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A series of Eu3* doped MGd,Si3010 (M = Mg?*, Ca?*, Sr** and Ba?*) was synthesized via sol-gel procedure at 950 °C. The optical characteristics of
the materials were studied by Photoluminescence (PL) emission spectra. Upon 395 nm excitation and at 0.03 mole concentration of Eu3* ion,
these nanophosphors display optimum photoluminescence with most intense peak due to *Do—>’F, (614-616) of dopant. Powder X-ray
diffraction (PXRD) analysis proves that all synthesized materials are of crystalline nature and crystallinity improves on increasing temperature.
Transmission electron microscopy (TEM) exhibited the spherical shape of particles in 13-30 nm size. Fourier Transformation infrared (FTIR)

spectra showed peaks in 400-1000 cm corresponding to gadolinium-

vibration is centered at 492 cm™ and absorption band at 855 cm™ is

oxygen and silicon-oxygen bond vibrations. In BaGd,Siz01o material, Gd-O
result of asymmetric vibrations of SiO in silicate tetrahedral unit. Due to

excellent photoluminescence and suitable CIE coordinates, these materials could have brilliant applications in innovative displays.
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INTRODUCTION

The rare-earth ions doped phosphor materials have
considerably been evaluated for their uses in the advanced display
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and lighting technology. The phosphors have countless uses in
white light emitting devices (WLEDs), cathode ray tubes, lasers,
optical communications, vacuum fluorescent display, biological
labeling, optoelectronic devices, X-ray imaging, etc.'* The
application of phosphors in the light industry have been
manifested due to their characteristic properties like high
brightness, lower energy consumption, consistency, low
ecological impact, long lifetime and high current density.® The
phosphor materials comprise of appropriate host matrix and rare
earth ions as a dopant. Upon excitation, host lattice captivates the
energy and transfers to activator ion. Such transferred energy is
responsible for the excitation of electrons from ground energy
level to higher energy levels.®” The excited states of these ions
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can be populated easily and undergo radiative decay to the lowest
energy level causing the phenomenon of luminescence.®!! The f-
orbitals, deeply embedded in the ions, are protected from the
chemical environment and results in sharp emission spectra
arising from f-f transitions.'?"'* The red color is one of the primary
constituents for the arena of displays and WLEDs. The synthesis
of red phosphors with satisfactory color rendering index and the
emission color performance is crucial for the development of
optoelectronic materials.'>"!7 Recent studies have proved Eu®* ion
as the most efficient activator ion, among rare earth ions, for the
generation of red color.

Numerous rare-earth and transition metals-based sulfide-
phosphors with low voltage have been successively fabricated.
Conversely, the sulfide materials are not worthful for
optoelectronic devices due to lower thermal and chemical stability
and are ecological unfriendly owing to the evolution of sulfide
gases under external energy excitation. The stability of different
host lattices under external voltage increases in the order as
fluorides, sulfides, silicates, garnets and aluminates respectively.'®
Therefore, fabrication of phosphor with high luminous efficacy,
high thermal and chemical stability and low energy consumption
is pretty challenging.

The phosphor materials have been fabricated with techniques
like solid state reaction,'® microwave heating,?’ co-precipitation,!
hydrothermal synthesis,?? spray pyrolysis,?> solution combustion
method?* and sol-gel.”® The conservative solid-state process has a
plenteous shortcomings comprising very high calcination
temperature, time-consuming heating and accumulation of
particles.? Moreover, the crushing route required to decrease the
size of the particles leads to a decrease in luminous intensity of
samples. Instead, the sol-gel procedure includes the highly
uniform mixing of the raw materials to grow the sol, making the
assimilation of dopants and co-dopants easy and proficient, in the
host lattice through the solution phase. Besides, the gel formed on
warming consequences the development of minute pores and all
the components of the homogeneous gel get very well mixed. The
extremely high surface area of samples outcomes the low
temperatures synthesis of the materials.”” The large size particles
are not suitable for the application in modern displays bioimaging,
coating and optical nano-devices. The phosphor materials having
nanosize particles possess suitable electronic and optical
properties that make them worthful for the fabrication of
optoelectronic materials.

We have tried to imply that the considered lattice, exhibit deep
red emission owing to transitions of trivalent europium ion, is
appropriate for fabrication of luminescent materials. An
efficacious sol-gel procedure was applied to explore these silicate
lattice based materials. To assess the color and intensity of these
samples, optical investigations have been carried out via
Photoluminescence spectroscopy. The prepared samples have also
been examined with XRD, FTIR and TEM analysis.

