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ABSTRACT
The novel Dy3+-and Tb3+-doped Ca10(PO4)6Cl2 phosphor is synthesized by the conventional wet chemical technique. The XRD 
pattern of prepared Dy3+ and Tb3+ doped in host material is in well agreement with the PDF card no. 7032212. The SEM image 
shows that the size of the particle is non-uniform in size and shape; it ranges in submicrometers. FTIR analysis confirms phos-
phate (PO4)

3− and Ca-O group bonding present in Ca10(PO4)6Cl2 phosphor. The photoluminescence spectra of the prepared 
Ca10(PO4)6Cl2:Dy3+ phosphor, under the excitation at 350 nm, it exhibit two emission peaks located at 474 nm (4F9/2 → 6H15/2) 
and 572 nm (4F9/2 → 6H13/2), emitting blue and orange color respectively. The high-intensity peak is located at 474 nm. The PLE 
spectra of Ca10(PO4)6Cl2:Tb3+ phosphor contain two strong emission peaks centered at 470 (blue) nm and 543 (green) nm, these 
ascribed due to 5D4 → 7F6 & 5D4 → 7F5 transition of Tb3+ ions monitored at 354 and 379 nm excitation. The concentration quench-
ing mechanism between the Dy3+–Dy3+ ions and Tb3+-Tb3+ ions is primarily attributed to dipole–dipole (d–d) interactions. The 
results suggest that Ca10(PO4)6Cl2:RE (RE = Dy3+, Tb3+) phosphor shows promise for use as a near-UV phosphor in solid-state 
lighting applications.

1   |   Introduction

Over the past decade, nanophosphors, which are solid inor-
ganic materials, have gained popularity among researchers 
because of their unique physical property, chemical property, 
and optical property. WLEDs (White light-emitting diodes) are 
highly sought after the solid-state lighting (SSL) technologies 
as a substitution for fluorescent and traditional lights [1–3]. 
There are two techniques to create white light from LEDs. One 
approach is by combining different colored lights from multi-
ple LED chips, known as multichip LEDs. The second method 
is using phosphors for conversion of blue or ultraviolet (UV) 
LED light into longer wavelengths, called phosphor-converted 
LEDs (pc-LEDs) [4, 5]. Inorganic phosphor activated by rare 

earth ions has attracted significant curiosity because of its dif-
ferent applications, such as in fluorescent lighting, biological 
labeling, solid-state lasers, white LEDs, and display devices 
[6–8]. In recent decades, researchers have studied various rare 
earth-doped materials. The visible light emission from these 
doped phosphors makes them useful in many fields.

Phosphate phosphors are widely used due to their superior 
thermal stability and great brightness, and customizable 
emission colors. Phosphate phosphors, made from combine 
with phosphorus, oxygen, and another elements, have several 
benefits. They are very bright, stable at high temperatures, and 
can emit different colors of light. These properties make them 
ideal for applications in lighting devices, like LED bulbs and 
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fluorescent lamps, also in display technologies like screens and 
monitors. Additionally, their compatibility with various light 
sources and stable performance under different conditions 
make them suitable for medical imaging and diagnostic tools. 
The versatility and efficiency of phosphate phosphors continue 
to drive their use in both everyday and specialized technolo-
gies [9–12]. Among all rare earth ions, Dy3+-activated phos-
phor materials are particularly interesting because of their 
parity and spin-allowed 4f-5d optical transitions, which ex-
hibit a rapid emission lifetime of approximately 10–50 ns [13].

Dy3+ ions play a crucial role in producing yellow color light in 
luminescent materials. They exhibit two main emission bands: 
yellow light at 550–600 nm from the 4F9/2 → 6H13/2 transition and 
blue light at 460–500 nm from the 4F9/2 → 6H15/2 transition [14]. 
The blue light emission is due to the magnetic dipole (MD) tran-
sition, which is stable across different crystal fields. In contrast, 
the yellow light emission comes from an electric dipole (ED) 
transition and is highly affected by the chemical surroundings 
around the Dy3+ ions [15].

