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Abstract

In this report monocrystalline white-emitting phosphors Ba1.3Ca0.7SiO4: 0.03Dy3+ were synthesized by a low temperature 
solution combustion method. The thermal, structural parameters and optical properties of the obtained phosphors were 
characterized by TGA, FTIR, XRD, SEM, EDS, TL, and PL. The mass of the Ba1.3Ca0.7SiO4 (host) sample as a function of temperature 
and the characteristic information about the composition kinetic analysis of thermal decomposition has provided by TGA. The 
characteristic spectrum of the sample was examined by FTIR. The structural parameters and appropriateness of the phase 
formation characterized by XRD. Photoluminescence spectra revealed strong transition at 482 nm (4F9/2 →6H15/2), 575 nm (4F9/2 
→6H13/2) and weak transition at 710 nm (4F9/2 →6H15/2). The simulated CIE chromaticity coordinate of Ba1.3Ca0.7SiO4:0.03Dy3+ 

falls in the white light region. The TL glow curve, the UV ray induced to the phosphor, and effect of dose response recorded for 
UV time exposure.

Keywords: Solution Combustion; Thermogravimetric; Thermoluminescence; White Light Emitting

Abbreviations: TL: Thermoluminescence; TGA: 
Thermogravimetric Analysis; XRD: x-ray Diffractometer; DI: 
Deionized; SEM: Scanning Electron Microscope; EDS: Energy-
dispersive x-ray Spectroscope; PL: Photoluminescence; HAB: 
Host Absorption Band; CTB: Charge Transfer.

Introduction

Nowadays, nano-range alkaline earth metal silicate-
based luminescent materials in various reports, including 
bulk, and nanocrystals received a lot of attention for numerous 
applications [1-3]. Solid materials such as Ca2MgSi2O7 and 

Sr2MgSi2O7 synthesized by solid-state method and used 
as a host material for many technological applications 
[4]. However, in solid-state synthesis method, there was 
an unreacted phase appeared due to the high processing 
temperature [5]. The temperature used for completion 
of the reaction was 1450°C, as well as the kinetics of this 
reaction is slow [6]. During such a reaction, γ-phase powder 
predominantly achieved after cooling to room temperature. 
M3SiO5 (M = Sr, Ca, and Mg) has been synthesized by using 
the sol-gel process at 950°C [7,8]. The processing time 
and synthesis temperature for the formation of gel is high. 
On the other hands, very fine, homogenous, and pure 
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crystalline materials proceeded without the intermediate 
decomposition structure were obtained using low-
temperature solution combustion method [9,10]. Solution 
combustion technique is dependent on the exothermic 
reaction between oxidizer and fuel. The advantage of the 
solution combustion process was explained in terms of 
simplicity, homogeneity, cost effectiveness, energy-saving, 
and purity for applications [11], fuel cell [12], energy 
conversion [13], energy storage [14], and others. Rare-earth 
ion-doped inorganic luminescent materials have significant 
importance in many areas of application [15-17]. Likewise, 
phosphorescent material with deep traps is exposed to 
UV radiation, absorbs energy from the radiation, and gets 
excited. When the temperature of the material is higher, 
thermally stimulated luminescence due to the recombination 
of carriers specifically electrons reactivated from the deeper 
traps level. Thus, the energy is converted to the luminescence 
and released in the form of visible light. This phenomenon 
is known as thermoluminescence [18,19]. In order to get an 
appropriate procedure of thermoluminescence, the obtained 
phosphorescent materials should first be exposed to the 
radiation and then heated for it to emit light again. Materials 
that exhibit thermally stimulated luminescent include 
glasses, ceramics, plastics and some organic solids. TL is 
therefore deemed to be a thermally stimulated process [18]. 
The glow curve can display different peaks originating from 
various trapping states.

In our past study [20], we detailed the impact of doping 
Eu3+ particles within the Ba1.3Ca0.7SiO4: Eu3+ silicate-based 
ceramic phosphors for white lighting application. To the 
best of our knowledge, thermoluminescence (TL) and trap 
parameters for Ba1.3Ca0.7SiO4 doped with Dy3+ had not reported 
yet. To the finest of our information, thermoluminescence 
and trap parameters for Ba1.3Ca0.7SiO4 doped with Dy3+ had 
not studied yet. Here, all the possible transition and trap 
level formation in alkaline earth silicate-based phosphor 
appropriate for UV ray detection have been discussed.