EXPERIMENTAL
MATERIALS AND SYNTHESIS

The powdered samples of Eu** doped MGd2Si3010 (M = Mg?*,
Ca*, Sr** and Ba*") phosphors were produced by sol-gel
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technique. Gd(NO3)3.6H20, Eu(NO3)3.6H:0, nitrates of alkaline
earth metals (Mg/Ca/Sr/Ba) and silica powder were used as
precursor component for exploring these luminescent materials.

Initially, CaGd2Si3010 phosphor was prepared using 0.01-0.05
moles concentration of Europium(Ill) ion. For optimum
photoluminescence performance, the concentration of Eu®* ion
was fixed i.e. 0.03 moles and a series of CaGd2Si3010 silicates was
synthesized at 950 °C. The synthetic procedure used to develop
silicate lattice based materials was consisting of two steps. In first
step, 3 moles of silica powder were dissolved in round bottom
flask (RBF) containing concentrated nitric acid solution. The
smooth gel was formed from solution of RBF on stirring.
Alternatively, nitrates of alkaline earth metals [Mg/Ca/St/Ba (1.97
moles) and Eu(NOs);.6H.0 (0.03 moles)] were dissolved
(stoichiometric amount) in distilled water in a silica crucible and
added the mixture of metal nitrates into the RBF and stirred upto
30 minutes for homogenous mixing. The semi-solid paste was
formed from the homogenous mixture of RBF when heated in the
silica crucible, on the hot plate. The crucible containing semi-solid
paste has been put in muffle furnace preserved at 950 °C for one
hour that gave rise to white silicate powders. To examine
influence of re-heating on the luminous intensity and crystallinity
of materials, the samples were further calcined at the temperatures
of 1050 and 1150 °C for one hour. Figure 1 shows the synthetic
route for the fabrication of silicate lattice based phosphors.

" Silica Powder is mixed with Conc.
HMNO; in a Round Bottom Flask

|

Stirred the mixture on

A mixture of nitrates magnetlc stirrer for smooth gel |
Eu(NO;);.6H,0 and |
M(NO),.xH,0

| Stirred the mixer on magnetic
stirrer for smooth mixing

|

Heated the mixture at 100 °C for
making a paste in crucible

|

[ Crucible is heated in muffle furnace |
at higher temperature

|

[ A white coloured soft silicate powder )
is obtained

.

Figure 1. Graphical representation displayed synthetic route of
silicate phosphor.

INSTRUMENTATION

For spectroscopic investigations, all the samples were ground in
pestle mortar to obtain the powder form and all the examinations
were done at room temperature. The optical characteristics of the
prepared materials were measured with a xenon lamp (excitation
source)  assisted  Horiba  Jobin  YVON  Fluorolog
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spectrophotometer. Photoluminescence spectra of the samples
were recorded in 400-700 nm regions. Diffraction studies were
made with X-ray diffractometer (Rigaku Ultima IV) using 1.5416
A° wavelength CuKa radiations. X-ray pattern of the materials
was recorded from 10°-70° (2 Theta angle) having 4°/ min.
scanning speed and 0.02° step interval. TECNAI 200 kV (Fei.
Electron Optics) TEM was used to evaluate the size of particles of
the manufactured silicate phosphors. The chemical environment
and arrangement of different elements inside luminescent
materials were analyzed from FTIR spectra collected using Bruker
Alpha FTIR spectrophotometer.

RESULTS AND DISCUSSIONS
FLUORESCENCE STUDY

The photophysical investigations of the MGd2Siz010:Eu** (M =
Mg?*, Ca*", Sr** and Ba*") crystals have been carried out using
UV-visible absorption spectroscopy. The presence of activator ion
within the host matrix originates the luminescence.®* The
mechanism of luminescence involves absorption of energy by the
host crystal from the external source and the transmission of this
absorbed energy to the activator ion. The dopant ion having
abundant energy levels undergoes excitation to higher energy
levels. Subsequently, it relaxes to the ground level causing the
emission of a lesser energy photon that appears as a peak in
photoluminescence emission spectra.®® Figure 2 shows the
photoluminescent excitation (PLE) spectra of MGd2SizOr0:Eu®*
phosphors at 1150 °C recorded using the PL emission wavelength
of 612 nm. PL excitation spectrum is comprises of f-f transitions
within the europium(III) ions in the 350 to 550 nm region. The
main peaks were detected at 361, 381, 393, 413, 463 and 531 nm
owing to the excitation from ’Fo to °Da, 5L, °Le, °Ds, °Dz, and °Di
in the PLE spectra. The most intense absorption transition was
observed at 395 nm ("Fo — 5Ls).*!

