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INTRODUCTION

Recently research on rare-earth doped luminescent mate-
rials have attained greater importance for their potential appli-
cations in the fields of optics such as, phosphors [1], lasers [2],
fiber amplifiers [3], optical storage [4], display devices [5]. Rare
earth doped luminescent nanomaterials play a vital role in
deciding their uniqueness in the specific applications. However,
progress in the development of such materials has been scanty.
In this path, zinc, calcium and strontium based phosphors are
dominant and proven to be more efficient [6]. But the draw
backs like degradation life time, stability and phase purity etc.,
have caused constraints for further technological advance-
ments. Yttrium silicate (Y»SiOs) is an important luminescent
host material for various rare earth activators. It is a refractory
silicate with a high melting point, hence finds application as
high-temperature luminescent phosphor [7].
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Y,SiOs:Ce* (1-7 mol %) nanophosphors were prepared by solution combustion method using oxalyldihydrazide fuel. The phosphors |
were characterized by X-ray diffraction, scanning electron microscopy, UV-visible and Fourier transform infrared spectroscopy. The |
XRD patterns confirm the monoclinic structure of the prepared phosphors, with crystallite size of 66-74 nm. The surface morphology and
elemental composition were evaluated by SEM and energy dispersive X-ray analysis. The optical band gap was calculated and is between |
4.66 eV — 4.9 eV. The presence of Si-O-Si and Y-O bonds was confirmed by the FTIR spectra. Effect of cerium concentration on |
photoluminescence and thermoluminescence intensity were interpreted. The photoluminescence emission spectrum was recorded under |
excitation wavelength of 370 nm, the emission spectra showed three significant peaks positioned at 418 nm, 459 nm and 485 nm, which |
are ascribed to electronic transitions between 5d-4f levels. The nature and activity of trap centers were evaluated from the parameters |
obtained from Chen'’s peak shape method. The intense blue emission by phosphor makes it a competent material for blue emission display
devices. Also, its thermoluminescence properties make it a good material for dosimetric applications. I
|
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Thermal stabilized solid yttrium silicate can be used in
extreme conditions because of its linear thermal expansion and
resistance to erosion [8]. Doping rare earth elements into Y,SiOs
gives materials with improved optical properties, making them
competent candidates in the field of optical materials. Besides
the excellent structural and optical characteristics of silicates,
not much attention was focused by the scientific community on
these yttrium silicate nanomaterials compared to sulphide nano-
materials and quantum dots, efc. Yttrium silicate finds superior
applications over sulphide phosphors, due to its excellent optical
clarity, high luminescence output, chemical stability [9-12]
and chemical resistance [13]. High luminescence intensity and
low decay time of cerium makes it a dopant to enhance the
optical properties of host materials [14]. Saha et al. [15] investi-
gated the effect of crystal structure and crystal size on the photo-
luminescence properties of Ce™* doped yttrium silicate nano-
crystals. Guerbous and Boukerika [16] reported the synthesis
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of YAG:Ce nanophosphors by sol-gel method, these YAG:Ce
nanophosphors showed intense green-yellow emission corres-
ponding to Ce* °d; — Fsp,,”F» transitions [16]. Several prepa-
ration methods have been used for the preparation of rare
earth doped phosphors, which include co-precipitation method
[17], sol-gel chemistry [18], hydrothermal synthesis [19],
solvothermal [20], solid state reaction [21] and combustion
synthesis [22]. Among these methods, the solution based
combustion chemistry offers relatively low cost, facile and fast
preparation process, formation of high-purity products and
formation of virtually any size and shape products [23]. Hence
the method has great control over the stoichiometric compo-
sition, repeatability and large scale preparation [24]. To our
best of knowledge, there were no reports on thermolumine-
scenc properties of combustion processed cerium doped yttrium
silicate under y-irradiation. Hence, in this paper we report the
synthesis of cerium doped yttrium silicate nanophosphor
by facile solution combustion route. An investigation of
thermoluminescent properties under y-irradiation was carried
out, the experimental parameters indicates that cerium doped
yttrium silicate is a good competitor for dosimetric appli-
cations.

