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In the present paper, TL and PL study of Dy>* doped Sr,SiO4:Eu®t phosphor is reported. A polycrystalline sample
of Sr,Si04:Eu®t, Dyt was prepared by combustion method. The obtained phosphor was characterized by powder X-ray
diffraction, scanning electron microscopy, UV-Vis spectroscopy, PL and thermoluminescence. The results of the XRD studies
obtained for Sr,SiO4:Eu?t, Dyt phosphor revealed its monoclinic structure. The average crystallite size was calculated as
12.77 nm. Thermoluminescence study was carried out for the phosphor using UV irradiation and a single glow peak was
found. The thermoluminescence glow curves of the samples were measured at various concentrations of co-dopant. The kinetic
parameter has been calculated using Chen’s glow curve method. In this paper, the photoluminescence and afterglow behavior

of these phosphors are reported.
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1. Introduction

Materials that present long lasting phospho-
resce (LLP) are potential candidates for the use
in photonics applications, such as display tech-
nology and lighting [1], especially, since the dis-
covery of Sr»SiO4:Eu?t, Dy** in the middle of
the 1990s [2]. Strontium orthosilicate exits in two
crystallographic structures, viz. o’-Sr;SiO4 (or-
thorhombic) and (3-Sr;SiO4 (monoclinic) [3].The
transition between the 3-phase and the high tem-
perature «’ phase occurring at 385 K involves the
rearrangement of SiO, tetrahedra without discon-
nection of the bonds [4, 5].

There are different types of scientific tech-
niques for sample preparation, such as sol-gel [6, 7]
co-precipitation and hydrothermal synthesis meth-
ods [8, 9] which have been adjusted to phos-
phors. All of these methods use liquid com-
ponents that can be accurately controlled and
thoroughly mixed. Combustion synthesis is a
fast convenient reaction with increased efficiency.
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The synthesis of phosphors by using the com-
bustion method can produce a homogenous prod-
uct in a short time without use of expensive
high-temperature furnaces. This synthesis tech-
nique makes use of the heat energy liberated by
the exothermic redox reaction between metal ni-
trates and urea or other fuels at a relatively low ig-
nition temperature [10]. The particles of phosphors
prepared using the conventional solid-state reaction
are not suitable for the desired applications. The
combustion method has been proven to be a facile
route for the low-temperature preparation of vari-
ous homogenous phosphors, including silicates and
aluminates, in a short time [11-13].

Thermoluminescence (TL) is the phenomenon
of light emission upon heating a material, which
has been previously excited. All types of radia-
tions, such as gamma rays, X-rays, alpha rays, beta
rays and light rays can ’excite’ a material, but to
widely different extents. Out of the excitation en-
ergy imparted, a very large portion is almost in-
stantaneously dissipated by various processes such
as heat and light and only the rest is absorbed and
stored. On subsequent heating, the energy may be
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released and some of it may be in the form of
light, which we call thermoluminescence [14, 15].
The important application fields of TL materials
is TL dosimetry.

In this work, combustion synthesis was used to
prepare Sr,Si04:Eu’*, Dy** phosphor using urea
as a fuel and NH4Cl as a flux. The properties of
S1,Si04:Eu”t, Dy3* powders were characterized
by powder X-ray diffraction (XRD), scanning elec-
tron microscopy (SEM), and UV-Vis spectroscopy.
The studies of optical properties were also per-
formed on the basis of thermoluminescence (TL)
and photoluminescence (PL).

2. Experimental

S1,Si04:Eu’t, Dyt phosphors were synthe-
sized by combustion method. The raw materials:
strontium nitrate Sr(NO3)2, 99.99 %, silica gel
99.99 %, europium oxide Eu;Os, 99.99 % and
dysprosium oxide Dy;03, 99.99 % were used as
the staring materials. The starting materials were
weighted according to the stoichiometry. In ad-
dition, EupO3 and Dy,03, taken as co-activators,
were dissolved in concentrated nitric acid (HNO3)
before transferring them to the crucible. A small
amount of ammonium chloride (NH4Cl) was used
as a flux, while the urea (CO(NH;),) as a com-
bustion fuel [16, 17]. The weighed quantities of
each nitrate, flux and fuel were mixed in a mor-
tar for 15 min to convert the constituents into a
thick paste. The prepared paste was then placed in
a vertical cylindrical muffle furnace maintained at
700 °C. Then, the prepared samples were annealed
at 800 °C for 2 h under an air atmosphere.