The fluorescence spectra of prepared materials were recorded
on excitation at 395 nm. The typical photoluminescence emission
of CaGd:Si3010 prepared using europium ion concentration of
0.01-0.05 moles is depicted in figure 3. The emissive power of
CaGd2Siz010:Eu®* phosphor increases without any change in the
spectral shape upon the increase of the concentration of the
trivalent europium ion. However, photoluminescent quenching
starts as the concentration exceeds 0.03 moles. The increased
amount of dopant in the lattice results in an enhanced non-
radiative decay, consequently, radiative emission and luminous
intensity decrease. The most effective concentration of Eu** ions
in the present matrix is three-mole percent. Hence, the
photoluminescence characteristics are susceptive to composition
of activator ion in host matrix.’*

Figure 4a-d depicts the fluorescence spectra of
MGd:>Si3010:Eu*" materials recorded at the absorption wavelength
of 395 nm. The red luminescence in Eu*" doped phosphors is the
result of incorporation of europium(IIl) ions within the focused
lattice. Such emissions exhibited peaks at 590-593 nm, 614-616
nm and 648-652 nm. These peaks can be attributed to emission
form 3Do electronic state to ’Fi, 'F» and ’Fs transitions
respectively.’** Out of these, *Do—’F1 corresponds to magnetic
dipole type of transition and permitted (Judd—Ofelt theory).
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Figure 2. Photoluminescent excitation (PLE) spectra of CaGd2SizO10
doped with trivalent europium ion at 1150 °C.
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Figure 3. The variation of fluorescent intensity with the concentration
of Eu** ions doped in as prepared CaGd2Si3O10 phosphor.

However, electric dipole transition (*Do—’F2) becomes
unusually permitted when the local center of symmetry around the
trivalent europium ion is absent. The electrically allowed
transition is prevalent over the other two and is responsible for the
strong red luminescence in the synthesized materials.>® The high
intensity of forced electric dipole transition among the others also
tells us about the non-centrosymmetric position of europium(III)
site. The intensity of electric dipole transitions has been observed
almost 2 to 3 times to that of *Do—F\, indicating the presence of
Cs symmetry around the trivalent europium ion. The lack of
inversion symmetry around europium(III) ions provides bright red
and efficient phosphors. Relative emission spectrum of these
phosphors is also shown in figure 5 indicating that CaGd>Si3010
phosphor has maximum luminescence among these prepared
materials. Table 1 shows the positions of different peaks,
dominant peak and color of the materials under considerations.

J. Mat. NanoSci., 2019, 6 (2), 73-81 75



These results show that under the synthesis conditions, europium
enters the silicate lattice as Eu®* and then substitute Gd** ion of
nearly same size and valence that gives excellent luminescence
response applied in white light emitting diode applications. Figure
6 depicts the various possible energy states of trivalent europium
ion and transitions proceeding among them.

The intensity of peaks in the spectra is a function of dopant ion
concentration. Initially, the luminescence intensity increases with
concentration upto an optimum doping concentration and
decreases at further higher concentrations. The concentration
quenching occurs due to the non-radiative energy transfer between
the dopant ions. In MGdSi3O10, the Eu** ions properly substitute
Gd*" ion in the lattice, due to similar charge and comparable ionic
radii of Eu®*" (95 pm) and Gd** (94 pm) ions. Therefore, the
change in concentration of dopant ion does not significantly affect
the structure of crystal lattice.*’

The effect of the change in temperature on the luminescence
strength of prepared phosphors was also studied by recording the
emission at higher temperatures of 1050 and 1150 °C. Emission
intensity, in these phosphors, increases with the calcination
temperature and maximum photoluminescence response was
obtained when prepared phosphors were re-heated at 1150 °C. The
increase in luminous intensity on reheating is affected by the
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reduced non-radiative (NR) phenomenon at a higher temperature.
It is worthwhile to point out that the prepared materials displayed
excellent photoluminescence and thermo-stability, even at higher
temperature.

The Commission International de I’Eclairage (CIE) values are
very important considerations to determine the emissive region for
inorganic phosphors having applications in emission devices.
Table 2 shows the color coordinates value derived using the
photoluminescence emission data of prepared materials, from CIE
1931 color matching functions. Figure 7 demonstrates that the
color coordinates values for the considered phosphors situate in
the red region of CIE triangle. The color coordinate values for
CaGdxSi3010 (x = 0.56, y = 0.35) are maximum and shifted more
towards the ideal red region compared to the others. The CIE
coordinates values are promising with PL results, demonstrating
the highest intensity of CaGd2Si3O10:Eu*" sample.

