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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:Dy
3þ 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:Tb
3þ phosphor shows weak blue emission at 487 nm and strong green

545 nm. The excitation spectra used for the Gd2SiO5:RE
3þ (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:RE
3þ 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:RE
3þ (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:RE
3þ (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: RE
3þ phosphor (Where RE3þ ¼ Ce3þ, Dy3þ, Eu3þ and Tb3þ).

PHOSPHOR EXCITATION (nm) STRONG

EMISSION (nm)

(X,Y)

COORDINATE

COLOR REGION

Gd2SiO5: Ce
3þ 340 440 (0.164, 0.010) Blue

Gd2SiO5: Dy
3þ 275 481

576

(0.087, 0.144)

(0.485, 0.513)

Blue

Yellow

Gd2SiO5: Eu
3þ 275 587

615

(0.557, 0.442)

(0.680, 0.319)

Orange

Red

Gd2SiO5: Tb
3þ 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:Dy
3-

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 Dy
3þ 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:Ce
3þ 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:Dy
3þ phosphor.

Fig. 8. Concentration dependence of emission spectra of synthesised Gd2SiO5:Dy
3þ

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: Dy
3þ 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:Eu
3-

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:Eu
3þ 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 Eu

3þ ion whereas the

emission band at 615 nm is more prominent and is due to electric

dipole transition (5D0/
7F2) of Eu

3þ 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:Dy
3þ phosphor at lex ¼ 275 nm.

Fig. 10. Excitation spectrum of Gd2SiO5:Eu
3þ 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:Tb
3þoptoelectronics 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 Gd
3þ 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:Eu
3þ phosphor.

Fig. 12. Schematic illustration of partial energy level diagram showing energy transfer

process in Gd2SiO5: Eu
3þ 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:Tb
3þ

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:Tb
3þ 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:Tb
3þ 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:Tb
3þ 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:Tb
3þ phosphor.

Fig. 14. Concentration dependence of emission spectra of Gd2SiO5:Tb
3þ 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:RE
3þ (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:RE
3þ 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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