EXPERIMENTAL

Synthesis of cerium doped yttrium silicates phosphors

Synthesis of Y,SiOs: The cerium(I1I) nanophosphors were
done by combustion method. The raw materials yttrium oxide
(Y,05), fumed silica (SiO,) and cerium oxide (Ce,O;) were
taken as the sources of yttrium, silicon and cerium. Depending
on the total oxidizing and reducing valency of the compounds,
the stoichiometry of the redox mixture was calculated for the
combustion method. Stoichiometric amount of Ce,O; (1-7 mol %)
was taken in a petri-dish, to which 10 mL of 1:1 HNO; was
added, the mixture was heated on a sand bath till excess nitric
acid was removed. To this solution, appropriate amount of
Y,0;, Si0,, oxalyldihydrazide fuel and 20 mL of distilled water
were added. This mixture was stirred well using magnetic
stirrer to produce homogeneous mixture. Thus obtained
mixture was kept in a preheated muffle furnace at 500 °C, the
mixture under went dehydration with the evolution of gases.
The gel type product underwent auto-ignition and converted
into powder. The resulting product was ground to fine powder
and calcined at 1300 °C for 3 h. Following the procedure
different mole % cerium doped Y,SiOs phosphors have been
prepared.

Instrumentation: Powder X-ray diffractometer (Shimadzu
7000 s, CuKa (1.54 A) equipped with a nickel filter was used
to obtain the diffraction data. FTIR studies were performed
on a Perkin Elmer spectrometer (Spectrum 1000) using KBr
pellets. The morphology and structure of nanophosphors were
examined by SEM (Hitachi). The absorption spectra of the
samples were recorded on a SL-159 ELICO UV-Vis spectro-
photometer. The photoluminescence (PL) measurements were
performed on a Varian Cary Eclipse Photoluminescence spectro-
fluorimeter. Thermoluminescence measurements were carried
out using Nucleonix TL reader with Co-60 y-ray as irradiation
source.

RESULTS AND DISCUSSION

Structural analysis: Crystallite size and strain in undoped
and doped phosphors were estimated by X-ray diffraction patterns,
shown in Fig. 1. The peaks positioned at 20 values 22°, 25°,
28°, 30°, 34°, 44°, 48°, 49°, 50° and 58° were indexed to (2 1
1),(202),(-121),(220),(-321), (-602), (31 4),(-523),(-4 1
5)and (1 1 6), respectively. The patterns are in good agreement
with the crystal structure data of Y,SiOs with card number
36-1476. Lattice parameters evaluated from the data are a =
14.4021 A, b = 6.7210 A, ¢ = 10.410 A and o = 90°, B =
122.20° and y = 90°, which indicate monoclinic structure of
Y,Si0s. Absence of impurity peaks indicates the formation of
phase pure crystalline phosphors. crystallite size (D) of pure
and doped nanophosphors were calculated using Scherer’s
method [25]:

_ KA

BcosH M
where 0 is the Bragg angle, A is the wavelength of X-rays, P is
the full width at half maximum (FWHM).The average cryst-
allite size was found to be in the range of 66-74 nm, which is
presented in Table-1. It can be observed that as the concen-
tration of dopant increases the crystallite size decreases, this
tendency is due to quantum confinement effects. Further, strain
(e) present in the pure and doped nanophosphors were calcu-
lated using Williamson-Hall (W-H) plots [26]
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Fig. 1. X-ray diffraction patterns of Y,SiOs:Ce™* (undoped, 1, 3, 5 and 7

mol %) nano phosphors
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TABLE-1
CRYSTALLITE SIZE AND STRAIN (¢) CALCULATION OF
Y,SiO5:Ce* (UNDOPED, 1, 3, 5 AND 7 mol %)

il Crystallite size (nm) Strain (10™)
Scherer W-H €
0 30 53 18.00
1 74 84 4.44
3 71 97 10.71
5 70 119 3.49
7 66 89 6.22

where B = FWHM (rad), 0 = Bragg’s angle, A = wavelength of
X-rays, 1| = crystallite size and € = microstrain. The W-H plots
of pure and doped Y,SiOs:Ce* nanophosphors are shown in
Fig. 2.The grain size (D) was calculated from the intercept of
the straight line and the microstrain was calculated from the
slope of curve.