Experimental Method

The starting materials used in the preparation 
of Ba1.3Ca0.7SiO4:0.03Dy3+ were Ba (NO3)2(99.9%), Ca 
(NO3)2.4H2O (99.9%), Dy (NO3)3 (99.9%), CH4N2O (99.9%), 
and Si (OC2H5)4 (99.9%). All these raw-materials are mixed 
in 10ml of deionized (DI) water in specific molar ratios [20]. 
The mixtures were constantly stirred at the temperature of 
80-90oC for 30min until the transparent solution was formed. 
Then, the transparent solution was rapidly transferred to 
alumina crucible and put into a preheated furnace at ~550oC. 
The process was actually exothermic and spontaneous 
ignition was immediately happened. It took only 5-10 

minutes for the whole process to accomplish. Ba1.3Ca0.7SiO4: 
Dy3+ phosphor powders obtained after annealing the samples 
at 1000oC for 2hrs. At the final stage a synthesized sample 
were crushed to fine powders for further characterization.

Thermogravimetric analysis (TGA) of the powders’ 
precursor were performed on a TGA/DTG (NETZSCH 
STA449C, Selb, Germany) thermal analyzer at heating rate of 
10°C/min under nitrogen flow to evacuate all gases advanced 
and avoid thermo-oxidative degradation. Functional groups 
present in the samples were investigated by the Fourier-
transform infrared spectrophotometer (FT-IR) (IR Affinity-
1S, Shimadzu). The crystal structure and phase formation 
of the phosphors were studied by x-ray diffractometer 
(XRD) of Model Philips Bruker D8 advance. The scanning 
electron microscope (SEM) of Model JEOL JSM-7800F, 
fitted out with Energy-dispersive x-ray spectroscope (EDS) 
(Oxford Aztee) was used to characterize the morphology 
and elemental composition of the Ba1.3Ca0.7SiO4: 0.3Dy3+ 
phosphor. Photoluminescence (PL) excitations and 
emissions measurements were carried out using Cary 
Eclipse fluorescence spectrophotometer (Model LS-55) 
with a xenon flash lamp to act as the excitation source. 
A thermoluminescence spectroscopy (TL) study was 
performed by the thermoluminescence reader (TL1009I).

Result and Discussion

TGA and FTIR Analysis

As-prepared Ba1.3Ca0.7SiO4 (host) samples were 
characterized by TGA that proceeded by heating the 
samples from 0 to 800oC with the heating rate of 10oC/min 
in N2 environment. A TGA / DTG curve for the as-prepared 
hydrolysis product of Ba1.3Ca0.7SiO4 is represented in 
Figure 1a. It has been observed that the three weight-loss 
stages of TGA curve such as 8%, 18.6%, and 21% well agree 
with the peak temperatures in DTG curve such as 90.7oC, 
604.4oC, and 669oC respectively. The weight loss on the first 
stage of TGA, i.e. 8% is associated with the evaporation of 
residual solvents on the external surface and removal of water 
including ammonia gases. The second weight-loss stage of 
18.6% is caused by oxidative decomposition and removal 
of the remaining organic species [21]. The third weight loss 
of 21% is attributed to the combustion and decomposition 
of remaining carbonaceous species as well as surface 
dehydroxylation of the silica surfaces, which is the main 
weight-loss stage occurring in the temperature of the 669oC. 
After third weight loss, there is no significant thermal change 
or weight loss observed, and this phenomenon specifies the 
completion of the whole reaction process (Figure 1b).
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Figure 1(a): TGA/DTG curves for as-prepared sample under a N2 flow of 80 cm3 min-1, at a heating rate of 10oC min-1 (b) FTIR 
spectra of Ba1.3Ca0.7SiO4 powder samples.

The FT-IR technique is one of the most sought 
spectroscopic investigations to probe the structural units 
present in the material (Figure 1b). It was observed that the 
peaks at 725cm-1 and 673cm-1 show the presence of Ba-O 
and Ca-O groups. The O-Si-O and Si-O peaks at 842 cm-1 and 
970 cm-1 can be attributed to the Si-O symmetric stretching 
modes [22]. Besides, the weakly intense bands at 3647 cm-1 

and 1434 cm-1 correspond to adsorbed OH- and NH3
- species, 

respectively. Those weak bands were happened due to the 
trapping of some adsorbed OH- and NH3

- species in the 
Ba1.3Ca0.7SiO4 gel-containing precursors.

