, and it was added with eth-
ylene diamine tetra- acetic acid (EDTA) to inhibit the 

coagulation of  blood cells. The RBCs (red blood cells) were 
separated from blood, 1 mL of  blood was mixed into 5 mL of  
phosphate buffer saline (PBS) (pH-7.4) and the mixture centri-
fuged to 6000 rpm for 10 minutes at 37°C (Remi C-24 BL, 
India) to remove the supernatant containing platelets and 
plasma to obtain pellets of  RBCs. The pellet of  RBCs was 
resuspended into 10 mL of  PBS and (a process of  washing was 
repeated four times) again centrifuged them.

One milliliter aliquots of  uniformed cells suspension 
(RBCs) were taken in eppendorf  tubes, and 1 mg/mL of  yel-
low and red Monascus pigments were added in test vial and 
mixed by gentle shaking. One milliliter of  sterile water and 
phosphate buffer saline was added in the positive and negative 
control, respectively. The mixtures in all tubes were incubated 
in the dark for 4 hour and centrifuged for 10 minutes at 1000g. 
Supernatants from all the tubes were further subjected to spec-
troscopic absorption at 541 nm, and the optical densities were 
used to calculate percent hemolysis by the following formula:

 % Hemolysis = Sample absorbance−Negative control absorbance
Positive control absorbance−Negative control absorbance × 100  

The hemolysis of  the RBCs for different treatment and 
positive and negative control were also confirmed by using 
Foldscope (Foldscope Instrument Inc., CA).

The partially purified pigments from M. purpureus were first 
characterized by UV visible (Supplemental figure S1) and mass 
spectroscopic analysis (Supplemental figure S2). The pigment 
components were identified as red pigment fraction represent-
ing rubropunctamine (m/z 354.16 MH+), while yellow repre-
senting a mixture of  monascin (m/z 359.23 MH+) and 
ankaflavin (m/z 387.28 MH+).

The SPF was calculated by measuring the absorbance within 
the range of  290-320 nm.15 Two commercial sunscreens with 
claimed SPF values of  15 and 24 empirically showed SPF val-
ues of  16.26 ± 0.75 and 24.42 ± 1.06, respectively, whereas 
SPF of  Aloe vera extract was 0.1 ± 0.01. In combinational stud-
ies, red pigment (4% w/w) combined with sunscreen having 15 
and 24 labeled SPF showed 17.0% and 13.26% increase, 
respectively, while the yellow pigment (4% w/w) with same 
sunscreens showed a marginal increase of  1.6% and 3.48%, 
respectively. The same pigments with 8% (w/w) concentration 
increased the SPF by 36.53% and 30.67% (rubropunctamine) 
and 13.16% and 12.40% (monascin and ankaflavin), respec-
tively (Table 1). Similarly, with the rubropunctamine (4% and 
8%) combined with Aloe vera extract, the SPF was 2.55 ± 0.38 
(2550%) and 3.87 ± 0.37 (3870%), respectively (Table  1). A 
mixture of  monascin and ankaflavin increased the SPF of  Aloe 
vera to 1.74 ± 0.11 (1740%) and 2.13 ± 0.124 (2130%) with 
respective concentrations of  4% and 8% (Table 1).

The rationale behind this SPF increment probably lies in a 
combination of  pigment with sunscreen components that 
resulted in significant changes in the infra- red spectrum 
(Supplemental figure S3c). For yellow pigment and sunscreen 
combination, the changes were indicated by the broadening of  
the peaks at 3460.41 cm−1 for the alcoholic group and 2967.58 
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cm−1 for C- H. The frequency at 1652.03 cm-1 indicated α-β 
unsaturated ketone, while the other two peaks at 1922.13 and 
1229.48 cm−1 were newly detected. The infra- red results indi-
cate that the Monascus pigments may chemically interact with 
commercial sunscreen and undergo derivatization by making 
some changes in functional groups of  chemical constituents 
present in sunscreen. The outcome of  the study specifies the 
use of  Monascus pigments as an additive to sunscreen, which 
may provide more protection from UV- B radiation. These 
results are in agreement with Suryawanshi et al and Borase et 
al.7,14

The genesis of  free radicals may occur when the skin is 
exposed to UV light. Antioxidants are well known to protect 
the skin from free radicals. Thus, a variety of  antioxidant com-
pounds are incorporated in cosmetic products, which are pro-
tecting the skin from oxidative damage. In the present study, 
whether, the pigments have the potential to protect the skin 
from free radicals were determined by antioxidant assay. The 
Monascus fermented products and extracted compounds are 
known to use in cosmetic preparation, for their antioxidant and 
nutricosmetic potential.19 During the study, red pigment 
(rubropunctamine) showed 67.6% ferric reduction potential as 
compared to 100% for standard antioxidant, ascorbic acid, and 
3.2% for yellow pigments. Similarly, the DPPH assay revealed 
that 27% and 14.51% radical scavenging activity for red and 
yellow pigments, respectively. These signify that red pigments 
have high antioxidant potential as compared to yellow pig-
ments. Similarly, the antioxidant activity of  Monascus fermented 
products and/or extract such as rice, corn, and sorghum have 
been reported and correlated with the high amount of  red pig-
ments present.20

The extracted Monascus fermented soybean in methanol and 
80% ethanol were shown the highest Trolox equivalent antiox-
idant activity (3.13 ± 0.06 mM TE/g) and oxygen radical 

scavenging activity (2.79 ± 0.09 mM TE/g), respectively. 
Besides, pigments showed significant inhibition of  enzymes, 
tyrosinase, hyaluronidase, and elastase, which are related to 
skin aging.21 The results of  the present study have also follow-
ing these previous reports, which ascertain the antioxidant 
potential of  Monascus pigments.

The assessment of  the toxicological properties of  the ingre-
dients of  cosmetics and pharmaceutical formulations is an 
essential regulatory requirement.22 Various in vitro and in vivo 
toxicological methods were executed for the evaluation of  tox-
icity. In the case of  cosmetic products, considering the specific 
route of  topical application, the in vitro cytotoxicity testing on 
skin cell lines (in particular keratinocytes and fibroblasts) can 
be used for primary toxicological evaluation of  new ingredi-
ents such as surfactants, colorants, preservatives, and addi-
tives.2,23-25 In this study, the human keratinocyte (HaCaT cell 
line) was used for evaluation of  the Monascus pigments skin 
toxicity by using in vitro MTT assay.

Table 2. In Vitro Toxicity Testing of Red Monascus Pigments in 
Human Keratinocytes (HaCaT) Cell Line

Cytotoxicity against human keratinocytes
Pigments 
concentrations (mg/
mL)

% Viability of  cells
Red pigment Yellow pigment

0.00 100 ± 0.24 100 ± 1.39
0.25 97.43 ± 1.02 97.72 ± 1.33
0.50 96.44 ± 0.95 94.49 ± 1.12
1.00 95.25 ± 0.57 92.76 ± 0.89
2.00 91.72 ± 1.42 90.64 ± 0.96

Figure 1. Toxicity Testing of Monascus Pigments by RBCs Hemolysis: (a) 1 - PBS- Negative Control, 2- Red Pigment +RBCs Test, 3- Sterile 
Water Positive Control, 4- Red Pigment, and (b) 1 Positive Control, 2- Yellow Pigment +RBCs Test.
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The results of  the cytotoxicity of  Monascus pigments against 
normal human keratinocytes were shown in Table  2 which 
indicated that Monascus pigments are nontoxic toward the nor-
mal skin cell in the in vitro study. Since the cells even were 
treated with a higher concentration (2 mg/mL) of  pigments, 
no significant cell mortality (<10% mortality) was recorded. 
Likewise, the yellow Monascus pigment, ankaflavin showed 
selective cytotoxicity to human hepatocellular carcinoma cells 
(Hep G2), but low toxicity to normal fibroblast, while, no 
cytotoxicity of  monascin against the normal human lung 
fibroblast (WI-38 and MCR-5 fibroblast cells). Also, the red 
Monascus pigments are not reported for toxicity against the 
normal human cells. In recent year, Yuliana et al studied the 
toxicity of  Monascus pigments by using computerized structure- 
activity relationships, against fish, daphnid, and green algae 
and the toxicity were determined by ecological structure- 
activity relationships (ECOSAR).26 Among the 57 tested 
Monascus pigments, almost all red pigments were shown no 
toxicity toward the tested organism. This suggesting that the 
pigments derived from Monascus are nontoxic nature and safe 
to be used in commercial sunscreen formulations, which are 
applied on the skin.