C. Nandanwar et  al. [14] stated that Dy3+- and Eu3+-doped 
NaSrPO4 phosphors were prepared by wet chemical synthesis; 
the Dy3+ ion emission band was found at 519 and 613 nm for 
wLEDs. Dy3+- and Eu3+-doped Ca3(PO4)2 phosphor was prea-
pred by using wet chemical synthesis; the Dy3+ ion emissions 
were found at wavelengths 483 nm and 574 nm for SSL. Dy3+-
doped Ba2Ca(PO4)4 phosphor was prepared by the wet chem-
ical route [15]. S. Morya et al. [16] discussed KCa (PO3)3:Dy3+ 
phosphors was produced by utilizing solid-state reaction (SSR) 
synthesis and wavelength of emission at 575 nm to produce 
high-quality w-LEDs and photonic applications. The Dy3+-
doped NaCaPO4 phosphor prepared through combustion 
method and wavelength of emission blue at 482 nm, and yellow 
at 576 nm for white-LEDs and another solar applications [17]. 
LaPO4: Dy3+ phosphor sample is synthesized by wet chemi-
cal synthesis method, emission at 435 nm [18]. Dy3+-doped 
LiSrP3O9 phosphors are prepared by using a combustion route. 
The different emission peaks position at 476, 570, and 657 nm 
for wLEDs [19]. KZnPO4:RE (RE = Dy3+, Sm3+) phosphors 
are synthesized through Combustion technique. The emis-
sion peaks located at 562 nm and 597 nm for near-UV region 
for  w-LEDs [20]. B. Ramesh et al. [21] stated green emitting 
Tb3+-doped CaZn2(PO4)2 phosphors was produced by SSR 
route and emission peak at high intensity at 542 nm. Dy3+-, 
Tb3+-, and Sm3+-doped BiPO4 phosphors were produced 
through wet chemical synthesis, and Dy3+ phosphor shows 
emission at 481 nm (4F9/2 → 6H15/2) and 575 nm (4F9/2 → 6H13/2). 
Tb3+ ion phosphor emission wavelength at 545 nm (5D4 → 7F5) 
shows narrow green emission [22]. The Sr2P2O7: Tb3+ phos-
phor synthesized through co-precipitation route and intense 
emission peak at 5D4 → 5F5 (543 nm) [23]. The green emitting 
NaCaPO4:Tb3+ phosphor was prepared by SSR method it shows 
strong emission band at 547 nm for SSL applications [24]. The 
X-ray diffraction of Ca10(PO4)6Cl2 phosphor host material is 
already published in my previous research paper [25].

This work investigates the luminescence characteristics of Dy3+ 
and Tb3+doped Ca10(PO4)6Cl2 phosphor produced by wet chem-
ical synthesis The crystal structure, stretching modes, morpho-
logical structure, and optical properties analysis were analyzed 

by Vesta Software, Fourier transform infrared (FTIR) spectra, 
scanning emission microscopy (SEM), and photoluminescence 
characterization, respectively.

2   |   Experimental Section

The Ca10(PO4)6Cl2:Dy3+ phosphor with various concentrations 
of Dy3+ ions ranging from 0.005, 0.01, 0.015, 0.02, and 0.025 
was prepared through a wet chemical synthesis. The starting 
materials used for synthesis are ammonium dihydrogen phos-
phate, calcium nitrate, dysprosium oxide, and ammonium chlo-
ride, which are correctly weighed in stoichiometric ratio. All 
these materials are weighed by a monopan electronic balance. 
All these materials used have AR quality. Initially, the dyspro-
sium oxide (RE) is in oxide form, so it transformed into nitrate 
by using nitric acid. Dy2O3, a rare earth (RE) material, is dis-
solved in a solution of nitric acid, which is diluted by distilled 
water. Then, the solution is placed on the magnetic hot plate at 
a low temperature of 100°C; the solution has transformed into 
a colorless solution. All the weighed materials are shifted to a 
100mL glass beaker and mixed with each solution in distilled 
water, which is 20 mL, and stirred for approximately 30 min. 
All these solutions are then shifted to a single large beaker of 
about 250 mL and agitated with a magnetic stirrer for about 
30 min. The solution is stirred on a heated magnetic plate 
at 80°C for 6 to 8 h. This results in the formation of a white 
powder. The obtained product was ground with a mortar and 
pestle to produce a fine powder. This powder was then placed 
in a crucible and heated in a furnace at 600°C for 4 h for an-
nealing. Once it cooled to room temperature, the sample was 
ground again into a fine powder for further measurements. 
Similarly, the same processes were used for the preparation of 
Tb3+-activated Ca10(PO4)6Cl2 phosphor. XRD pattern analysis 
was conducted using a Rigaku MiniFlex X-ray diffractometer 
with a scanning range of 2θ = 10° to 80° and a step width of 
0.02% The surface morphology was examined using a scanning 
electron microscope (SEM, Hitachi S-3400N). The photolumi-
nescence excitation and PL emission spectra, in addition to all 
luminescence studies, were obtained using a Shimadzu RF5301 
PC Spectro-fluorophotometer.