XRD Analysis

Typical x-ray diffraction patterns the Ba1.3Ca0.7SiO4: 
0.03Dy3+ phosphors are shown in Figure 2a. The intensities 
and positions of diffraction peaks of the Ba1.3Ca0.7SiO4 samples 
were matched to the T-phase hexagonal structure with JCPDS 
Card No. 36-1449. The XRD measurement reveals that the 
crystal structure of the phosphors has not changed, since 
the ionic radius of Ca2+ nearly matches with the Dy3+ ionic 
radius when Dy3+ occupies Ca2+ sites within the Ba1.3Ca0.7SiO4 
phosphor [23]. The prepared nanocrystals which belong to 
the space group (pm1) with hexagonal unit cell parameter 
‘a’ = 0.5749nm, ‘c’ = 1.466nm, ‘v’= 41.973(nm) 3. The average 
crystallite size of Ba1.3Ca0.7SiO4 doped with 3mol% of Dy3+ 
ions has been determined using Scherrer’s equation [23,24].

( )
0.92
cossD λ

β θ
=

                                 

(1)

Where λ is the wavelength of the x-ray which is constant and 
λ=0.154 Å, Ds is represented Scherrer’s crystal size, β is the 
full width at half maximum, and θ is the Bragg angle. The 
calculation of the Scherrer crystallite size based on intense 
diffraction peaks (2θ =30.89, 30.02, 43.72, 54.56, 37.96, 
48.66, 55.11, 21.37, 64.64, 36.49, 52.97, and 49.75), gave the 
average crystallite size of Ba1.3Ca0.7SiO4: 0.03Dy3+ of ∼30.67 
nm as indicated in Table 1. The actual crystal structure of the 
Ba1.3Ca0.7SiO4: 0.03Dy3+ is a result of a lattice deformation of 
Ba1.3Ca0.7SiO4 via partial substitution of Ca2+ with Dy3+ due to 
similar ionic radius of Ca and Dy3+.

Figure 2(a): XRD patterns of Ba1.3Ca0.6SiO4: 0.03Dy3+
 

compound.
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[hkl] 2 θ(0) Particle size (nm) d (nm)
[102] 30.898 28.30647 0.020505
[104] 30.0248 23.54251 0.019943
[110] 43.7186 27.55643 0.028667
[214] 54.5546 25.58496 0.035281
[204] 37.9632 78.66058 0.02504
[205] 48.6603 24.95868 0.031724
[300] 55.1103 32.96364 0.035613
[202] 21.3718 19.83111 0.014276
[305] 64.6364 25.48513 0.041149
[200] 36.4946 28.72673 0.024086
[206] 52.9669 25.39492 0.034342

Table 1: The structural parameters and crystallite size of Ba1.3Ca0.7SiO4: 0.03Dy3+.

SEM/EDS

Figure 3 shows the SEM micrographs of the Ba1.3Ca0.7SiO4 
and Ba1.3Ca0.7SiO4:0.03Dy3+. In Figure 3a, the Ba1.3Ca0.7SiO4 
(host) which synthesized using urea assisting solution 
combustion seemed to crack exposing regular polygonal 
aggregates as well as some highly agglomerated regions. 
Figure 3b shows the SEM images of the 0.03mol of Dy3+ 
doped sample. This displays small and large particles that 
are separated with clear grain boundaries. In this sample, 
the particles are arranged in definite order having a slight 
uniform size having good connectivity with the grain. The 
particles ‘slight agglomeration with an irregular spherical 
shape, pores, and voids at both samples was observed 

due to the evolution of a large number of gases during the 
combustion process. The EDS spectrum was used to assess 
chemical composition of prepared phosphors as shown 
Figure 3c-3d. In the EDS spectrum of Ba1.3Ca0.7SiO4 (host), 
no other emissions appeared apart from strontium (Ba), 
(Ca), silicon (Si), and oxygen (O) while in the EDS spectrum 
of Ba1.3Ca0.7SiO4: 0.03molDy3+, no other emissions appeared 
apart from strontium (Ba), (Ca), silicon (Si), oxygen (O), and 
Dy3+ but, the peak equivalent to C in both samples existed 
in the spectra because of conductive adhesive. Generally, 
the intense peaks of, are presented in the EDS spectra, 
confirms the existence of Ba, Ca, Si, O, and Dy elements in the 
synthesized phosphor [25,26].