In cytotoxicity analysis, the potential of  pigments to dam-
age the RBC was measured by the amount of  hemoglobin 
released from treated RBCs. RBCs test enables the quantifica-
tion and evaluation of  the in vitro irritant effects of  the surfac-
tants (added into a range of  cosmetics products) and sunscreens 
formulations.27,28 In the present investigation, both pigment 
molecules were responsible for a negligible percentage of  
hemolysis, that is, 0.11 ± 0.01% by rubropunctamine and 0.36 
± 0.04% by a mixture of  monascin and ankaflavin. Sterile 
water served as a positive control, which was considered to 
show 100% hemolysis (Figure 1). In microscopic observation, 
RBCs in test samples were healthy and well ordered compared 
with positive control showing disorganized and faint cells.

Red and yellow Monascus pigments, in combination with 
commercial sunscreens, may form different functional groups 
that consequently responsible for absorption of  light in UVB 
region (290-320 nm). The potential to increase SPF, antioxi-
dant activity, no cytotoxicity against the healthy skin cells as 
well as earlier reported antimicrobial activities of  these pig-
ments might help to put more emphasis on the use of  micro-
bial pigments in commercial sunscreens. Though Monascus is 
food grade pigments, their use on skin rest on in vivo safety 
studies and consumers' choice.
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Abstract—Ultrasonic studies of (1,3-dioxo-1,3-dihydro-2H-isoindol-2-yl)-4-methylpentanoic acid
(NPTLU), 2-(2-(2-(4-chlorophenyl)-1H-benzo[d]imidazol-1-yl)-2-oxoethyl)isoindoline-1,3-dione
(C-BI-CL-L), 2-(4-methyl-1-(2-(4-nitrophenyl)-1H-benzo [d]imidazol-1-yl) -1-oxopentan-2-yl)isoindo-
line-1,3-dione (C-BI-NO2-L), 2-(1-(2-(4-nitrophenyl)-1H-benzo[d]imidazol-1-yl)-1-oxobutan-2-yl)-
2,3-dihydroinden-1-one (C-BI-NO2-G), 2-(1,3-dioxo-1,3-dihydro-2H-isoindol-2-yl)-N-(4-oxo-2-
phenylquinazolin-3(4H)-yl) acetamide (C-QA-GL), and 1-(2-((4-oxo-2-phenylquinqxolin-3(4H)-yl)car-
bamoyl)benzoyl)pyrrolidine-2-carboxylic acid (C-QA-PR) in solution of polar and non-polar solvent of var-
ious concentrations at 303–318 K. Density and ultrasonic velocity measured and with the help of these data,
different thermo-acoustical parameters viz. adiabatic compressibility, intermolecular free length, acoustic
impedance, surface tension, Rao’s constant, molar volume, Wada’s constant calculated using standard for-
mulas. The variation of these parameters with concentration and temperature studied using graphical repre-
sentations of these parameters. Ethyl alcohol and DMSO were chosen as polar and non-polar solvents,
respectively. The variation in different properties reveals the presence of specific molecular interactions in
solute and solvent used, which will give information regarding drug transmission and absorption.

Keywords: adiabatic compressibility, intermolecular free length, acoustic impedance, surface tension, Rao’s
constant, molar volume, Wada’s constant
DOI: 10.1134/S0036024419090188

INTRODUCTION
Ultrasonic waves are used to study the molecular

structures, interactions and molecular energies.We
reported ultrasonic studies on molecular interactions
in N-phenyl-3-(pyridin-4-yl) prop-2-enamide solu-
tions in ethanol at 303, 308, 313 K [1] and ultrasonic
study of pyridoxine solutions at different temperatures
and concentrations [2]. Ultrasonic study of liquid
solutions is also reported by various researchers [3–5].
IR spectroscopy study is also reported to study hydro-
gen bonding [6–9] and molecular interactions [10].

EXPERIMENTAL
We studied (1,3-dioxo-1,3-dihydro-2H-isoindol-2-

yl)-4-methylpentanoic acid (NPTLU), 2-(2-(2-(4-chlo-
rophenyl)-1H-benzo[d]imidazol-1-yl)-2-oxoethyl)iso-
indoline-1,3-dione (C-BI-CL-L), 2-(4-methyl-1-(2-
(4-nitrophenyl)-1H-benzo [d]imidazol-1-yl)-1-oxo-
pentan-2-yl)isoindoline-1,3-dione (C-BI-NO2-L),
2-(1-(2-(4-nitrophenyl)-1H-benzo[d]imidazol-1-yl)-
1-oxobutan-2-yl)-2,3-dihydroinden-1-one(C-BI-NO2-
G), 2-(1,3-dioxo-1,3-dihydro-2H-isoindol-2-yl)-N-
(4-oxo-2-phenylquinazolin-3(4H)-yl) acetamide (C-

QA-GL), and 1-(2-((4-oxo-2-phenylquinqxolin-
3(4H)-yl)carbamoyl) benzoyl) pyrrolidine-2-carbox-
ylic acid (C-QA-PR) (Table 1) in solution of polar and
non-polar solvent. AR grade ethanol and DMSO used
as a solvent. Density measurements performed by
using pyknometer. The ultrasonic velocity (U) of these
solutions measured using Digital Ultrasonic Echo
Pulse Velocity Meter, Model VCT-70 (Vi Microsys-
tem Pvt. Ltd., Chennai-96) at frequency 2 MHz with
an accuracy of 0.1%. The various acoustical parame-
ters like adiabatic compressibility (βad), intermolecu-
lar free length (Lf), acoustic impedance (Z), Wada’s
constant (W), Rao’s constant (R), molar volume (Vm),
surface tension (S) are calculated from U and ρ value
using standard formulae:

adiabatic compressibility

acoustic impedance

κ = ρ2 –1 2( ),1/ kg ms ,v

− −= ρ 2 1, kg m s ,Z v

PHYSICAL CHEMISTRY
OF SOLUTIONS
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Table 1. Structure of studied compounds

S.N. Name Structure

1 2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-4-methyl-
pentanoic acid (N-phthaloylleucine) (NPT-LU)

2 2-(2-(2-(4-Chlorophenyl)-1H-benzo[d]imidazol-1-yl)-
2-oxoethyl)isoindoline-1,3-dione (C-BI-CL-L)

3 2-(4-Methyl-1-(2-(4-nitrophenyl)-1H-benzo[d]imid-
azol-1-yl)-1-oxopentan-2-yl)isoindoline-1,3-dione
(C-BI-NO2-L)

4 2-(1-(2-(4-Nitrophenyl)-1H-benzo[d]imidazol-1-yl)-1-
oxobutan-2-yl)-2,3-dihydroinden-1-one (C-BI-NO2-G)

5 2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-N-(4-oxo-
2-phenylquinazolin-3(4H)-yl)acetamide (C-QA-GL)

N
OH

O

O O

N

N
Cl

O

N O
O

N

N
NO2

O

N O
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free length

Rao’s constant

surface tension

where ρ is density of the solution, K is Jacobson tem-
perature dependent constant defined as K = (93.875 +
0.345T) × 10–8, M is molecular weight.