3   |   Results and Discussion

3.1   |   XRD Analysis of Dy3+- and Tb3+-Activated 
Ca10(PO4)6Cl2 Phosphor

The X-ray diffraction pattern of prepared sample Dy3+ and 
Tb3+ doped in Ca10(PO4)6Cl2 phosphor sample is displayed 
in Figure  1. The XRD pattern was recorded in the range 
200 < 2θ < 800 for prepared phosphor. The X-ray pattern of syn-
thesized Dy3+ and Tb3+ doped in Ca10(PO4)6Cl2 sample was well 
match with the standard PDF card no. 7032212. Figure 1 shows 
that the obtained result of synthesized Dy3+ and Tb3+ activated 
in host sample was in pure form. There is no additional or extra 
impurity peaks found in the XRD spectra. All diffracted peaks 
of prepared sample were very sharp and intense, so the end 
product phosphor was in homogeneous form and crystalline 
in nature. The obtained sample are visually ensured and phys-
ically stable.
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3.2   |   Crystal Structure

The 3D visualization of the crystal structure of Ca10(PO4)6Cl2 
phosphor is depicted in Figure 2. The typical crystal structure of 
Ca10(PO4)6Cl2 phosphor is obtained by using “Vesta Software”. 
The crystal structure shows that the green color sphere rep-
resents the Ca atom. The phosphor atoms are represented by blue 
color spheres in crystal structure. The Cl atoms are represented 
in white color spheres, and the oxygen anions are represented 
by peacock blue color spheres. The crystal structure of synthe-
sized Ca10(PO4)6Cl2 phosphor reveals a hexagonal phase; it is of 

crystalline nature with the P 63/m space group, and the lattice 
parameters of host Ca10(PO4)6Cl2 phosphor are a = 9.5902 Å, 
b = 9.5902 Å, and c = 6.7666 Å. The number of distinct elements 
is 4 (Z = 1), and the angles are α = 90°, β = 90°, and ϒ = 120°. The 
cell volume of Ca10(PO4)6Cl2 phosphor is 538.96 Å3.

3.3   |   Fourier Transferred Infrared Spectroscopy

FTIR spectroscopy was used to determine the vibrations and 
function group contained in the sample. Figure  3 shows the 

FIGURE 1    |    X-ray diffraction of Dy3+- and Tb3+-activated Ca10(PO4)6Cl2 phosphor.

FIGURE 2    |    3D view crystal structure of Ca10(PO4)6Cl2 phosphor.
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FTIR spectra of Ca10(PO4)6Cl2 phosphor, sintered at 600°C. 
Wavenumbers in the spectrum ranged in 4000 to 400 cm−1 at 
ambient temperature. the Optimum bandwidth was obtained 
at 3572.19 cm−1, which is caused by the stretching (O-H) vi-
bration of H2O acquired by the phosphor. The vibration band 
at 1082.99 cm−1 is due to the asymmetric stretching phos-
phate (PO4)

3− group. All bands are result of the antisymmetric 
vibrations of stretching unbound O-H bonds. Peak measured 
at 1479.75 cm−1 is corresponding to vibrations of C-O. Figure 2 
shows several absorption bands were observable in a range be-
tween 830 and 400 cm-1 because of the phonon energy associ-
ated with metal-oxygen vibrations [26].

3.4   |   SEM

The morphological behavior of the prepared phosphor was ana-
lyzed by using SEM. Figure 4 clearly shows SEM images of the 
synthesized Ca10(PO4)6Cl2 phosphor at different magnifications. 
The analysis of SEM image confirmed that the synthesized phos-
phor sample has a high particle density and an agglomeration 
size in the micrometer range. The microstructure of materials 
influence its physical properties and behavior, making it pos-
sible to customize specific properties through microstructure. 
Utilizing micro-sized particle can enhance the photolumines-
cence properties of synthesized phosphor, so it is suitable for 
LED fabrication. Additionally, the smaller particle size facilities 
easier coating of the powder into LEDs. The particles appear 
nonuniform in nature and irregular in shape and size likely due 
to agglomeration and mechanical grinding during sintering.