The crystalline structure, size and phase com-
position of the samples were examined by
PANalytical diffractometer using CuKox radia-
tion (A = 1.5406 A), where X-ray was gener-
ated at 40 kV/30 mA voltage and current values,
respectively. The scanning electron microscopy
(ZEISS EVO 18) was used to observe parti-
cle morphology of the phosphors. Absorption
spectra were recorded using (Shimadzu UV-1700
UV-Vis) spectrophotometer. Thermoluminescence
was studied with PC based thermoluminescence

analyzer (10091). The samples were irradiated with
UV-ray source. In photoluminescence spectra (PL),
excitation and emission were recorded by spec-
trofluorometer (PerkinElmer LS45). All experi-
ments were performed in identical conditions and
it was observed that the results were reproducible.

3. Result and discussion

3.1. Optical band gap determining

The band gap is defined as the energy differ-
ence between the top of the valence band and the
bottom of the conduction band. Electrons are gen-
erally able to jump from one band to another as
long as a specific minimum amount of energy for
the transition, i.e. the band gap energy, is pro-
vided. The optical band gap was calculated us-
ing absorption edge values (A edge, in nm) from
absorption spectra.

In Fig. la the absorption spectra of pure
S1;Si04 and SrSi04:Eu?t(0.1), Dy**(0.2) are
shown in the wavelength range of 200 nm to
500 nm. It can be seen that there is no absorption
up to 250 nm and it increases at lower wavelength.
The absorption edges found for pure Sr;SiO4 and
S1,Si04:Eu’t, Dy** are 225 nm and 230 nm,
respectively.

The band gap energy can be determined using
the Tauc relation [18-21]. It is a convenient way of
studying the optical absorption spectrum of a ma-
terial. Tauc equation 1 relates the absorption coef-
ficient o« and incident photon energy hv by the fol-
lowing relation:

_ B(hv — E,)"

a(hv) = o (1)

where E, is the band gap, constant B is the cor-
rection coefficient, hv is energy of photon, n is an
index which assumes the values 1/2, 3/2, 2 and
3, depending on the nature of electronic transi-
tion responsible for the reflection. The value of
the exponent n denotes the nature of the sample
transition [18].
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When n = 2, the equation 1 stands for the direct
band gap and the band gap energy can be calculated
by the equation:

he

Ey = ©)

where h is Planck constant, c is speed of light and
A is the related wavelength.

Fig. 1b shows a plot of («hv)? versus (hv) ac-
cording to the equation 1 and equation 2, where
v is the light frequency. The plot can be extrap-
olated by a straight line, giving the direct band
gap value at the intercept with energy axis. The
estimated values of optical direct band gap in the
material are 5.52 eV and 5.4 eV for Sr;SiO4 and
S1,Si04:Eu”t, Dy, respectively. The band gap
of pure Sr,SiO4 material is of 0.12 eV wider
compared to Sr,SiO4:Eu’t, Dy3*. This confirms
that the carrier concentration in a doped mate-
rial is increased compared to pure Sr;SiO4. The
new electronic states created below the conduc-
tion band of the material may reduce the band
gap of the Sr,Si0O4:Eu”*, Dy**. It was also ex-
plained by Vijayalakshmi et al. [22], who reported
that in Zn doped SnO, the band gap value de-
creased. The optical band gap of SrpSiO4:Eu’*,
Dy>* shifts towards the higher wavelength region
(visible region) [23].