FTIR spectrum recorded using Bruker Alpha
FTIR spectrometer at Department of Chemistry,
Jankidevi Bajaj College of Science, Wardha.

RESULT AND DISCUSSION
Acoustical study. The increase in values of velocity

with increasing concentrations indicates the increase
in cohesive forces due to solute–solvent interactions,
intermolecular attractions and macromolecular
motion in solution which is also evidence for the pos-
sibility of H-bond formation between solute and sol-
vent. Thus, this increase in ultrasonic velocity may be
due to strong dipole–dipole interactions. Increasing
value of density with increasing concentration suggests
increase in solvent–solvent and solute–solvent inter-
action due to structure making ability of solute in pres-
ence of solvent. Adiabatic compressibility indicates
relative change of volume of a liquid with change in
pressure or under stress. Higher the values of com-
pressibility, lower will be the intermolecular attractive
forces such as dipole–dipole, hydrogen bonding, etc.
The distance between the surfaces of the adjacent
molecules is called as free length or intermolecular
free length. Intermolecular free length (Lf) changes
because of intermolecular attraction or repulsion.
Decrease in values of intermolecular free length with

= ρ1/2
f ( ,/ m,)L K v

= v
1/3,R V

−= × ρv
4 2/3/6.3 1 )0 ,(S

increasing concentration suggests significant interac-
tion among solute and solvent molecules because as
number of ions or particles increases in solution, the
gap (intermolecular free length) between two species
decreases. Acoustic impedance is the ratio of instanta-
neous pressure excess at any particle in medium to
instantaneous velocity of that particle in medium. The
increasing acoustic impedance values also supports
effective solute-solvent interactions. The increasing
values of apparent molar volume with increase in con-
centration also confirms the strong solute-solvent and
ion-solvent interactions. The values of Rao’s constant
and Wada’s constant variation indicates the changes in
molecular interaction. Surface tension is used for the
study of surface composition in aqueous solution. A
variation of the surface tension supports the effective
interactions between the solute and solvent. Graphical
representation of various thermo-acoustical parame-
ters shows that there is non-linear variation of these
parameters for all the studied binary systems under
study over the whole composition and temperature.
The deviation from linearity in all the above cases also
indicates a strong solute–solvent interaction. On
addition of solute in solvents, non-specific physical
interactions and unfavorable interactions between
unlike component molecules come into play thereby
giving the non-linear variation in various thermo-
acoustical parameters at different temperature and
concentration of binary solvent mixtures.

 2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-4-
methylpentanoic Acid (N-Phthaloylleucine) (NPT-LU)

The increasing values of ultrasonic velocity, den-
sity, acoustic impedance, surface tension with
increase in concentration and decreasing values of
adiabatic compressibility as well as intermolecular free
length suggest strong interaction between solute and
solvent.

6 1-(2-((4-Oxo-2-phenylquinqxolin-3(4H)-yl)carbam-
oyl)benzoyl)pyrrolidine-2-carboxylic acid (C-QA-PR)

S.N. Name Structure

N

N

HN
O

O
O

N
OH

O

Table 1.   (Contd.)
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 Benzimidazole Derivatives

For all solutions (C-BI-CL-L, C-BI-NO2-L, C-
BI-NO2-G in Ethanol and DMSO) density, velocity,
acoustic impedance, molar volume, surface tension
Rao’s constant and Wada’s constant increases with
increase in concentration. Adiabatic compressibility
as well as Intermolecular free length decreases with
increase in concentration. This indicates strong inter-
molecular interaction which supports interactions
between solute–solute and solvent–solvent mole-
cules. In other words, it is evidence of interactions
between molecules in the solution. The non-linear
trend for acoustical parameters is may be due to more
interactions between solute–solute and solvent–sol-
vent molecules as compared to solute–solvent mole-
cules.

 Quinaxaline Derivatives

For solutions of C-QA-GL and C-QA-PR in etha-
nol. Values of density, velocity, acoustic impedance,
Rao’s constant, Wada’s constant, molar volume, sur-
face tension increases and adiabatic compressibility as
well as the intermolecular free length decreases with
increase in concentration. This indicates strong inter-
molecular interaction. For solutions of C-QA-GL in
DMSO, density, velocity, acoustic impedance, molar
volume, surface tension except Rao’s constant and
Wada’s constant, increases with increase in concen-
tration. Adiabatic compressibility as well as Intermo-
lecular free length decreases with increase in concen-
tration. This supports interactions between solute–
solute and solvent– molecules. For solutions of C-
QA-PR in DMSO, density, velocity, acoustic imped-
ance, molar volume, surface tension, Rao’s constant
(except at 303 and 318 K) and Wada’s constant (except
at 303 and 318 K) increases with increase in concen-
tration. Adiabatic compressibility as well as Intermo-
lecular free length decreases with increase in concen-
tration. This is also evidence of interactions between
molecules in the solution. The non-linear trend for
acoustical parameters is may be due to more interac-
tions between solute–solute and solvent–solvent mol-
ecules as compared to solute–solvent molecules.

FTIR spectral analysis. Results of ultrasonic veloc-
ity measurement are further supported by FTIR spec-

tral study (Table 2). The change in values of transmit-
tance and shift in values of frequency of representative
peaks –OH and other functional groups present in the
compounds in FTIR spectra gives information about
molecular interaction which leads to the complex for-
mation among solute and solvent. The variation of
ultrasonic velocity and other parameters may be
explained on the basis of hydrogen bond formation
between solute and solvent. Here all solutes has car-
bonyl/ hydroxyl/ carboxylic acid functional group and
solvent has hydroxyl/carbonyl functional group. So
hydrogen bonding between solute and solvent is possi-
ble. In these figures, frequency is expressed in terms of
wave number. In IR spectra, when solute dissolved in
solvent (ethanol/DMF/DMSO) then its IR absorp-
tion frequency is found to be different from the value
of IR absorption frequency of pure solute. Alteration
in frequency in presence of solvents supports hydrogen
bonding among solute and solvent. Although, various
oxygen and nitrogen atoms are there in the structure of
the compound, which are also available for hydrogen
bonding with the hydrogen atom in –O–H group of
ethanol. It is seen from the FTIR spectrum of binary
mixture that, shift in frequency of –OH group is more
pronounced as that of other groups. Therefore, it can
be concluded that the –OH group form a hydrogen
bond. The complex formation can be explained
through the molecular structures of compounds and
solvent.

CONCLUSION
Ultrasonic studies of NPTLU, C-BI-NO2-L, C-

BI-NO2-G, C-BI-CL-L, C-QA-PR, and C-QA-GL
studied in solution of polar and non-polar solvent of
various concentrations at different temperatures viz.
303, 308, 313, and 318 K with a view to understand
molecular interactions in these solutions. Ethyl alco-
hol and DMSO/DMF chosen as polar and non-polar
solvents respectively. The interaction between the
molecules of liquids takes place because of presence of
various types of forces such as dispersion forces,
charge transfer, hydrogen bonding, dipole-dipole and
dipole-induced dipole interactions. We determined
density and ultrasonic velocity of N-pthaloyl amino
acid analogue at different concentration and tempera-
ture. Various acoustical parameters such as adiabatic

Table 2. IR absorption frequency, cm–1

S.N. Compound Solute Solute + polar solvent Solute + nonpolar solvent

1 NPTLU 2953.51 3349.74 3402.38
2 C-BI-NO2-L 3500 3330.38 3667.79
3 C-BI-NO2-G 3500 3346 3851.41
4 C-BI-CL-L 3554.30 3741 3741
5 C-QA-PR 3433.02 3334.57 3407.85
6 C-QA-GL 3412.44 3401.60 3328.60
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compressibility, intermolecular free length, Rao’s
constant, acoustic impedance, relaxation time, sur-
face tension, molar volume, absorption coefficient,
free volume, and free length calculated from the
experimental velocity and density measurements.
Thus the variation of different parameters with tem-
perature and concentration shows the molecular inter-
action is taking place between the solute molecules in
the liquid mixtures. The acoustical and thermody-
namic parameters calculated from measured proper-
ties suggest the strong molecular interaction in the
solution. All the experimental determinations of adia-
batic compressibility (β), molar volume (V), free
length (Lf), acoustic impedance (Z), Wada’s constant
(W), and Rao’s constant (R) are strongly correlated
with each other. The solute–solute molecular associa-
tion takes place due to dipole – interaction and the
polar nature of different molecular species in the mix-
ture. The solute–solvent association takes place due to
slightly polar solute and polar/nonpolar nature of the
solvent. The association in this mixture is the result of
hydrogen bonding in the binary liquid mixtures. The
natures of intermolecular interaction explained on the
basis of variation of acoustical parameter and infrared
analysis.