7 mol %

5 mol %

B cos 6
-

3 mol %

1 mol %

4sin®
Fig. 2. W-H plots of Y,Si05:Ce* (1, 3, 5 and 7 mol %)

Surface morphology elemental composition analysis:
The surface morphology of the prepared phosphors was analyzed
by scanning electron microscopy (SEM). Fig. 3 shows the SEM
images recorded for 3 mol % (Fig. 3a and 3b) and 7 mol %
(Fig. 3c and 3d) Y,SiOs:Ce* phosphors. It was observed that

SEM Micrographs for 3 mol % (a, b) and 5 mol % (c, d) of
Y,Si0s:Ce** nanophosphors

Fig. 3.

particles are in spherical shape and agglomerated. This agglo-
meration of the particles will be attributed to combustion process
and subsequent calcination at higher temperature. It was observed
that increase in cerium concentration did not influence the morp-
hology of phosphor. The elemental analysis of Y,SiOs:Ce™
phosphors were done by the energy dispersive X-ray analysis
(EDAX).The profiles of yttrium, silicon, oxygen and cerium
were clearly observed in the EDAX spectrum (Fig. 3e), which
confirms the incorporation of cerium ions in Y>SiOs host. Inset
data shows the elemental composition of cerium, yttrium, silicon
and oxygen. The absence of any other peak (impurities) indicates
the high purity of sample.
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Fig. 3e. EDAX spectrum and elemental composition (Inset) of 3 mol %
Y-SiOs:Ce** nanophosphors

FT-IR analysis: To investigate the presence and nature of
metal oxygen bonds, FT-IR spectra were recorded for both pure
and doped Y,SiOs:Ce™ phosphors at room temperature. Fig. 4a-
b shows the FT-IR spectra of 3 and 7 mol % cerium doped Y,SiOs,
respectively. The bands at 510,447 and 413 cm™ are ascribed to
Si-O-Si vibrational bending modes [27], while the band at 552
cm’! is attributed to the presence of Y-O bonds. The weak bands
at 714 and 686 cm™ indicate the presence of O-Ce-O bonds
vibrations. The bands at 996, 963, 912 and 873 cm™ become
more clear and significant on doping of cerium, this also indicates
Y,Si0s was well crystallized at 1300 °C [28].

Transmittance (a.u.)

1000 900 800 700 600 500 400
Wavenumber (cm™)
Fig. 4a. Fourier transform infrared spectra of pureY,SiOs:Ce* phosphors
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Fig. 4b. Fourier transform infrared spectra of 3 and 5 mol % Y,SiOs:Ce**
phosphors

UV-visible absorption studies: The UV-visible spectra
of pure and cerium doped Y,SiOs phosphors (1-7 mol %) were
recorded (Fig. 5a). The recorded spectra revealed that there
exists a strong absorption band around 245 nm. This peak is
attributed to charge transfer from valence band to conduction
band. The presence of cerium induced few weak absorption
bands around 270-310 nm. Fig. 5b shows the Wood-Tauc plots,
using which the band gap of pure and doped Y,SiOs:Ce**
phosphors were evaluated [29].

ohv ~ (hv — E)" (3)

where hv is energy of the photon, o is the optical absorption
coefficient and E, is the band gap respectively. The energy
gap was estimated for all the compositions, by plotting (chv)"
versus hv in the high absorption range and extrapolating the
linear portion of the graph to (cthv)" = 0, where n represents

undoped

Absorbance (a.u.)

200 21‘;0 3(I)0 3l50 400
Wavelength (nm)