Figure 3: (a) SEM micrograph of the Ba1.3Ca0.7SiO4 (host) sample (b) SEM micrograph of the Ba1.3Ca0.7SiO4: 0.03Dy3+ sample (c) 
The EDS spectra of the Ba1.3Ca0.7SiO4 sample (d) The EDS spectra of the Ba1.3Ca0.7SiO4: 0.03Dy3+ sample.
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Excitation and Emission Properties

Figure 4a depicted that the weak PL excitation spectra 
at 238 nm showed host absorption band (HAB) in the 
shorter wavelength. A broad emission band centred at 
~482 nm shown in Figure 4b occurred due to self-trapped 
luminescent recombination in the host lattice. A peak 
at 293 nm may be ascribed to the (charge transfer CTB) 
transition from oxygen to dysprosium (O2 → Dy3+) in the 
host lattice [27]. The sharp peaks observed at 350 nm, 388 
nm, and 448 nm ascribed to the 4f →4f transition of Dy3+. 
The characteristic excitation wavelength of synthesized 
phosphors was 350 nm.

The three emission peaks at 482 nm, 575 nm, and 710 
nm corresponding to the transition 4F9/2→6H15/2 (blue), 
4F9/2→6H13/2 (yellow) and 4F9/2→6H11/2 (red), respectively are 
shown Figures 4c, 4d. It was observed that the emission due 
to 0.03Dy3+ around 482 nm corresponds to the magnetic 
dipole MD transition whereas, the emission band at 575 nm 

corresponds to the electric dipole ED transition which is 
hypersensitive transition according to the selection rule ∆J 
=±2 [28]. The blue emission band at 482 nm is stronger than 
the yellow emission band at 575nm. This was particularly 
happened when Dy3+ ions occupy a high-symmetry local site 
with inversion symmetry in the host matrix [29]. Most of the 
time the optical properties of the material are influenced 
by the structure of the lattice and methods of phosphors 
preparation [30]. When trivalent Dy3+ doped into the Ca2+ site, 
three Ca2+ ions must be substituted by two Dy3+ particles, and 
hence, a cation vacancy is produced within the lattice. It can 
be represented by the following equation [31]:

Ba1.3Ca0.7SiO4 →V0ca +2[Dy3+] ·Ca(2)

Where V’ca is calcium. The incorporation Dy3+ ions in the 
Ba1.3Ca0.7SiO4 can neutralize the charge produced in the 
matrix during ions replacement, and this stabilize the 
structure and enhance the luminescence [32].

Figure 4: (a) excitation and (b) emission spectra Ba1.3Ca0.7SiO4 (host) (c) excitation (d) emission spectra of Ba1.3Ca0.7SiO4: 
0.03Dy3+ phosphors.

The luminescence color of Ba1.3Ca0.7SiO4 (host) and 
Ba1.31Ca0.69SiO4: 0.03 mol Dy3+ samples simulated by using 

the CIE chromaticity diagram [33] (Figure 5a-b). The CIE 
coordinates of the host and Dy3+ doped samples calculated 
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(x, y) = (0.17, 0.24) and (0.30, 0.33), respectively which 
corresponded with the chromaticity coordinates of standard 

white light (x = 0.30, y = 0.33). 

Figure 5: CIE chromaticity coordinate and their corresponding color band display of Ba1.3Ca0.7SiO4: 0.03Dy3+ phosphors.

TL Glow Curve 

All solid materials contain lattice imperfections in 
the form of impurities and intrinsic defects. When these 
solid materials are excited by suitable radiation, these 
imperfections in the lattice capture electron or holes and their 
radiative recombination are studied by thermoluminescence 
glow curve technique. Thermoluminescence glow curves 
usually indicate the intensity of emitted light as a function 

of temperature showing the glow curves with one or more 
peaks when charge carriers are released. The glow curve is 
characteristic of various trap levels that lie in a band gap 
of the nanocrystal. The traps are characterized by certain 
physical parameters that include activation energy (E) and 
frequency factor(s). Figure 6a,6b shows TL glow curves of 
Ba1.3Ca0.7SiO4: 0.03Dy3+ obtained at different UV exposure 
times and constant heating rate of 50C.S−1.