For NPTLU, the interaction of solute with DMSO
is stronger than ethanol since values of acoustical
parameters are more for DMSO since value of density,
acoustic impedance, Wadas constant, surface tension
are high for DMSO and adiabatic compressibility is
low for DMSO.

For benzimidazole derivatives (C-BI-CL-L, C-
BI-NO2-L, and C-BI-NO2-G) values of acoustical
parameters i.e., velocity, Rao’s constant (R), Wada’s
constant (W), molar volume (Vm), except acoustic
impedance (Z) and surface tension (S) are higher for
DMF than ethanol. On the other hand, values of adi-
abatic compressibility (βad) and intermolecular free
length (Lf) of all the three solutes are higher in ethanol.
This indicates the occurrence of strong interaction
between solute (C-BI-CL-L, C-BI-NO2-L, C-BI-
NO2-G) and DMF. The association in this solution is
due to hydrogen bonding between solute and solvent.
An analysis of these values suggests strong intermolec-
ular interaction which may be due to hydrogen bond,
dipole–dipole interaction, and hyperconjugation
Thus, the concept of intermolecular interaction stud-
ied on the basis of variation of acoustical parameter.

For quinaxoline derivatives, (C-QA-GL and C-
QA-PR), the values of parameters velocity, density,
acoustic impedance (Z), Rao’s constant (R), Wada’s
constant (W), molar volume (Vm), surface tension (S),
of C-QA-GL are higher for DMSO than ethanol

except density, acoustic impedance and surface ten-
sion. On the other hand, values of adiabatic compress-
ibility (βad) and intermolecular free length (Lf) of C-
QA-GL are higher in ethanol. All the values of acous-
tical parameters except molar volume of C-QA-PR are
higher for DMSO than ethanol. Conversely, values of
adiabatic compressibility (βad) and intermolecular free
length (Lf) of C-QA-PR are higher in ethanol. This
indicates the occurrence of strong interaction between
solute (C-QA-PR and C-QA-GL) and DMSO.

Moreover, the molecular interaction between sol-
ute and solvents confirmed by FTIR study which
shows alternation in –OH group frequency (expressed
in terms of wave number) when solute dissolves in sol-
vents, which may be due to the presence of hydrogen
bonding. It can also be concluded that molecular
interactions in the ethanol and DMSO/DMF solution
of all solutes are due to complex formation on the basis
of hydrogen bonding. This property is directly respon-
sible for the increase in potency of the drug and shows
good effectiveness of the drug. So, these compounds
possess remarkable and noticeable acoustical prop-
erty.
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Abstract

LiMgBO3:Dy3+, a low Zeff material was prepared using the solution combustion

method and its luminescence properties were studied using X‐ray diffraction (XRD),

scanning electron microscopy (SEM), thermoluminescence (TL), photoluminescence

(PL), Fourier transform infrared spectroscopy, and electron paramagnetic resonance

(EPR) techniques. Reitvield refinement was also performed for the structural studies.

The PL emission spectra for LiMgBO3:Dy3+ consisted of two peaks at 478 due to the
4F9/2→

6H15/2 magnetic dipole transition and at 572 nm due to the hypersensitive
4F9/2→

6H13/2 electric dipole transition of Dy3+, respectively. A TL study was carried

out for both the γ‐ray‐irradiated sample and the C5+ irradiated samples and was

found to show high sensitivity for both. Moreover the γ‐ray‐irradiated LiMgBO3:

Dy3+ sample showed linearity in the dose range 10 Gy to 1 kGy and C5+‐irradiated

samples show linearity in the fluence range 2 × 1010 to 1 × 1011 ions/cm2. In the

present study, the initial rise method, various heating rate method, the whole glow

curve method, glow curve convolution deconvolution function, and Chen's peak

shape method were used to calculate kinetic parameters to understand the TL glow

curve mechanism in detail. Finally, an EPR study was performed to examine the rad-

icals responsible for the TL process.

KEYWORDS

ESR, LiMgBO3, tissue equivalent material, trapping parameters

1 | INTRODUCTION

Boron‐based materials show interesting thermoluminescence (TL)

properties when exposed to ionizing radiation[1,2]. The luminescence

properties of lithium borate and magnesium borate in both micro-

crystalline and nanocrystalline forms have been studied previ-

ously[1–4]. Recently, researchers who studied lithium magnesium

borate phosphor found that it was useful for applications in

dosimetry[5,6].

To date, only a few studies on LiMgBO3 have been reported[5].

Recently, the TL properties of rare earth ion (RE = Tb, Gd, Dy, Pr,

Mn, Ce, Eu)‐doped lithium magnesium borate (LMB), prepared using

the solid state diffusion method, have been documented[6]. LMB:Tb3+

showed the best results with a stable TL peak at 240°C. LMB:Tb3+

was about four times more sensitive thanTLD‐100. Optical properties

of LMB glasses doped with Dy3+,Sm3+ ions have been studied[7].

Photoluminescence properties of LMB:Eu and LMB:Eu,Bi have also

been studied in detail[8]. LiMgBO3:Dy3+ in its polycrystalline form has

been prepared using a novel solution combustion method and its

TL sensitivity was found to be half compared with commercial TLD‐

100 and showed a high degree of fading of 30% after 20 days[9].

Furthermore, LiMgBO3:Dy3+ in its nanocrystalline form has

been prepared using the combustion method and its structural

and optical properties have been studied[10].
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There have been no previous reports in the published literature on

the study of the luminescence properties of LMB synthesized using

the solution combustion method using present precursors, and also

no reports on ion beam dosimetry with the same material. Recently,

in the field of cancer treatment, heavy ion radiotherapy compared

with photon therapy has attracted attention[11,12]. Heavy ions show

low energy straggling and strong increase in their linear energy trans-

fer (LET) in the affected region[12–16]. Among the heavy ions, carbon

ions are most significant due to increase in LET and the size of carbon

ions is such that they cause much damage to the cancer cell, but rela-

tively little damage to healthy cells nearby[12]. The effective atomic

number of LiMgBO3 was calculated using the formula:

Zeff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f1 × Z1ð Þ2:94 þ f2 × Z2ð Þ2:94 þ f3 × Z3ð Þ2:94 þ f4 × Z4ð Þ2:942:94

q
(1)

where.

fn = fraction of total number of electrons associated with each

element,

Zn = atomic number of each element.

It was found that LiMgBO3 had a low effective atomic number (Zeff ≈

8.8) close to that of biological tissue (Zeff = 7.4), therefore this material

can be studied for its dosimetric properties.In the present study,

LiMgBO3 doped with Dy was synthesized using the solution combus-

tion method with different starting materials than reported previ-

ously[9]. The synthesized samples were irradiated with a γ‐ray dose

and their luminescence properties were studied using photolumines-

cence (PL) and electron paramagnetic resonance (EPR) techniques.