3.5   |   Photoluminescence Properties of Dy3+ Ions 
Activated in Ca10(PO4)6 Cl2 Phosphor

Figure 5 shows the photoluminescence spectra of Dy3+-activated 
Ca10(PO4)6Cl2 phosphor, monitored at constant optimum wave-
length of emission at 474 nm. The PLE spectrum range 300–
400 nm wavelength. The photoluminescence excitation spectra 
contain four absorption peaks at 325, 350, 365, and 389 nm, 
which corresponds to characteristic peaks of 6H15/2 → 5F5/2, 
6H15/2 → 6P7/2, 

6H15/2 → 4I11/2, and 6H15/2 → 4I3/2 transition of Dy3+ 
ions, respectively [27, 28]. Among all various excitation peaks, 
the most intense peaks observed at 350 mm. These suggest FIGURE 3    |    FTIR of Ca10(PO4)6Cl2 phosphor.

FIGURE 4    |    SEM image of Ca10(PO4)6Cl2 phosphor.
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that the prepared phosphor material efficiently exited by near-
ultraviolet light. The photoluminescence emission spectra of 
various of Dy3+ ions activated Ca10(PO4)6Cl2 phosphor display 
in Figure  6, which recorded at constant excitation wavelength 
at 350 nm. It observed that the luminescence emission spectrum 
is in 400 to 650 nm range of wavelength. Photoluminescence 
emission spectra contain two strong intense peaks positioned at 
474 and 572 nm wavelength. In emission spectra, peak located 
at 474 nm ascribe due to the transition from exited state 4F9/2 to 
ground 6H15/2 and emission band at 572 corresponds to transi-
tion 4F9/2 → 6H13/2 of Dy3+ ions [29, 30]. Out of these two strong 
peaks, the peak located at 474 nm was high-intensity peak than 
peak located at 572 nm. The blue color emitted at 4F9/2 → 6H15/2 
(474 nm) is MD transition with selection rule ∆J = 0, ± 1 which 
varies with environment around Dy3+ ions. Yellow color emis-
sion because of transition 4F9/2 → 6H13/2 (572 nm) is forced ED 
transition with rule of selection, ∆J = 0, ± 2, which strongly 
influence with field strength present in the rare earth ion. The 
472 nm (4F9/2 → 6H15/2) is maximum intensity peak in the emis-
sion spectra occupied inversion symmetric site. In this work, the 
MD transition is highly prominent than ED transition. Figure 7 
shows the variation of activator Dy3+ in concentration was af-
fected on the luminescence intensity of Ca10(PO4)6Cl2 phosphor. 
The luminescence emission intensity rises as activator concen-
tration Dy3+ ion increases from 0.5 up to 1.5 mol%., after that, the 
luminescence emission intensity decreases as the concentration 
of dopont ions increases. From this result, it is concluded that the 
interaction between the neighboring atoms is negligible at lower 
concentrationtherefore, the intensity increases as the concentra-
tion increases, and for higher concentration, the nearest atoms 
are interacting with each other and the distance between nearest 
ions decreases; this is because of the non-radiative (NR) coupling 
between the two dysprocium ions because of the mechanism of 
concentration quenching.

The Blasse's theory proposed the RC (critical distance) deter-
mined by utilizing the following equation [23],

where V stands for the volume of unit cell for Ca10(PO4)6Cl2, 
XC is concentration reached to maximum value of intensity 
(XC = 0.015), and N represents the number of the activator 
(N = 1). In the current study, V = 538.96 Å. By putting all the val-
ues, the value between Dy3+–Dy3+ ions of critical distance (RC) 
was calculated as 40.947 Å with XC = 0.015. The calculated RC 
value more than 5 Å; it shows that the mechanism concentration 
quenching is primarily caused by electronic multipole interac-
tions. To more specifically analyze the type of interaction, we 
associate the photoluminescence intensity with the concentra-
tion of Dy3+ ions based upon theory reported by Van vitert. The 
relation between the dopant and the photo-luminescence inten-
sity can be determined by using the following formula

 In these relation, I represents the intensity of the material. X is 
the molar concentration of Sm3+ ions, � and K are constants; the 
values of Q show index electric multipole. The value of Q is equal 
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FIGURE 5    |    Excitation spectrum of Ca10(PO4)6Cl2:Dy3+ phosphor.