3.2. Structural analysis X-ray diffraction
(XRD)

The analysis of XRD data of Sr,SiO4 phase is
usually qualitative, just based on relative peak in-
tensities. The typical X-ray diffraction patterns for
combustion synthesized Sr,SiO4: Eu>* phosphor
powders in presence of different Dy>* concentra-
tions are shown in Fig. 2. It can be seen that the
diffraction peaks of all the samples could be in-
dexed to the monoclinic phase of (3-Sr;SiO4 (Ref.
code 98-003-5667). An estimation of average crys-
tallite size for the sample is done using Scherer
formula [24, 25]:

I— 0.941
Pcosb

where L is the crystallite size, A is the wavelength
(for CuKa, A = 1.5406 A), B is the full width at

3)

half maximum (FWHM) and 0 is the Bragg’s an-
gle. Table 1 shows the calculation results of XRD
data for Sr,SiO4:Eu*, Dy3* phosphor. The peaks
in XRD patterns of different samples are similar
to each other and are attributed to Sr,SiO4 mono-
clinic phase. The calculated average crystallite size
of Sr,Si04:Eu**, Dy** phosphor is 12.77 nm.

Table 1. XRD data of Sr,SiO4:Eu’t, Dy** doped ma-

terial.

Lattice

FWHM Crystallite .
20 1/1g[ %] (B ] size [nm] spacing (hk1)

[A]
25.0260 20.37 0.7488  10.80  3.55531 (111)
274103 1249 07488 1091 325123 (113)
30.8088 34.68 0.7488 1.0 2.89989 (013)
31.3317 100 0.624 1322 285268 (102
31.6852 31.51 0.748 11.02  2.82166 (202)
31.9169 79.86 04056 2036  2.80170 (113)
39.3022 16.64 0.6240 135 229057 (214)
44.0596 22.12  0.7488 114 205364 (220)

3.3. Morphological characterization:

scanning electron microscopy (SEM)

The luminescence properties of phosphor par-
ticles depend on the morphology of the particles,
such as size, shape, defects and so on. The mor-
phology and topography of the samples were stud-
ied using scanning electron microscopy (SEM).
The surface morphology of the SrSiO4:Eu’*,
Dy3* phosphor is shown in Fig. 3a and Fig. 3b at
different magnifications. The surface morphology
of the particles is not uniform and they form aggre-
gates. The agglomerated particles, pores and voids
are the result of gases released during the combus-
tion process [26].

3.4. Thermoluminescence studies

Thermoluminescence is one of the possible
ways to estimate the trap states of a material. Ther-
moluminescence (TL) consists in the light emission
after removal of the source of exciting energy light,
UV, gamma, X-rays, or other radiation; the free
electrons may be trapped at an energy level higher
than their ground state by application of thermal
energy. The transition of electrons directly from



390 DURGA VERMA et al.
3
(a) — Sr.Si0,
254 0 === Sr,Si0,:Eu” Dy’
=
=
=
i
2
=
<«
200 250 300 350 400 450 500
Wavelength [nm]
14.00 1.8
12001 (b) (i) 1.61 (b) (if)
1.4 1
) 10.00 - T
Z 8001 é |
i5/6.00_ = 0.8 1
4.00 - 067
0.4
200 7 : 02 4 2
0.00 T T T : T 0 T T : 4 .
2.00 3.00 4.00 5.00 6.00 2.00 3.00 4.00 5.00 6.00
Energy [eV] Energy [eV]

Fig. 1. (a) absorption spectra of pure Sr,SiO4 and Sr,SiO4:Eu**, Dy3* having absorption edges at 225 nm and
230 nm, (b) and (c) plots of («hv)? against energy E (eV) with band gap values for (i) Sr;SiO4 = 5.52 eV
and (ii) Sr,Si04:Eu’t, Dy’ = 5.4 eV.

Sr.SI0:Eu”,Dy’| A ——— state require energy. This energy can be supplied in
| m the form of optical radiation or as heat.