Finally theTL characteristics of γ‐ray‐ and C5+ ion beam‐exposed sam-

ples were studied to find their suitability for application in radiation

dosimetry.

2 | EXPERIMENTAL

2.1 | Synthesis

The solution combustion method was used to prepare Dy3+ activated

with LiMgBO3. All analytical reagent (AR) grade precursors: LiNO3,

Mg(NO3)2, H3BO3, and NH2CONH2 were weighed in stoichiometric

proportion and dissolved in double‐distilled water with constant stir-

ring. Dysprosium nitrate was added by dissolving Dy2O3 in dilute nitric

acid at the desired concentration for doping. The prepared mixture

was heated by placing on a hot plate at a constant temperature of

80°C with constant stirring. The formed gel was then transferred to

a preheated muffle furnace at 500°C. An exothermic reaction took

place and a white foamy powder was obtained in the crucible. The

foamy powder was crushed to fine particles and was heated in a muf-

fle furnace at 700°C for 2 h and allowed to cool slowly. Later the sam-

ple was annealed at 700°C for 1 h and quenched quickly to room

temperature by putting it on a metal block. The final product obtained

was studied for its different luminescence properties.

2.2 | Characterization

For characterization of the synthesized materials, X‐ray diffraction

(XRD), TL, PL, ESR techniques have been used. The XRD pattern

was recorded using a diffractometer with Cu‐Kα radiation

(λ = 1.5406 Å) at a 40 kV tube voltage on a Rigaku instrument with

a step size of 2θ = 0.02o. Furthermore, for SEM, a JEOL 6380 A instru-

ment was used to study the surface morphology of the synthesized

sample. Fourier transform infrared (FTIR) spectra from the prepared

phosphor were recorded using a Shimadzu IR Affinity‐1 spectropho-

tometer. PL measurements were taken using an RF‐5301PC

spectrofluorophotometer with a xenon lamp as the excitation source.

EPR measurements were performed using a Bruker EMM‐1843 spec-

trometer operating at an X‐band frequency of 9.43 GHz. About

150 mg of LiMgBO3:Dy3+ sample was used to record the EPR spectra

and the sample was exposed to a 1 kGy dose of γ‐rays from a 60Co

source before EPR measurements. For the TL measurements, the syn-

thesized samples were irradiated with γ‐rays or a 75 MeV C5+ ion

beam. γ‐Ray exposure was carried out using a calibrated 60Co source

or C5+ ion beam exposure was carried out using a 16MV tandem

Van de Graaff‐type electrostatic accelerator (15 UD Pelletron)[17] at

FIGURE 1 (a) Rietveld refined X‐ray diffraction pattern; (b) crystal
structure of monoclinic LiMgBO3 phosphor
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the Inter‐University Accelerator Center (IUAC), New Delhi, India. After

irradiation, TL measurements were recorded using a Nucleonix TLD

reader (model: 1009I) taking 5 mg of sample every time.

3 | RESULTS AND DISCUSSION

3.1 | Structure analysis

The Rietveld refined XRD pattern of monoclinic LiMgBO3 (97%) with a

secondary cubic MgO (3%) phase is shown in Figure 1(a). The XRD

pattern is consistent with the standard pattern depicting the pure

monoclinic phase with space group C2/c[10]. The diffraction peaks

were indexed according to the JCPDS file (00–079‐1996)[10]. Further-

more, addition of dopant Dy3+ (activator) did not affect the crystal

structure of the host lattice. For the determination and refinement

of lattice parameters, Rietveld XRD profile fitting was performed using

FULLPROF software. Initial parameters were taken from the already

reported structural characterization of LiMgBO3
[5]. The calculated lat-

tice parameters were approximated to be a = 5.168 Å, b = 8.887 Å,

c = 9.916 Å, β = 91.20°and V = 455.322 Å[10]. The Rietveld refinement

parameters are listed in Table 1. The crystal structure of LiMgBO3 is

shown in Figure 1(b). Norrestem et al. showed that the Li atom in

LiMgBO3 occupied a disordered position, allowing the lithium atom

to occupy two positions around the initial average position[5]. But, in

the present study, a more ordered position for the lithium atom with

bonds elongated along the c‐axis was observed. The Li position has

a triangular coordination using the three O atoms with very short

bond distances of about 1.9 Å, further away (about 2.7 Å) there were

two more O atoms so that a 3 + 2 coordination in the form of an elon-

gated trigonal bi‐pyramidal coordination polyhedron was obtained.

The Li and Mg atoms were five‐coordinated using an oxygen atom

to form a distorted trigonal bi‐pyramidal coordination polyhedron.

LiO5 polyhedrons were interconnected by two oxygen atoms forming

layers parallel to the c–a plane distributed along the b‐axis. The MgO5

polyhedrons shared two oxygen atoms with other MgO5 polyhedrons

forming diagonal layers. These LiO5 and MgO5 layers were linked

together by edge and shared into zig‐zag rows extending in the diag-

onal c–a direction. The Li and Β ions linked these rows together into

a three‐dimensional network.

Figure 2 shows the SEM photographs from the LiMgBO3:Dy3+

phosphor and clearly indicated agglomeration with rod shapes distrib-

uted widely. The morphology of the powder was observed to be poly-

crystalline, made of microcrystalline particles. Voids and pores seen in

the SEM images were due to the production of combusting gases dur-

ing the sol–gel combustion process[9].

3.2 | Fourier transform (FTIR) analysis

FTIR spectra of the synthesized phosphor LiMgBO3:Dy3+ prepared

using the solution chemical route are displayed in Figure 3. The spectra

were recorded for themid‐infrared region 400 cm−1 to 4000 cm−1 using

transmittance mode. Bands at 1458 cm−1 and 1287 cm−1 corresponded

to asymmetric stretching relaxations of the B–O bond in the trigonal

BO3 unit
[9]. The band at 1182 cm−1 showed the symmetrical stretching

vibrations of a B–O bond. Bands at 1025 cm−1 and 836 cm−1 showed

the bending vibrations of borate segments[18]. Furthermore, borate

deformation and plane bending of the boron–oxygen triangles were

expressed by bands at 704 and 676 cm−1. Finally, bands at wavelengths

less than 450 cm−1 were attributed to lattice vibrations.

3.3 | Photoluminescence (PL)

Photoluminescence spectra were studied to confirm the state of the

dopant in the host lattice. The excitation and emission spectra of

TABLE 1 Rietveld refinement parameters for monoclinic LiMgBO3

Empirical formula LiMgBO3:Dy3+

Crystal system and space group Monoclinic, C2/c (15)

Unit cell parameters a = 5.168 Å, b = 8.887 Å, c = 9.916 Å, β = 91.22°

Volume V = 455.322 Å

Calculated density 2.194 g/cm3

Goodness of fit (χ2) 1.41

Reliability factors Rp = 10.7, Rwp = 14.9, Rexp = 12.5

Atom x y z Occupancy B

Li 0.1427 0.5167 0.1151 0.972 4.327

Mg 0.1625 0.1708 0.1261 0.7635 1.571

Dy 0.1625 0.1708 0.1261 0.0016 2.189

B 0.1702 0.8480 0.1296 0.5941 1.443

O1 0.2753 0.6939 0.1621 0.8515 2.134

O2 0.3095 0.9553 0.1294 0.8565 2.382

O3 0.4056 0.3299 0.0857 0.8677 2.725
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synthesized LiMgBO3:Dy3+ are shown in Figure 4(a) and Figure 4(b),

respectively. Peaks at 323, 349, 365, 388 and 427 nm were observed

in the excitation spectrum monitored at the 572 nm emission that is

shown in Figure 4(a). Peaks corresponded to 6H15/2→
4K15/2, [

6H15/

2→
6P7/2,

4M15/2],
6H15/2→

6P5/2, [6H15/2→
4I13/2,

4F7/2] and 6H15/

2→
4G11/2 transitions, respectively. The PL emission spectra of Dy3+‐

doped LiMgBO3 sample excited at 349 nm wavelength is shown in

Figure 4(b). The emission spectra consisted of two peaks centred at

478 nm and 572 nm that were due to the 4F9/2→
6H15/2 magnetic

dipole transition and the hypersensitive 4F9/2→
6H13/2 electric dipole

transitions, respectively of Dy3+[19,20]. Furthermore, the inset in

Figure 4(b) shows that emission intensity increased with increase in

Dy3+ concentration and did not show any concentration quenching

until the 1 mol% concentration.