FIGURE 6    |    Emission spectrum of Ca10(PO4)6Cl2: Dy3+ phos-
phor: (a) Dy3+ = 0.5 mol%, (b) Dy3+ = 1.0 mol%, (c) Dy3+ = 1.5 mol%, (d) 
Dy3+ = 2 mol%, and (e) Dy3+ = 2.5 mol%.

FIGURE 7    |    Effect of Tb3+ concentration on emission intensity at 
474and 572 nm.
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to 3; then, the interaction is migration of energy between nearest 
ions. The value of Q equals to 6, 8, and 10; then, the interaction of 
transfer of energy is due to multiple–multiple interaction. For di-
pole–dipole interaction, the Q value is 6; for dipole–quadrupole, 
the Q value is 8; and for quadrupole–quadrupole interaction, Q 
is 10. The value of Q can be determined by the slope between 
log (I/x) and log(x) is (−Q/3). This phenomenon was further in-
vestigated using emission spectra at a wavelength of 474 and 
572 nm, by utilizing Dexter's theory, the slope of curve is −1.74 
and −1.75, respectively, as displayed in Figure 8. In Equation (2), 
the value of θ is about 5.22 (447 nm) and 5.25 (572 nm), which is 
very close to 6. The obtained value of critical distance and the 
value of Q indicate that the effect of concentration quenching in 
between the neighboring ions is attributed due to dipole–dipole 
interaction [31].

3.6   |   Photoluminescence Properties of Tb3+ Doped 
Ca10(PO4)6 Cl2 Phosphor

The photoluminescence studies involve the investigation of the 
emission of light from material after it has absorbed photons; 
these are crucible for understanding the electronic and opti-
cal properties of materials. The luminescence absorption and 
emission spectrum of Tb3+ activated Ca10(PO4)6Cl2 phosphor 

synthesized by the wet-chemical method was analyzed at 
normal temperature. Figure 9 reveals the photoluminescence 
excitation spectra of Ca10(PO4)6Cl2:Tb3+ phosphor monitored 
for emission wavelength 470 nm, which has many excited 
levels ranging in the 300- to 400-nm wavelength. The excited 
lines are positioned at 317, 339, 354, 371, and 379 nm. All these 
peaks belong to the 4f-4f transition of Tb3+ ions, which corre-
sponds to the ground state 7F6 to different excited states 5H7, 
5L2, 5D2, 5D3, and 5G6 transitions of Tb3+ ions, respectively [32]. 
Among all these bands, the strongest excitation peak is cen-
tered at 379 nm, making it ideal for measuring the photolumi-
nescence (PL) emission spectra.

The PL emission spectrum of Ca10(PO4)6Cl2:Tb3+ phosphor 
of various concentrations was excited at wavelengths 379 and 
354 nm shown in Figure 10. The PLE spectra contain two main 
characteristic peaks in the 425 –575-nm region of Tb3+ ions. 
These two emission peaks are located at 470 and 543 nm. The 
emission peaks at 470 and 543 nm are attributed to 5D4 → 7F6 
and 5D4 → 7F5 transitions of Tb3+ ions [33, 34]. PL emission 
spectra of Tb3+ in Ca10(PO4)6Cl2 phosphor exhibit the blue 
color at 470 nm and green color at 543 nm. Figure  5 shows 
two emission spectra of the same nature and peaks observed 
at the same wavelengths at different wavelengths measured 
under 354 and 379 nm. From these two peaks, the highest 
intensity peak is found at 470 nm wavelength. The 5D4 → 7F6 
(470) transition of the terbium ion is an ED transition, and 
the 5D4 → 7F5 transition is an allowed induced ED transition, 
following the selection rule ΔJ = 2. The ED transition is more 
intensive than the other. The most intense peak is observed at 
1.5 mol% for both emission spectra excited at 379 and 354 nm. 
All results show that Ca10(PO4)6Cl2:Tb3+ phosphor is suitable 
for green emission display devices and solid-state lighting 
applications.