Figure 6: (a) TL glow curve of UV-induced Ba1.3Ca0.7SiO4: Dy3+ (3 mol%) phosphor with variation of UV dose in minutes (b) 
Dose versus intensity plot with variation of UV dose in minutes of Ba1.3Ca0.7SiO4: 0.03Dy3+ phosphors.

The results in Figure 6a reveal thermoluminescence 
signals increment with increasing UV exposure time. The 
maximum intensity was found at 40 minutes exposure, but 

after 40 minutes, a decrease in thermoluminescence signals 
has been observed. In addition, the TL result shows the glow 
curves with one or more peaks when the charge carriers are 
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released. The analysis of TL glow curves was very important 
part of study to extract the kinetic parameters such as 
trap depth, order of kinetics (b), and frequency factor(s). 
These parameters are used to decide the stability of traps/
luminescent centers. The activation energy (E) or trap depth 
was essential to make free the trapped electron in the traps 
centers. The parameter used to transfer the information 
whether the re-trapped charge carriers in order of kinetics 
or the order of lattice vibration is frequency factor [34]. The 
plot of UV stimulated (10-60 min) glow curves appear the 
variety of TL intensity versus UV exposure time (Figure 6a). 
The obtained result depicts the behaviour of the TL glow 
curve which changes with UV dose, and this was a good 
indication of the TL in the dosimetric application. In this 
process, the electron gets trapped during excitation with 
UV radiation into a defect created by impurities [34,35]. 
Figures 7a-b shows the TL glow curves of the host and 

0.03mol Dy3+ ion-doped Ba1.3Ca0.7SiO4 phosphors. The glow 
peaks at 366K, 433K, 488K, and 607K observed in the host. 
The un-doped sample shows the lowest signal intensity 
with a maximum of around 488K and this was probably 
connected to the intrinsic defect energy levels. The Dy3+ 
doped sample display relatively high TL intensities with 
glow peaks observed at 409K and 523K (Figures 7c,7d). The 
lower temperature peak (409K) happened due to electrons 
being trapped at deep levels, while the higher temperature 
peak at 523K might be due to the activation of the electrons 
from the shallow traps. These electrons had captured in the 
deep traps may go without attaining re-trap at intermediate 
levels to the conduction band and recombine consequently, 
giving rise to the high-temperature glow peak. The 
behaviours of the two peaks are different since they arise 
from two different types of defect centers. 

Figure 7: (a) TL glow curve (a) a host(x=0) (b) Dy3+ doped samples (c) Glow curve deconvolution (GCD) pattern (d) GCD 
curve fitting plot for TL prominent peak for the Ba1.3Ca0.7SiO4: 0.03Dy3+.

The trap parameters (trap depth (E), the order of 
kinetics (b), frequency factors(s)) arranged in Table 2 were 
calculated by using the peak shape method. The fitted glow 
peaks of the prepared phosphor revealed that the calculated 
E was varied from 0.70 to 0.45 eV, which shows the deeper 

and shallower traps were formed in the prepared sample 
during UV irradiation. It was fact that when the sample 
irradiated by using UV rays (lower energy source) the excited 
electrons got trapped in the shallower trap levels. Thus, the 
activation energy required for escaping one electron from 
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trap level is lower. Chen’s half-width methods’ [35,36] are 
the most popular and acceptable methods which used to 
calculate the trap parameters.