3.4 | Thermoluminescence (TL) studies

TL studies of LiMgBO3:Dy3+ were performed after irradiation of the

samples with γ‐rays and an C5+ ion beam. The study included the

effect of dopant concentration on the TL glow curves and the effect

of dose on TL glow curves, the TL response, the effect of various

heating rates and the calculation of trapping parameters.

FIGURE 4 Photoluminescence (a) excitation; and (b) emission
spectra of the LiMgBO3:Dy3+ phosphor

FIGURE 3 Fourier transform infrared spectrum of the synthesized
LiMgBO3:Dy3+ phosphor

FIGURE 2 (a, b) Scanning electron microscopy micrographs of the
LiMgBO3:Dy3+ phosphor
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3.4.1 | TL studies of γ‐ray‐irradiated LiMgBO3:Dy

Effect of concentration on TL glow curves

TL glow curves for LiMgBO3:Dy3+ with different Dy3+concentrations,

and irradiated with a 200 Gy γ‐ray dose are shown in Figure 5. A sin-

gle glow curve was observed due to one type of defect (luminescent

centre) for the prepared phosphor with a glow peak at 160°C. TL glow

curves were recorded for 0.05, 0.1, 0.2, 0.5 and 1 mol% concentra-

tions of Dy3+ ions in LiMgBO3. The concentration profile shown in

the inset of Figure 5 shows maximum intensity for 0.1 mol% of Dy3+

ions. With further increase in concentration, the intensity decreased,

then became constant. The decrease in TL intensity might have arisen

due to concentration quenching of Dy3+ ions[21]. With increase in dop-

ant concentration, the distance between the dopant ions decreased,

therefore energy levels of dopant ions perturbed each other to quench

each other's emission and causing a decrease in the TL intensity[22]. In

the present study, a 0.1 mol% concentration of Dy3+ was found to be

the best concentration for studying theTL properties, so this was used

for further characterization.

Effect of heating rates on TL glow curves

The variation in Tm with various heating rates of LiMgBO3:Dy3+ is

shown in Figure 6. The glow curve occurred at a lower temperature

with a maximum TL intensity for a 2°C/s heating rate. As the heating

rate increased from 2°C/s to 12°C/s, the glow curve moved towards

the higher temperature side and the intensity continued to decrease.

However the shape of the glow curve remained unchanged[23–25].

The decrease in TL intensity and shift in the peak position towards

the higher temperature with increase in heating rate is explained by

the theory of thermal quenching[26,27].

TL response

To study the dose–response of the prepared phosphor, samples were

exposed to different doses ranging from 10 Gy to 1.2 kGy γ‐rays using

a 60Co source. It was found that the shape and peak temperature of

the glow curve remained invariant with varying dose, this is a crucial

characteristic for aTLD. Figure 7 shows theTL response of the present

phosphor with varying γ‐ray doses, the fitted line indicates the linear

behaviour of the present phosphor up to a dose of 1 kGy. Further

increase in dose resulted in a decrease in intensity and finally satura-

tion at higher doses. This linear TL response can be explained based

on the track interaction model[28,29].

Trapping parameters

In the present study, trapping parameters were calculated to under-

stand themechanism of TL glow curve in detail. Differentmethods used

were the initial rise method, the whole glow curve method, the various

heating rate method, the glow curve convolution deconvolution func-

tion and Chen's peak shape method.

(a) Initial rise method Activation energy was estimated using the

initial rise method by plotting ln(I) and 1/kT, where I is TL intensity, k

FIGURE 7 Thermoluminescence response of the LiMgBO3:Dy3+

phosphor with varying γ‐ray doses

FIGURE 6 Variation of thermoluminescence glow curves of
LiMgBO3:Dy3+ phosphor with various heating rates

FIGURE 5 Thermoluminescence glow curves for different
concentrations of Dy3+ in the LiMgBO3:Dy3+ phosphor
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is the Boltzmann constant (in eV/K) and T is the temperature in K[30].

The slope of the curve gives the activation energy E. This method was

suggested by Garlic and Gibson[31]. The rate of retrapping was negligi-

ble for the initial rising portion up to a cut‐off temperature Tc, for

which the TL intensity was 15% less than that of the maximum TL

intensity[32]. Figure 8 shows the initial rise portion of TL glow curve

of the sample exposed to a 10 Gy γ‐ray dose. The slope of the straight

line obtained provided the activation energy E equal to 1.052 eV.

(b) Whole glow curve method The whole glow curve method was

used to find the order of kinetics, activation energy and frequency

factor[30]. This method uses an area of peak to find these trapping

parameters.

For general order kinetics, the equation is as follows:

ln
I
nb

� �
¼ ln

s′
β

� �
−

E
kT

(2)

where s' is the effective frequency factor for general order kinetics, β

is the heating rate and b is the order of kinetics. For a particular value

of b, the plot of ln(I/nb) versus 1/kT is linear with slope −E and inter-

cept (s'/β). For the unknown value of ‘b’, several lines were drawn to

represent different values of b and the best straight line

was chosen[33]. For the present study, Figure 9 shows the plot

between ln(I/nb) and 1/kT for some values of b, out of which

FIGURE 11 Normalized glow curve showing parameters T1, T2, Tm
for Chen's peak shape method

FIGURE 10 Plot of lnT2
m/β against 1/kTM for the various heating rate

method

FIGURE 9 Plot of ln(I/nb) versus 1/kT using the whole glow curve
method

FIGURE 8 Initial rise portion of a single thermoluminescence glow
peak for LiMgBO3:Dy3+ irradiated with a 10 Gy γ‐ray dose
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b = 1.35 showed the best linearity. The b value shows that the peaks

followed general order kinetics. Activation energy was calculated to be

0.937 eV and the frequency factor was 1.73 × 108 s−1. The results

were found to be consistent with the results from the Chen's peak

shape method.

(c) Various heating rate method The method of various heating

rates was suggested to find the values for the trapping parameters[24].

The method uses the following relationship:

ln
T2
M

β

 !
¼ E

kTM
þ ln

E
sk

� �
(3)

The result suggested that a plot of lnT2
M/β against 1/kTM with slope E

and an intercept of ln(E/sk) should be linear, from which E and s values

can be obtained. Figure 10 shows the plot of lnT2
M/β against 1/kTM. A

straight line is obtained and therefore the activation energy was calcu-

lated to be 1.003 eV and frequency factor was observed to be

1.32 × 1011 s−1. These results were consistent with those of the

Chen's peak shape method.