XRD INVESTIGATIONS

The diffraction investigations have been carried out to analyze
crystal structure and phase purity of prepared materials. Figure
8a-d depicts the diffraction pattern of Eu** doped MGd2SizO10 (M
= Mg*", Ca?*, Sr*" and Ba*") phosphors. In this type of host lattice,
Eu*" (95 pm) ion easily substitute Gd** (94 pm) ion because of the
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Figure. 4. PL emission spectra for Eu(III) activated phosphors (a) MgGd2Si3010, (b) CaGd2Si3010, (c) SrGd2Si3010 and (d) BaGd2Si3O1o.

Journal of Materials NanoScience

J. Mat. NanoSci., 2019, 6 (2), 73-81 76



same valence and nearly similar size and hence gives rise to the
diffraction patterns of MGd2Si3010 type. Most intense peak for
MGd:Si3010 (M = Mg*, Ca?*, Sr** and Ba’") materials was
observed to be at 32.24, 30.07, 31.63 and 28.84 two theta angles
correspondingly. Influence of temperature on the crystallinity of
phosphor materials is also perceived.
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Figure 5. Relative PL emission spectra for europium(IIl) activated
MGd:2Si3010 fluorescent materials at 950 °C.

Table 1. Various optical transitions, main peak and color
corresponding to Eu* activated silicate materials.

S. Sheoran et. al.

Table 2. CIE color coordinate values for Eu** activated MGd2Si3O1o
nanophosphors at respective temperatures.

Type of Lattice 950 °C 1050°C 1150°C
X Yy X Yy X Yy
MgGdaSizOw:Eu*t  0.52 0.34  0.53 0.34 0.54 0.35
CaGd:SizO1:Eu®  0.54 035 055 035 0.56 0.35
SrGd:Siz0O10:Ev**  0.51 033 052 0.34 0.53 0.34
BaGd:Siz010:Eu®*  0.50 0.33  0.51 0.34 0.52 0.34

Intense
Transition

Type of Lattice *Do—'F1 °Do—’F2 Do—"F3 Color

Red
Red
Red
Red

MgGd>SisOr:Eu® 591
CaGdaSiz010:Eu*" 593
StGdaSizO0:Eu®t 590
BaGd:Si3O10:Eu*" 591

615 651
616 651
614 652
614 648

615
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614
614

Dy

S = oW

395 nm excitation
589 nm
613 nm
650-652 nm

"Fo4

SO = DN WwWahH

Europium(I1I)
Figure 6. Diagram showing various energy states in Eu*" ion and their
transitions.
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Figure 7. Color triangle demonstrating CIE coordinates synthesized
phosphors at 1150 °C (a) MgGd:SizO10, (b) CaGd2SizOro, (c)
SrGdzSi3010 and (d) BaGd2SizOno.

The intensity and crystallinity of the diffraction peaks gets
enhanced with re-heating temperature. The variation of metal ions
in the crystal lattice influences the structure of these phosphors.
Change of alkaline earth metals ions (M = Mg?"/Ca*"/Sr**/Ba®") in
MGd:Si3010 lattice gives rise to the different diffraction pattern of
these materials suggesting that they have different crystal
structures. Debye Scherrer’s formula (I) have been applied to
determine the size of particles of the considered phosphors.*®

D=kMBcos® )

where D signifies particle size, k is the constant that depends on
the shape of the particle, 4 (1.5416 A°) stands for the X-ray
wavelength, 6 denotes incident Bragg’s angle and £ signifies
FWHM. The crystallite size of the as prepared MGd.Si3O10 having
phosphors is summarized in Table 3.

TEM ANALYSIS

The morphological study together with shape, size and particles
distribution was done by transmission electron microscopic
analysis. Figure 9 shows the TEM images of the synthesized
materials at 950 °C. TEM micrographs provide good precision on
the crystal size of phosphor materials. Particle size of the prepared
phosphors varied in the size from 15-25 nm having practical
applicability in optoelectronic devices which are used in advanced
display technologies. Nearly spherical shapes of particles are
observed in the micrographs. MgGdzSi3O10 exhibited well distinct
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Figure 8. Diffraction profile of Eu**doped MGd2Si3019 silicate phosphor material (a) MgGd2SizO1o, (b) CaGd2Si3010, (¢) SrGd2SizO10 and

(d) BaGd2Si3O010.

and nearly spherical shape of particles. CaGd2Si3O10, StGd2Si3010
and BaGd.SizO10 phosphor particles have irregular shape as
revealed from their micrographs. The unbalanced distribution of
the flow of mass and temperature during the synthesis of material
is responsible for the abnormality in the shape and size of
particles. Size of particles as estimated from TEM analysis is
observed in good agreement with XRD investigations (Table 3).