The emission intensity of the material changes with various 
amounts of Tb3+ ions represented in Figure 11. From Figure 11, 
it was observed that increasing the Tb3+ ion concentration 
from 0.5 to 1.5 mol% led to an increase in emission intensity. 
However, beyond 1.5 mol%, the emission intensity began to 
decrease. This decrease can be explained by a phenomenon 
called concentration quenching, where so many Tb3+ ions start 
transferring energy among themselves instead of emitting 
light [35]. At 1.5 mol% concentration, the maximum emission 
intensity was found, and at higher concentrations, too much 
energy transfer and interaction caused processes that do not 
emit light to become dominant. This led to a fall in emission 
intensity.

Using the method explained in Equation (1), critical distance 
(RC) was calculated to be 40.947 Å for XC = 0.015. Because 
this value is greater than 5 Å, concentration quenching is 
likely due to electronic multipole interactions. To investigate 
this mechanism, emission spectra at 470 and 543 nm were 
analyzed. Based on Dexter's theory, the slopes of the curves 
were found to be −1.26 at 470 nm and −1.22 at 543 nm, as 
shown in Figure  12. Using Equation  (2), the Q values were 
calculated as approximately 3.78 and 3.66, which are close 
to 6. This indicates that the concentration quenching be-
tween Tb3+–Tb3+ ions mainly occurs through dipole–dipole 
interactions [36].

FIGURE 8    |    Graph of Ca10(PO4)6Cl2:Dy3+ phosphor log (x) vs log 
(I/x) with fitting curve.

FIGURE 9    |    Excitation spectrum of Ca10(PO4)6Cl2: Tb3+ phosphor.
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3.7   |   Energy Level Diagram Ca10(PO4)6Cl2:Dy3+ 
and Tb3+ Phosphors

The schematic Ca10(PO4)6Cl2:Dy3+ phosphor energy level dia-
gram with possible excitation and emission wavelengths with 
cross relaxation channels of Dy3+ ions in Ca10(PO4)6Cl2 host 
material are presented in Figure  13. Under the constant exci-
tation at 350 nm, the electron in 6H15/2 ground state will absorb 
the excited energy, and it moves to the excited states by reso-
nance process. After that, this absorbed energy is transferred to 
the Dy3+ ions and populated in the energy level 6H15/2. Various 
excitation wavelengths of Dy3+ ions located at 325, 350, 365, and 
389 nm, the Dy3+ ions excited from the lower energy level 6H15/2 
to move to different excited energy level like 4F5/2, 6P7/2, 6P5/2, 

and 4F7/2. From all these different excited levels, the electron 
relaxes to the lower state of excited energy state, that is, 4F9/2 
of Dy3+ ions via the process of NR relaxation, and again, the 
electron populates from the 4F9/2 energy level and comes back or 
returns to different lower energy states 6H15/2, and 6H13/2 gives 
blue and yellow emission [37].

The schematical energy level diagram of Tb3+ ions doped in 
Ca10(PO4)6Cl2 phosphor under the constant excitation at 379 nm 
is shown in Figure 14. Electrons of Tb3+ ions absorb energy and 
become excited; then, they jump from the ground energy to 
higher energy levels, that is, 7F5 to 4F5/2, 6P7/2, 6P5/2, 4F7/2, and 
4F9/2 at 317, 339, 354, 371, and 379 nm, respectively. Initially, the 
electrons relax to the lowest energy level of excited level 5D4 via 

FIGURE 10    |    Emission spectrum of Ca10(PO4)6Cl2:Tb3+ phosphor: (a) Tb3+ = 0.5 mol%, (b) Tb3+ = 1 mol%, (c) Tb3+ = 1.5 mol%, (d) Tb3+ = 2.0 mol%, 
and (e) Tb3+ = 2.5 mol%.

FIGURE 11    |    Effect of Tb3+ concentration on emission intensity at 470 nm.
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NR transition. This is because of the energy difference between 
levels or states. Finally, the electron from 5D4 electronic states 
falls down to the lower energy levels 5D4 → 7F5 at 470 nm and 
5D4 → 7F6 at 543 nm by emitting a photon, which emits blue and 
green emission of light [38].