(d) Chen's peak shape method The activation energy, order of

kinetics and frequency factor can also be determined using Chen's

general equations[32,34]. Chen's peak shape method needs three tem-

perature values on the peak: the temperature of the TL maximum,

Tm, as well as T1 and T2, which are the temperatures in the ascending

and descending parts of the glow curve respectively, for which the TL

intensity is a half of theTL at Tm. Figure 11 shows the normalized glow

curve with parameters T1 = 136°C, T2 = 181°C, and Tm = 160°C for

Chen's peak shape method. Before calculating the kinetic parameters

using Chen's equations, some geometrical parameters, τ, δ, ω, were

calculated[17]. The kinetic parameters calculated from this method

are given in Table 2. The values of the symmetry factor (μg) and the

Balarian parameter (γ) were found to be 0.47 and 0.88 respectively

and indicated the general order characteristic of TL glow curve. From

the relationship between kinetic order (b), the geometrical factor (μ)

and the Balarian parameter (γ)[30], the value of kinetic order was found

to be 1.42. A comparison of the values for trapping parameters from

the Chen's peak shape method and the initial rise method is shown in

Table 3. Activation energy value using Chen's peak shape method and

the initial rise method are almost the same within experimental errors.

The value of activation energy using Chen's peak shape method was

somewhat less; this might be due to widening of the glow curve due

to the presence of less intense traps and the complex nature of the

glow curve[35], which are sometimes not distinguishable. The fre-

quency factor by both the methods showed good agreement with

each other. The order of kinetics found using Chen's peak shape

method was found to be 1.42 and suggested that there might be a

possibility of retrapping.

(e) Glow curve deconvolution method The trapping parameters of

the TL glow curve could be found using the glow curve convolution

deconvolution function for first, second, and general order kinetics

developed by Kitis et al.[36]. For applying the glow curve convolution

deconvolution function to the experimental value, a rough estimation

of values of E and b was found using Chen's peak shape method.

These values were put in the glow curve convolution deconvolution

function and a theoretical curve was generated. The TL glow curve

for LiMgBO3:Dy3+ irradiated with a 200 Gy γ‐ray dose was

deconvoluted to two peaks and is shown in Figure 12. The figure of

merit (FOM) value was found to be 1.57 and showed the best fit to

the experimental and theoretically generated curve. Activation energy

and frequency factor values were found to be consistent with the

values obtained from Chen's peak shape method.

Reproducibility

Reproducibility of the synthesized LiMgBO3:Dy material was studied

by carrying out repeated post read‐out annealing at 400°C for

10 min, seven times at 50 Gy dose every time. Reproducibility results

are shown in Figure 13. It was found that the TL response reduced to

less than 10% in first five readouts and then reduced to 23% after

seven cycles.

3.4.2 | TL studies of C5+ ray‐irradiated LiMgBO3

LiMgBO3:Dy3+ samples were irradiated with a 75 MeV C5+ ion beam

and the TL glow curves were studied for different concentrations of

Dy and are shown in Figure 14. The glow curve shows two peaks, a

prominent peak at 148°C and another at 255°C compared with the TL

TABLE 2 Trapping parameters for LiMgBO3:Dy irradiated with γ‐rays and using Chen's peak shape method

α cα bα Eα (eV) sα (s−1)

T1 = 136°C τ = 24 1.65 1.78 0.978 7.13 × 1010

T2 = 181°C δ = 21 1.32 0 1.013 1.88 × 1011

Tm = 160°C ω = 45 3.00 1 1.001 1.35 × 1011

μg = 0.47 γ = 0.88 Kinetic order b = 1.42 Mean E = 0.997 eV Mean s = 1.31 × 1011 s–1

TABLE 3 Comparative study of values of trapping parameters for
LiMgBO3:Dy irradiated with γ‐ray using different methods

Method of calculation E (eV) s (s−1) b

Chen's peak shape 0.997 1.31 × 1011 1.38

Initial rise 1.052 –

Various heating rate 1.003 1.32 × 1011

Whole glow peak method 0.937 1.73 × 108 1.35

Curve fitting method P1 0.99 1.35

P2 0.98 1
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glow curve for γ‐ray‐exposed samples that showed single peak at 160°C.

Heavy carbon ions lost their whole energy after penetrating the phos-

phor, this action perturbed the normal lattice site and therefore

altered the trapping mechanism and resulted in the generation of

new trap centres that caused the peak at 255°C[12,37]. The present

phosphor showed a maximum TL intensity at 0.7 mol% of Dy when

exposed to the C5+ ion beam fluence 1 × 1011 ions/cm2. Furthermore,

the TL glow curves were observed at different fluence ranges for

the C5+ ion beam from 2 × 1010 ions/cm2 to 1 × 1012 ions/cm2,

as shown in Figure 15. With increase in fluence up to 1 × 1011

ions/cm2, the TL intensity increased and then decreased after further

increase. With increase in radiation dose, traps were increasingly filled

and then, on thermal stimulation, traps released their charge carriers

to finally recombine with their counterparts and give rise to an

increase in theTL intensity of the glow peak[38]. TheTL response curve

for the C5+ ion beam‐irradiated LiMgBO3:Dy3+ samples is shown in

Figure 16, which shows that the TL response was linear in the range

2 × 1010 to 1 × 1011 ions/cm2 and then decreased. Therefore, the

phosphor was useful in the respective range for C5+ ion irradiation.

Fading of the synthesized material for γ‐ray and C5+ beam exposure

is shown in Figure 17. To study fading, samples were irradiated with

50 Gy for γ‐rays and 1 × 1011 ions/cm2 for C5+ ion beams and then

samples were stored for 27 days in the dark. The results in

Figure 17 revealed that fading for γ‐ray‐exposed and carbon beam‐

exposed sample for first 3 days was approximately 30%, however on

fifth day fading remains same for the γ‐ray exposed sample but carbon

FIGURE 15 Thermoluminescence glow curves of LiMgBO3:Dy3+

exposed to different fluence ranges of C5+ ion beams

FIGURE 14 Thermoluminescence glow curves recorded for different
concentrations of Dy in the LiMgBO3:Dy3+ samples exposed to a MeV
of C5+ ion beam

FIGURE 13 Reproducibility of the synthesized LiMgBO3:Dy
phosphor

FIGURE 12 Deconvolution of the thermoluminescence glow curve
for LiMgBO3:Dy3+ irradiated with a 200 Gy γ‐ray dose
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beam‐exposed samples faded to 42%, which was very high for a

dosimeter.

The trapping parameters of LiMgBO3:Dy irradiated with the

75 MeV C5+ ion beam were calculated. The TL glow curve for

1 × 1011 ions/cm2 fluence of the carbon beam was deconvoluted to

three peaks using the glow curve deconvolution method with FOM

1.61% and is shown in Figure 18. The trapping parameters for each

peak for all fluencies were calculated and are shown in Table 4.

3.5 | Electron paramagnetic resonance (EPR)

EPR spectra were recorded at room temperature (RT) and liquid nitro-

gen temperature (LNT). Phosphors were irradiated with a γ‐ray dose

for EPR studies. EPR studies on Dy3+ ions in YAl3(BO3)4 and

EuAl3(BO3)4 aluminoborates, LiNaSO4, CaMg2(SO4)3:Dy3+ have been

reported recently[39–41]. It was noted that EPRwas observed only at liq-

uid helium temperature, because the electronic configuration of Dy3+

ion is 4f9 and its ground state, first excited state and second excited

states are given by 6H15/2,
6H13/2 and

6H11/2, respectively. Furthermore,
6H15/2 splits into eight, 6H13/2 into seven and 6H11/2 into six Kramers’

doublets under very low crystal field symmetry[41]. The first excited

multiplet 6H13/2 was located ≈3.5 × 103 cm−1 higher in energy. Due

to mixing of the higher states and the large orbital angular momentum

associated with these states, there was a very short spin lattice relaxa-

tion time for the Dy3+ ion and therefore EPR was observed[41].