Table 3. Particle size values investigated from diffraction data and
TEM.

Type of Lattice Particle size Particle size (XRD)
(TEM)
MgGd2SizO10:Eu’* 15.14 12.56
CaGdzSi3010:Eu’ 24.90 26.4
SrGdaSi3010:Eu®* 15.14 26.8
BaGdaSi3010:Eu®* 20.55 17.51

FTIR ANALYSIS

The FTIR spectra of sol-gel derived MGd2Si3010 materials were
recorded in order to understand the structural properties and
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different bonding modes of the phosphors. Figure 10a-d presents
the FTIR spectrum of silicate phosphors recorded in 4000-400 cm
! spectral range. In MgGd:SizO1, Mg-O stretching bond is
strongly observed below 700 c¢cm wavenumbers. Absorption
band located at 1066 cm™ in MgGd:SizO10 phosphor relates to Si-
O-Si mode of vibration. Si-O vibrations are located from 400-800
cm! region in these prepared materials. Si-O asymmetric
stretching frequencies were reported in 1000-1300 cm™ region,
however, these peaks are centered at 1115, 1139, 1178 cm™ in
MgGdaSiz010, CaGdzSi3010 and  BaGd:SizO10  phosphors.
Absorption band at 706 and 1483 cm in SrGd»SizO1o material
corresponds to anti-symmetric vibrational frequency of the Sr-O
bond in the structure.

In BaGd:Si3010 phosphor material, Gd-O vibration is centered
at 492 cm’l. Some peaks due to the nitrate precursors are also
observed around 1427 and 1441 cm' in MgGd:SizO10 and
BaGd)Si3010 materials. In BaxLa>Si2010 silicate, absorption band
at 855 cm’! is owing to asymmetric vibrations of SiO- in silicate
tetrahedral unit. FTIR results are in good agreement with the XRD
investigations. The shape of both XRD and FTIR differ with
change in the alkaline earth metal (M) ions. The vibrations
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Figure 9. Transmission Electron Micrographs of Eu*" doped silicate phosphors prepared at 950 °C (a) MgGd2Si3O1o, (b) CaGd2Si3O1o, (c)
SrGdzSi3010 and (d) BaGd2Si3010.
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Figure 10 FTIR plots of Eu**doped MGd:Si:010 phosphor prepared at 950 °C (a) MgGd2SizO1o, (b) CaGd2SizO10, (c) SrGd2SizOio
and (d) BaGd2Si301o.
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corresponding to Si-O-Si, M-O, Gd-O and Eu-O bonds confirm
the synthesis of Eu** doped MGd:Si3010 phosphors. The shape of
both XRD and FTIR differ with change in the alkaline earth metal
ions.

CONCLUSIONS

A rapid, easy and cost-effective sol-gel technique was applied
for the fabrication of MGd2SizO10:Eu** (M = Mg?*, Ca®", Sr*" and
Ba’") nanomaterials at 950 °C and their spectroscopic
investigation were carried out. Photoluminescence
characterization of the focused phosphors was strongly affected by
the amount of Eu®* ion and heating temperature used for material
exploration. From the luminescence spectra of phosphors, it was
found that 3 moles percent concentration of Eu®" ion gave
maximum photoluminescence response in the fabricated silicate
phosphors. PL emission spectra of all the samples show deep red
emission at 395 nm (excitation wavelength). The dominant
emission peaks for these light emitting samples appears owing to
SDo—’F, transition in 614-616 nm region. Maximum
luminescence power of the phosphors was obtained when these
materials were re-heated at 1150 °C. Structural studies revealed
that these materials have improved crystallinity as the temperature
raised up to 1150 °C. The structure and bonding of silicate
phosphors analyzed by FTIR have found in concordance with
XRD findings. TEM images have established that the considered
nanosize of phosphor materials have a close agreement with
diffraction analysis and have agglomerated crystal structure with
nearly spherical shape of particles. Excellent PL emission
intensity of these silicate phosphors demonstrates that the
developed phosphors could have potential applications in modern
display devices.
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