Fig. 5a. UV-visible spectra of undoped and doped Y>SiOs:Ce*(1-7 mol %)

nano phosphors

the various electronic transitions n = 1/2, 2, 3/2 and 3 for direct
allowed, indirect allowed, direct forbidden and indirect forbidden
transitions, respectively [30], the band gap calculated for the
phosphors were in the range of 4.9 eV — 4.66 eV.
Photoluminescence studies: Excitation spectrum of Y>SiOs:
Ce** nanophosphors was recorded for 3 mol % at emission
wavelength of 485 nm and is shown in Fig. 6a. The spectra
consists of three broad band positioned at 355, 370 and 415 nm.
Furthermore, within these absorption bands we have chosen
the excitation wavelength of 370 nm to record the emission
spectra of the phosphors. Fig. 6b displays the emission spectra
of Y,SiOs:Ce** phosphors (1-7mol %) in the range 350- 550
nm. The spectrum consists of two broad peaks at 418 nm, 485
nm and a weak band at 459 nm. The broad peak at 485 nm is
ascribed to the electron transition from the 5d-lowest energy
level of cerium to *Fs,-"F+;, excited states [31]. That is due to
radiative recombination of photogenerated hole with an electron
occupying surface defects namely the oxygen vacancies. The
F-centers (oxygen ion vacancy occupied by two electrons)/F-

@
370 nm

Ao = 485 NmM

emi

Intensity (a.u.)

T T T T T
320 340 360 380 400 420

Wavelength (nm)
Fig. 6a. Excitation spectra of Y,SiOs:Ce** nanophosphor (Aew; 485 nm)
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Fig. 6b. Photoluminescence emission spectra of Y»SiOs:Ce** nanophosphor
excited at 370 nm

centers (oxygen ion vacancy occupied by single electrons)/
surface states [32-34]. The peaks signify that cerium ions are
nanocrystalline capped samples. Due to bandgap shifts, the
5d levels are below the conduction band leading to better
photoluminescence. In addition to this factor, the surface to
volume ratio also contributes for strong photoluminescence
intensity [35].

The photoluminescence intensity increases with increase
in dopant concentration 1 mol % to 3 mol %. Further increasing
the dopant concentration decreased the photoluminescence
intensity indicating the concentration quenching. The reason
for this quenching can be analyzed by calculating the critical
distance (R.) which can be found by the Blasse formula (eqn.
4) where X. is the critical concentration, N is the number of
cation sites in the unit cell and V is the volume of the unit cell.
By substituting the experimental and analytic values N, V and
X. as 4, 1.007 x 10" and 0.03R. was found to be 25 A.

3V 1/3
R, =
‘ [471XCNJ @

In order to determine the type of interaction involved in the
energy transfer, Van-Uiter’s [36] proposed the following equation:

1 o\!
;=K[1+B(X)3J 5)

where I is the integral intensity of emission spectra from 350
to 550 nm, X is the activator concentration, I/X is the emission
intensity per activator (X), p and K are the constants for a
given host under same excitation condition. As per this equation
Q =3 for the energy transfer among the nearest neighbor ions
whereas, if Q = 6, 8 and 10 for dipole-dipole (d-d), dipole-
quadrapole (d-q) and quadrapole-quadrapole (q-q) interaction,
respectively [37].

Assuming that B(X)?* >> 1 the above equation can be
written as:

log(%j = K'%log X)(K'=logk-logfB)>>1 (g

Using eqn. 6 multipolar character (Q) is obtained by plotting
log (I/X) versus log X which is shown in Fig. 6¢. The slope
and multipolar character was found to be -0.970 and 3, respect-
ively. As Q =3, it represents that photoluminescence intensity
quenching in Y>SiOs:Ce* nanophosphors is due to energy transfer
among the nearest neighbours.

3.0
ﬁ“ Intercept | 2.89806
. S Slope  |-0.96516
' =
2.6 %a‘*-.
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2.4- T
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Fig. 6¢. Variation of log (I/X) vs. log(X) on Y,SiOs:Ce** (1, 3, 5 and 7 mol %)

CIE Chromaticity and correlated colour temperature
(CCT) evaluation: One of the main objectives of the work is to
find new phosphors for their application in the field of display
lamps. In this regard, we studied the colour emission property
by CIE coordinates [38] of the Y,SiOs:Ce* (1-7 mol %) phos-
phors, at an excitation wavelength 370 nm as shown in Fig. 7a.
It is observed that colour emission of phosphors lie within the
blue region.The set of (x,y) values for various mole concentrations
of the phosphors are revealed in the inset table of Fig. 7a. The
role of asymmetric ratio and higher energy emission levels leads
to the CIE coordinates of blue emission of Ce™ ions.