Figure 7d clearly explained that the three points on 
the peaks such as T1, Tm, T2 ascribe the low half intensity 
temperature, the temperature of maximum intensity, and 
high half intensity temperature, respectively. All other 
trap parameters were derived from δ = (T2 − Tm), = (Tm − 
T1), ω = (T2 − T1), and μg = δ/ω [36]. The geometrical factor, 
which ranges between 0.42 and 0.52, is close to 0.42 for 
first-order kinetics and 0.52 for second order of kinetics. 
The general kinetics order (other than first or second 
order), the correlation between order of kinetics (b) and 
the geometrical factor (μg). On the other hands, the order 
of kinetics (b) is the mechanism of recombination of de-
trapped carriers with their counterparts. The trap depth 
called the so-called activation energy (E) can be calculated 
by the general formula, which is valid for any kinetics by 
Eq. 3

( )
2

2m
m

kTE c b kTα αα
 

= − 
                

 (3)

For general order kinetics, the value of the cα and bα (α = τ, 
δ, ω) is expressed as 
cτ = [1.51 + 3(µg - 4.2)], bτ = [1.58 + 0.42(µg − 0.42)], cδ = 
[0.976 + 7.3(µg - 0.42)], bδ = 0 and cω = [2.52 + 10.2(µg − 
0.42)], bω = 1.0.

The frequency factor(s) is one of the important trap 
parameters and it describe the probability of electron 
escape from the traps after exposure to UV radiation. It can 
be calculated by using the general expression in Eq.4

2

21 ( 1) expm

m m

kTE Es b
kT E kT
β   = + − −     

          (4)

Where k is Boltzmann constant, E is the activation 
energy, b is order of kinetics, and Tm is a temperature of peak 
position, and β is heating rate. From the calculated kinetic 
parameters, it is found that glow curve is characteristic of the 
different trap levels that lie in the band gap of the material. 
Here the order of kinetics shows general order which nearly 
goes to second order. Activation energy is found to be the 
highest for higher peak and varies from 0.70 to 0.45eV (Table 
3).

Molar concentration 
of Dy3+ T1 Tm T2 τ Activation 

Energy(eV)
Frequency factor 

(S) S-1
Peak 1 0.03 357 418 505 61 87 148 0.58 0.7 2.5x105

Peak 2 0.03 458 521 584 63 63 126 0.5 0.45 1.0x108

Table 2: Kinetic parameters of Ba1.3Ca0.7SiO4: 0.03Dy3+ for 10 min UV exposure time with constant heating rate 5K.S-1.

Conclusion

In summary, we have successfully synthesized 
Ba1.3Ca0.7SiO4: 0.03Dy3+ phosphors by the solution 
combustion method. Thermogravimetric analysis proved 
that the as-prepared sample thermally stabilized at the 
weight-loss stage occurred in the temperature above 669 oC. 
FT-IR technique was used for spectroscopic investigations 
to probe the structural units present in the material. The 
XRD studies confirmed the formation of a single-phase 
having space group (p3m1) with an average crystallite size 
of ∼30.67 nm. SEM result shows the surface morphology 
contains small and large particles separated with clear grain 
boundaries. In this sample, the particles arranged in definite 
order having a slight uniform size having good connectivity 
with the grain. The EDS result shows the presence of 
elements such as Ca, Ba, Si, O, and Dy in the samples.
PL spectra revealed strong emission due to 4F9/2→6H15/2 
transition at 482 nm (blue) and 4F9/2 → 6H13/2 transition at 
575 nm (yellow) and weak emission due to 4F9/2 → 6H11/2 
transition at 645 nm (red). The calculated CIE coordinates 

show the emission color founded in the white region. 
TL measurement was done by irradiating the phosphor 
material with UV rays. Optimization of the TL properties 
shown that the best dosimetric glow curve at 40 minutes 
UV-exposure time for Ba1.3Ca0.7SiO4: 0.03Dy3+ peaked at 409 
k and 523k signifying deeper and shallower traps. The TL 
properties on the prepared material had also studied by 
plotting TL intensity versus UV exposure time. The TL peak 
intensity increases as UV exposure times increase up to 40 
min, where it attains maximum time, but for continued UV 
exposure, a decrease in TL signals had observed. These had 
predicted that, with the increasing UV irradiation time, a 
density of charge carriers had increased, but after a specific 
irradiation time, the charge carriers’ density decreases, 
resulting in decrease the TL intensity. Apart from their 
unique strong photoluminescence properties and expected 
magnetic properties, which provide the Ba1.3Ca0.7SiO4: 
0.03Dy3+ phosphor with the potential for application in 
white light displays, the behaviour of the TL glow curve 
with the variation of UV dose shows this phosphor is also 
suitable material for UV ray detection and UV dosimetric 
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application.
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