" - Fig. 4a shows TL glow curve of Sr»Si04:Eu?t,

; (¢) 0.1 % Eu*, 0.3 % Dy’ o . :
2 . Dy®™ phosphor for different concentrations of
z [ —r S AshnAd Dyt from the range of 0.1 mol% to 0.4 mol%,
2 m (b) 0.1 % Eu’, 0.1 % Dy" while Eu?*(0.1 mol%) is fixed. The peak position
£ for all doping concentrations is 340.36 K only for
(@) undoped the sample with 0.2 mol% concentration the glow

a) undope: .
A .m A peak is observed at 359.56 K.

40
20 [°]
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Fig. 2. XRD patterns of Sr,SiO,4:Eu?* phosphors with
different Dy>* molar concentration.

a metastable state to ground state is forbidden [27].
The metastable state represents a shallow electron
trap and electrons returning from it to the excited

TL intensity increases with increasing the dop-
ing concentration of Dy’*, maximum signal is
found for 0.2 mol%. The reason is that the in-
creased number of defects/traps at a particular tem-
perature may give rise to higher transition and con-
sequently higher TL intensity was found [28]. The
TL peak intensity increases at 0.2 mol% of Dy>*
and beyond this doping concentration, the TL in-
tensity decreases due to concentration quenching.
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Fig. 3. SEM micrographs of Sr,SiO4:Eu’*, Dy** phos-
phor at different magnifications.

The decrease in the TL output when the dopant el-
ement is present in larger concentration is caused
by the increased number of charge carriers be-
ing trapped upon irradiation. On being thermally
stimulated, these traps release the charge carriers
that finally recombine at the recombination centres
and thus give rise to diverse glow peaks with in-
creased height [29].

Using the Chen peak shape method [30] for de-
termining the order of kinetics of TL glow curves,
the kinetic order can be related to the geometrical
factor pg by the relation:

h—T,

M= 77 *)

where T and T, (T} < T,) are the temperatures
at half maximum intensity and Ty, is temperature
of maximum intensity; § = T, — Ty, T= Ty — T}
and w = T, — Ty, while Es, E; and E, are the
corresponding activation energies. The shape factor
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Fig. 4. (a) TL glow curves for Sr»SiO4:Eu’t with
Eu?*(0.1), Dy>*(0.1 to 0.4) for 20 min UV ex-
posure with a heating rate 5 K/s; (b) variation
of TL peak intensity with increasing Dy doping
concentration.

(ug = 6/w) is introduced to differentiate between
first and second order TL glow peaks. pu; = 0.39 to
0.42 for the first order kinetics py = 0.49 to 0.52
for the second order kinetics and yg = 0.43 to 0.48
for the mixed order of kinetics.

According to the relation, Sr,SiO4:Eu®* phos-
phor with different concentrations of co-doped
(Dy>") shows the general order of kinetics and the
activation energy is given by:

kT2

Eq=Cq (J) — ba(2KT,,) )

The frequency factor was calculated by:

BE
kT2

=5 [1 +(b— 1)2]?"] exp(E/kT,)  (6)
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Fig. 5. (a) TL glow curves of Sr,Si04:Eu2t(0.1),
Dy3+(0.2) for different UV exposure times at a
heating rate of 5K/s; (b) variation of TL peak
intensity with increasing UV exposure time.

The TL glow curves shown in Fig. 4a were
recorded for a fixed UV exposure time, 20 min, and
heating rate of 5 K/s. The values of different pa-
rameters calculated from the glow curves are pre-
sented in Table 2. The value of trap depth, which re-
sembles the activation energy, has been calculated
to lie between 0.50 eV to 0.61 eV. It is worth re-
porting that the shape factor p,, which ranges from
0.51 to 0.63, shows the second order kinetics that
supports the probability of re-trapping of released
charge carriers before recombination.