520 nm

0 Ot mol % X Y
Y,SiO,:Ce o
1 0.1308(0.0973

560 nm 3 0.1317(0.0948
5 0.1318(0.0939
0.0925

GCEN

0.3

0 0.2 0.4 0.6 0.8

Fig. 7a. CIE diagram of Y»SiOs: Ce** (1-7 mol %) nanophosphor [Inset (x,
y) co-ordinate values]

Furthermore correlated colour temperature (CCT) values
were calculated from these CIE coordinates, which is shown
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in Fig. 7b. If the estimated CCT values are less than 3200 K
then the lamp is considered as warm and if it is greater than
4000 K it is considered as cool [39]. In the present work, the
CCT value was to be 3268 K, which is slightly above the stand-
ard value inferring the cool appearance. Also, the graphical
value 3268 K is found to be in good agreement with that calcu-
lated using McCamy empirical formula, which was calculated
using the relation CCT = -437 n® + 3601n” - 861n + 5514.31
and found to be 3165 K, where n = (x - Xc)/(y - y.) and chroma-
ticity epicenter is at X, = 0.3320 and y. = 0.1858 [40,41]. All
these data conclude that the phosphors are promising materials
for their application in LEDs.

0.6

0.5

0.4

> 0.3
i~ 3+
Y,SiO;:.Ce
0.2
mol% u v ccT
1 0.1243  0.2562 | 3464.1241
3 0.1267 0.2508 | 3267.39691
5 0.1277  0.2474 | 3207.31518
01 i

0.1291 | 0.2427 [3121.93796

L
0.1 0.2 0.3 0.4 0.5 0.6
u
Fig. 7b. Correlated color temperature (CCT) diagram of Y,SiOs: Ce* (1-7
mol %) nanophosphor

Thermoluminescence studies: Fig. 8a shows the variation
of thermoluminescence intensity with respect to temperature
for Y,SiOs5:Ce** (1-7mol %) nanophosphors. There exists a
prominent peak at 144 °C for 1 mol % cerium doped Y,SiOs,
the maximum thermoluminescence intensity was observed for
this concentration, further increasing the concentration of dopant

Intensity (a.u.)

T 1
50 100 150 200 250
Temperature (°C)
Fig. 8a. Thermoluminescence glow curves of Y,SiOs:Ce* irradiated with
1 KGy y-dose

decreased the thermoluminescence intensity. The increase in
thermoluminescence intensity for 1 mol % is attributed to
surface traps. The decrease in thermoluminescence intensity
is due to the ion-ion interaction between the host and dopant,
which represents the concentration quenching of dopant [42].

Variation of thermoluminescence intensity with y dose:
One of the important properties of a thermoluminescence dosi-
meter material is that thermoluminescence intensity of these
materials follows linearity with respect to absorbed dose and
this is the fundamental criteria of a good thermoluminescence
dosimeter.The thermoluminescence dose response obeys the
following equation:

Thermoluminescence (TL) = a (Dose)® (@)
Taking logarithms on both sides of eqn. 7
log (TL) = log (a) + b log (Dose) (8)

where 'a' is a constant and the slope (b = linear factor) can be
estimated with linear fit of log (TL) versus log (dose). The
dose response will be sub-linear; if b < 1 and super linear if b
> 1. In the present work, the estimated value of slope b=0.55
< 1 indicating the dose response is sub-linear with respect to
increase in dosage as shown in Fig. 8b.

Value

Intercept 1.9083

Slope 0.5546
=]
8
2
(2]
c
7}
£
_
'_
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T T T T T
2.6 2.8 3.0 3.2 3.4 3.6
log dose
Fig. 8b. Linear factor b versus given y-doses for samples Y,SiOs:Ce**

nanophosphor

Fig. 8c shows the thermoluminescence response curve of
Y.SiOs:Ce* samples irradiated with different doses of y-radiation.
Itis evident from the figure that thermoluminescence intensity
glow curve increases linearly with increase in y dose from
500 Gy to 4 KGy. This increase in thermoluminescence intensity
with respect to dose is attributed to creation of large number
of traps that are being filled as dose increases. On heating,
these traps release their charge carriers resulting different glow
peaks. Also from Fig. 8c, it is observed that there exists a shift
in the maximum temperature (T,,) from 500 Gy to 1 KGy dose.
This shift in the Ty, is perceived as a result of second order
kinetics. The variation of intensity versus dose gives a simple
method to discriminate first or second order kinetics.