The non‐irradiated LiMgBO3:Dy sample did not show an EPR sig-

nal at RT. The EPR spectrum for γ‐ray‐irradiated LiMgBO3:Dy is

shown in Figure 19. The RT EPR spectrum consisted of a well resolved

TABLE 4 Trapping parameters for LiMgBO3:Dy irradiated with a
75 MeV C5+ ion beam using the glow curve deconvolution method

Fluence (ions/cm2) Peak Tm E b

2 × 1010 P1 146 0.93 2

P2 170 0.96 2

P3 249 1.04 1.3

5 × 1010 P1 146 0.97 1.7

P2 168 0.98 1.7

P3 248 1.02 1

1 × 1011 P1 146 0.92 2

P2 168 0.99 1.9

P3 248 1.06 2

5 × 1011 P1 142 0.95 1.6

P2 174 0.97 2

P3 242 1.06 1

1 × 1012 P1 146 0.95 1.9

P2 178 1.01 2

P3 252 1.06 1.5

FIGURE 18 Deconvulation of thermoluminescence glow curves for
LiMgBO3:Dy irradiated with a 75 MeV C5+ ion beam

FIGURE 17 Fading of synthesized LiMgBO3:Dy3+ for γ‐ray and C5+

beam exposure

FIGURE 16 Thermoluminescence response curve for C5+ ion beam‐
irradiated LiMgBO3:Dy3+ samples
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quartet structure (perpendicular components) with spacing of 10 G

and having nearly equal intensity. Superimposed onto the lowest field

component of this quartet structure, a broad parallel‐like structure

(parallel component) was observed, but without any hyperfine struc-

ture. The observed EPR spectrum was assumed to arise from single

paramagnetic species having nearly axial symmetry (g|| = 2.020;

g⊥ = 2.0064, A|| = 0 G and A⊥ = 10.5 G). The quartet hyperfine Bohr

magnetron structure was due to the interaction of unpaired electrons

in the radical with the most abundant isotope of boron, 11B (I = 3/2,

natural abundance 80.2%). The hyperfine structure due to the 10B

nucleus (I = 3; isotopic abundance 19.80%) was unresolved due to

overlapping of its hyperfine lines[42] and resulting in significant line‐

broadening to as much as 5 G. This finding is shown in Figure 19.

The experimentally observed giso = 2.0111 for this radical was close

to the giso value (2.0111) reported in the literature. Based on observed

g values, this signal was attributed to the boron–oxygen hole centre

(BOHC) (g for e trapped centres is less than 2.00, whereas for hole‐

trapped species g is greater than 2.00). The EPR parameters

for different types of BOHCs are given in Table 5. EPR parameters

for free radicals were precisely determined from the calculated spec-

tra, assuming axial symmetry of g and A tensors, which were obtained

using the WIN‐EPR BRUKER SIMFONIC program based on perturba-

tion theory[43]. The theoretical EPR signals were calculated using spin

Hamiltonian Hs = βeS • g • B + I • A • S, where βe is the electron mag-

netron; S and I are the electron spin and nuclear spin operators,

respectively; g is the spectroscopic factor; B is the applied magnetic

field; and A is the hyperfine terms for the 11B nucleus[44]. The possibil-

ities for EPR spectrum generation could be:

(i) The quartet structure arising from the interaction of unpaired

electrons with the 7Li nucleus (7Li, having a natural abundance of

92.5%) as observed in [Li]0, but the unpaired spin density resides on

the S orbital for this centre, leading to a large hyperfine coupling con-

stant and isotropic g = 2.0023.

Howard J. A. and Sutcliffe R. observed three types of [Li]0 centres

with g values close to free electron g value 2.0023 and a large hyperfine

coupling constant 135 G in the hydrocarbon matrix. In same system,

authors observed evidence for stabilization of the lithium trimer, Li3

(A = 33.1 G and g = 2.001)[45]. However, the small hyperfine coupling

constant and g value observed in our case did not support this finding.

(ii) The unpaired spin density on oxygen interacted with 7Li. Even

though there have been many papers on EPR studies on irradiated

lithium‐based glasses and inorganic matrices, no paramagnetic centre

of this type has been reported.

EPR spectra at different temperatures in the range 300–450 Kwere

recorded to identify the role of electron–hole recombination reactions

in thermally stimulated luminescence (TSL) processes. Spectra are

shown in Figure 20. It was observed that, in the temperature range

400–425 K, there was a drastic reduction in the intensity of the BOHC

signal. Furthermore, the BOHC signal became thermally destroyed at

425 K by releasing the trapped hole. The recombination of this hole

TABLE 5 Spin Hamiltonian (g and A) parameters for boron–oxygen hole centres (BOHCs) in different minerals and inorganic matrices (the
principal hyperfine coupling constant (a value) for 11B is given in gauss)

Matrix Radical g1 g2 g3 gava A1 A2 A3 Aiso Temp. (K) Ref.

CaCO3 BO3
2− 2.0080 2.0127 2.0127 2.0111 12.6 8.4 8.4 9.8 4.2 K 1

CaBSiO4(OH) [BO4]
0 2.0059 2.0066 2.0512 2.0212 9.2 6.3 4.6 6.7 77 K 2

CaBSiO4(OH) [BO4]
0 2.0031 2.0118 2.0482 2.0210 9.85 9.06 4.01 7.64 10 K 3

CaB2(SiO4)2 [BO4]
0 2.0059 2.0066 2.0481 2.0202 9.6 9.4 4.9 7.97 77 K 2

ZrSiO4 [BO4]
0 2.0039 2.0013 2.0474 2.0175 4.88 5.19 1.90 3.99 15 K 4

K2B2O4 BO3
2− 2.0091 2.0143 2.0128 2.0121 12.37 7.54 7.54 9.15 300 K 5

SrB4O7 BO3
2− 1.9950 2.0130 2.0130 2.0070 13.26 9.46 9.46 10.73 300 K 6

BaBPO5 BOHC 1.9907 2.0133 2.0419 2.0153 8.0 9.0 8.25 8.42 300 K 7

SrBPO5 BOHC 1.9908 2.0133 2.0416 2.0152 9.0 9.0 8.5 8.83 300 K 8

LiMgBO3 BOHC 2.0064 2.0064 2.0200 2.0110 – 10.50 10.50 7.0 300 K Present worka

aCaCO3, CaBSiO4(OH), CaB2(SiO4)2 and ZrSiO4 represents calcite, detolite, danburite and zircon minerals respectively; errors in estimation of g and A

values are ±0.0001 and ±0.05 Gauss respectively.

FIGURE 19 Electron paramagnetic resonance spectrum of a
polycrystalline sample of γ‐ray‐irradiated LiMgBO3:Dy
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with electrons resulted in the production of an excited state of Dy3+.

De‐excitation of Dy3+ gave its characteristic emission before reaching

the ground state, resulting in a glow peak at around 160°C.

4 | CONCLUSIONS

A LiMgBO3:Dy3+ phosphor was prepared using the solution combus-

tion method and different techniques were used to study its lumines-

cence properties. The XRD pattern was found to be consistent with

standard patterns and depicted that the pattern belonged to the pure

monoclinic phase with space group C2/c. SEM micrographs clearly

indicated agglomeration with rod shapes distributed widely. FTIR

spectrum showed bands at 1458 cm−1 and 1287 cm−1, corresponding

to asymmetrical stretching relaxations of the B–O bond of the trigonal

BO3 unit. PL emission spectra for LiMgBO3:Dy3+ consisted of two

peaks centred at 478 and 572 nm due to the 4F9/2→
6H15/2 magnetic

dipole transition and the hypersensitive 4F9/2→
6H13/2 electric dipole

transitions of Dy3+ respectively. Moreover the γ‐irradiated LiMgBO3:

Dy3+ sample showed TL linearity in the dose range 10 Gy to 1 kGy

and the C5+‐irradiated samples showed TL linearity in the fluence

range 2 × 1010 to 1 × 1011 ions/cm2. In the present study, different

methods were used to calculate and compare trapping parameters to

understand the mechanism of the TL glow curve in detail. Finally,

EPR spectra were recorded at different temperatures to study the role

of electron–hole recombinations in the TL process.
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