TL glow curves for the optimized concentra-
tion Sr,Si04:Eu®*(0.1), Dy (0.2) at different UV

exposure times shown in Fig. 5a. We chose the
doping concentration Eu(g 1) and Dy q ») because it
gave the maximum TL intensity (Fig. 4). In Fig. 5a
we can observe that TL intensity increases with in-
creasing UV irradiation time. Further, there is no
appreciable shift in the glow peak position toward
higher temperature for higher irradiation doses.
The thermoluminescence signal increases up to
20 minutes of UV exposure (Fig. 5b), then it starts
to decrease. It is predicted that with the increasing
UV exposure, the greater number of charge carriers
are released which increases the trap density and
results in an increase of thermoluminescence sig-
nals, but after 20 minutes of UV exposure, thermal
quenching occurs and trap density starts to decline,
which results in decreased TL intensity. The values
of trap depth (E) with increasing UV exposure time
as shown in Table 3.

3.5. Decay process

Decay of phosphors showing long-lived af-
terglow involves a rapid decay and a slow de-
cay corresponding to the afterglow phosphores-
cence [31-33]. Fig. 6 shows the TL decay curve of
Sr,Si04:Eu”*(0.1), Dy**(0.2) phosphor, indicat-
ing increased delay time, decreased intensity of the
glow peak and the position of glow peak shifted to-
ward higher temperatures because of retrapping of
charge carriers (i.e. kinetic order > 1). The released
carriers are retrapped before they recombine, giv-
ing rise to a delay in the luminescence emission and
a spreading of the emission over a wider tempera-
tures range [34].

Fig. 7 shows the decay curve of Sr,Si04:Eu?t,
Dy** phosphor. The decay curve displaying
TL intensity against time was plotted using the sin-
gle exponential equation:

I =Iyexp [—ﬂ (7)

Here, the decay constant is T and I is a constant.

The decay constant was found to be 10.23 min.
Table 4 shows the calculated kinetic parameters
such as d, w, T, y, (shape factor) and activation en-
ergy or trap depth (E) of Sr,SiO4:Eu**, Dy** phos-
phor which shows that trap depth increases with
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Table 2. Kinetic parameters of Sr,Si04:Eu?t(0.1), Dy3+(0.1 to 0.4) for 20 min UV exposure time.

Heating Activation Frequency
T; [K] Tm [K] T, [K] T 5 Ug = d/w  energy(trap
rate [K/s] depth) [eV] factor
5 315.1 340.36 367 2526  26.64 0.51 0.61 2.98 x 108
5 314 339.56 369 25.56 29.44 0.53 0.60 2.77 x 108
5 313 340.36 376.1 2736 3574 0.56 0.58 9.97 x 107
5 319.93 340.36 375.56 2043 35.2 0.63 0.50 6.69 x 10°

Table 3. Kinetic parameters of Sr;SiO4:Eu”*(0.1), Dy>*(0.2) for different UV exposure times at a heating rate

of 5 K/s.
UV Activation
exposure T [K] T (K] T, [K] T 6 w Uz = d/w energy (trap
time [min] depth) [eV]
5 312.36 342.81 373.61 3045 308 61.25 0.50 0.50
10 317.96 342.23 371.19 244  28.83 53.23 0.54 0.65
15 316.43 340.36 370.1 2436 29.74 54.1 0.55 0.65
20 313.2 335.56 358 2236 22.44 44.8 0.50 0.66
25 331.13 360.39 388.48 29.26 28.09 57.35 0.49 0.57
140 140
120 1 —=— immediately 120 1
—+— 5 mind
i ey =4-Decay curve of
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Fig. 6. TL glow curves

increasing delay time till the delay of 15 minutes.

Temperature [K]

Time [min]

of SrSiO4:Eu?t(0.1), Fig. 7. TL decay curve of SrSiO4:Eu?t(0.1),
Dy3*(0.2) for different decay times.

Dy3+(0.2).

3.6. Photoluminescence studies

After that, it changes randomly which indicates that

the traps became deeper till the delay of 15 min, The photoluminescence spectra of
and then they changed randomly. The value of the Sr»SiO4:Eu?>T(0.1), Dy** (0.2) are shown in
trap depth indicates that the phosphor has charac- Fig. 8a and Fig. 8b. The maximum TL intensity

teristics of a good and long-lasting material [35].

was found for Eu?* (0.1) and Dy** (0.2) doping
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Table 4. Calculated kinetic parameters of TL glow curves plotted after different decay times.