Evaluation of kinetic parameters: The dosimetry proper-
ties of thermoluminescence materials mainly depend on the
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TABLE-2
KINETIC PARAMETERS OF Y,SiO;:Ce* (1 mol %) NANOPHOSPHORS WITH DIFFERENT y DOSES

Dose (kGy) T, T, T, (°C)

Frequency

® b () | factor (s™)

0.5 393 439 416
1.0 389 432 411
2.0 389 432 411
3.0 389 431 410
4.0 390 432 411

5.52 x 10"
1.08 x 10"
4.51 x 10"
8.94 x 10"
8.27 x 10"

46.43 1.8 (0.50) 1.01
43.68 1.7 (0.59) 1.02
42.87 1.5 (0.476) 0.99
42.47 1.8 (0.501) 0.5
42.18 1.8 (0.500) 1.09

Intensity (a.u.)

T T T T
75 100 125 150 175 200

Temperature (°C)

Fig. 8c. Effect of y-dose on thermoluminescence glow curves of Y,SiOs:Ce**
nanophosphor (heating rate of 3 °C s™)

kinetic parameters. They give useful information about emission
behaviour of the phosphor. These parameters are estimated
by using Chen'’s peak shape method [43-46].

In this method, the shape of glow curves provides the
order of kinetics. If the shape is symmetrical then, it is second
order or if it possess asymmetrical shape then it is first order
in nature. Based on the shape of glow curve, parameters like
trap depth, frequency factor can be determined. The following
equations are employed to estimate the kinetic parameters.

E, =CQ(KT mJ—ba(szm) ©)

where o =1, 8 and ® withtT=T,—T;,6=T, — Ty and ® =
T2 - T]

Co= 1.51 + 3.0( — 0.42), be = 1.58 + 4.2(, — 0.42)

Cs = 0.976 + 7.3(u, — 0.42), bs = 0

Co=2.52+10.2(n, — 0.42), b, =1

E -E
kTmz sexp{kTmZ }[1 +(b-DA,_ ]
where A = 2kT/E; A, = 2kT./E and P is the linear heating
rate; K is the Boltzmann constant (8.6 x 107 eV); S is the
frequency factor and (b) is the order of kinetics.

From Table-2, we can analyze that the value of u, which
is ranging from 0.47 to 0.59 and it follows second order kinetics,
the activation energy lies between 0.5 eV - 1.09 eV and the
frequency factor is of the order of 10"'-10'* S™.

Conclusion

Y,SiOs:Ce** phosphors were successfully prepared by
combustion method. The XRD data indicates monoclinic structure
of the prepared phosphors with crystallite size ranging between
66-74 nm. The UV-visible absorption studies indicate the
presence of weak absorption bands in the range 270-310 nm,
which corresponds to metal oxygen bonds. The optical band
gap was calculated using Wood-Tauc relation and it is found
to be between 4.9 eV - 4.66 eV. The surface morphology was
analyzed by SEM and shows the porous structure. The photo-
luminescence peaks observed at 428, 459 and 485 nm are
assigned to the electronic transitions 5d-4f when excited at
370 nm. The photoluminescence spectrum shows a broad emission
peak centered at 485 nm (blue emission). Hence, this phosphor
can be used as host for blue light emission in display devices.
Further, the phosphor has CIE chromaticity coordinates at
(X, Y) and CCT value of 3268 K, which implies that the mate-
rial can be used in warm light display applications. The effect
of concentration of cerium dopant on the thermoluminescence
intensity of Y>SiOs phosphor has been discussed. The concen-
tration quenching was observed at 1 mol % cerium doping.
An investigation of effect of ¥ dose was made and the kinetic
parameters indicate that Y,SiOs:Ce* is a competent material
in the dosimetric applications.The kinetic parameters were
estimated using the Chen’s peak relations and found to be
second order with activation energy 0.5 eV - 1.09 eV.
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