Decay time Activation

[min] T [K] Tm [K] T, [K] T 5 w Hg = 6/w energy(trap

depth) [eV]
Immediately 308.5 336.07 362.15 27.57 2643 54 0.49 0.52
5 315.93 344.95 374.3 29.02 2935  58.37 0.50 0.53
10 315.93 342.47 376.75 27.54 3428 61.82 0.55 0.58
15 331.6 359.72 388.14  28.12 2842 56.54 0.50 0.60
20 337 369.42 401 3242 31.58 64 0.49 0.53
25 338.5 371.86 421 33.36 49.14 82.5 0.59 0.56
30 331.7 374.3 416.3 42.6 42 84.6 0.49 0.41

concentration so we chose this doping concen-
tration for PL. measurement. Fig. 8a shows the
excitation spectrum, in the spectral region from
200 nm to 400 nm. It exhibits only one broad
peak in the UV region centered at 245 nm. After
UV excitation, the phosphor emits visible lights
at a wavelength of 485 nm (blue), where a small
peak is observed and at 560 nm (yellow) where a
broad peak is seen (Fig. 8b). The broad absorption
and emission spectra can be ascribed to the Eu>™
transition from 4f7 state to 4f75d excited state [36].
Here, the luminescence centers correspond to Eu>*™
ions, and any additional emission peak relating
to Dy>* ions in Sr;SiO4:Eu*t, Dy** phosphor
is not observed. As expected, Dy’*co-doped
phosphor shows significant long-lasting afterglow
properties [37].

The decay curve of Sr,SiOy4: 0.1 mol % Eu’™,
0.2 mol% Dy>* phosphor shown in Fig. 9 at the
excitation wavelength of 245 nm generates emis-
sion of the wavelength of 560 nm for 120 s. A
rapid intensity decrease at the initial stage is ob-
served, then it slows down and finally a stable emis-
sion is achieved, followed by a slow decay process
of long-lasting phosphorescence. Sr»SiO4:Eu’™,
Dy>** phosphors show the persistent luminescence
because Dy>* ions play an important role in the af-
terglow process. The Dy>* ions act as deep hole
trap levels, which are located between the ground
and excited states of Eu?*. After excitation by UV
light, ground states of Eu?" excitation occurs as a
result of electron and hole pairs generation from
the ground state 4f to excited 4f 5d state. Some free

holes transported into the conduction band are cap-
tured by the Dy>* traps. According to Jia et al. [38]
Dy3* transfers the electron to the excited Eu>*; the
states as Dy** and Eu’* are converted into Eu*.
When UV excitation ends, the reversed route and
the recombination of the hole and electron occurs
to give bright and long-lasting phosphor [39].

4. Conclusions

In this work, Sr,SiO4:Eu”**, Dy3* phosphor
was prepared by combustion method which ap-
pears to be a very feasible method for produc-
tion of this material. The band gaps of 5.52 eV
and 54 eV for Sr;SiOs and Sr,SiO4:Eu’t,
Dy3*, respectively have been determined from
the absorption spectra. Narrowing the band gap
of 0.12 eV for Sr,SiO4:Eut, Dy3+ compared to
pure Sr,Si04 material shows the presence of im-
purity ions in the host material. XRD studies con-
firmed the formation of a single phase compound
and the average crystallite size of Sr;SiO4:Eu’*,
Dy>* phosphor was found as 12.77 nm. SEM stud-
ies have shown that the particles are nonuniformly
distributed in the material and form aggregates.
TL glow curve of Sr,SiO4:Eu’*, Dy3* phosphors
rose with increasing the doping concentration of
Dy’", maximum signal occurred for 0.2 mol%
Dy3* and then the TL intensity decreased due to
concentration quenching. TL intensity of the glow
curve increased with increasing UV exposure time
up to 20 min, after that it started to decrease.
In thermoluminescence study, all peaks showed
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Fig. 9. Persistent luminescence of Sr;SiO4:Eu’* (0.1),
Javam (b) Dy>* (0.2) phosphor.
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