3.8   |   Chromatic Properties of Ca10(PO4)6Cl2:Dy3+ 
and Tb3+ Phosphors

The CIE chromaticity is a method to describe and measure color 
based on how humans perceive it. It is crucial in color science 
and used to determine the color purity of light emitted by mate-
rials like phosphors. The most intense emission spectrum was 
used to record the coordinates of the prepared phosphor mate-
rial. The color coordinate (CIE) of highly intense concentration 

of Dy3+-activated Ca10(PO4)6Cl2 phosphor is detected (0.112, 
0.097) at 474 nm and (0.458, 0.40) at 572 nm in Figure 15A [39]. 
These color coordinates lie on blue and green-yellow bound-
ary of color chromaticity picture. The color chromaticity dia-
gram of Tb3+-doped Ca10(PO4)6Cl2 phosphor is represented 
in Figure  15B. The color chromatic point of Tb3+-activated 
Ca10(PO4)6Cl2 phosphor lies in the border of blue region at 
470 nm and green region at 543 nm of CIE diagram. The cal-
culated color CIE coordinate of Tb3+-activated Ca10(PO4)6Cl2 
phosphor are found to be (0.124, 0.0577) at 470 nm and (0.251, 
0.736) at 543 nm; it shows the that synthesized phosphors have 
high color purity [40]. All these color coordinates show the 
given phosphor materials, which have high color purity, so 
it indicates that the synthesized phosphor materials are po-
tential candidate for blue and green emitting lighting WLED 
application.

FIGURE 12    |    Graph of Ca10(PO4)6Cl2:Tb3+ phosphor log (x) vs log (I/x) with fitting curve.

FIGURE 13    |    Energy level diagram of Ca10(PO4)6Cl2:Dy3+ phosphor.
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4   |   Conclusion

The different concentrations of Dy3+- and Tb3+-activated 
Ca10(PO4)6Cl2 phosphors have been prepared by the wet chem-
ical technique. The structural, morphological, and optical stud-
ies of the prepared phosphor were studied by using SEM, FTIR, 
photoluminescence spectra, and CIE color coordinates. The 
crystal structure of synthesized Ca10(PO4)6Cl2 phosphor exhib-
its the hexagonal structure with the P 63/m space group. The 
FTIR spectra of Ca10(PO4)6Cl2 phosphor contain various types 
of chemical bonds including P-O, Ca-O, and O-H bonds and 
confirm the presence of the phosphate (PO4)

3−groups. The SEM 

image of synthesized Ca10(PO4)6Cl2 phosphor shows the parti-
cle size ranges in several micrometers. The size of the particle 
is non-uniform in size and shape. The photoluminescence (PL) 
study of the produced Ca10(PO4)6Cl2:Dy3+ phosphor exhibits 
two emission peaks located at 474 and 572 nm, producing blue 
and yellow colors. These emissions arise from the 4F9/2 → 6H15/2 
and 6H13/2 transitions of Dy3+ ions, respectively, under excitation 
at 350 nm. The high-intensity peak is observed at 474 nm. The 
maximum concentration of Dy3+ ions is 1.5 mol%. The PLE 
spectra of Ca10(PO4)6Cl2:Tb3+ contain two main characteristic 
emission peaks placed at 470 (blue) nm and 543 (green) nm cor-
responding to 5D4 → 7F6 and 5D4 → 7F5 of Tb3+ ions monitored by 

FIGURE 14    |    Energy level diagram of Ca10(PO4)6Cl2:Tb3+ phosphor.

FIGURE 15    |    Chromaticity diagram of Ca10(PO4)6Cl2:Dy3+ and Tb3+ phosphors.
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354 and 379 nm excitation. The most intense peak is at 470 nm. 
The high intense band is obtained at 1.5 mol% concentration of 
Tb3+ ions. The calculated value of critical distance is 40.947 Å, 
and Q = 5.22 (447 nm) and 5.25 (572 nm) by using Dexter theory 
concentration quenching between Dy3+ ions is attributed to 
dipole–dipole interactions. The critical distance (RC) is 40.947 Å 
(XC = 0.015) by applying Dexter's theory; the value of Q was 
found to be 3.78 and 3.3.66, which is very close to 6. This re-
veals that the concentration quenching mechanism between 
the Tb3+–Tb3+ ions is primarily attributed to dipole–dipole in-
teractions. The color coordinates of highly intense concentra-
tion of Dy3+-activated Ca10(PO4)6Cl2 phosphor are detected to 
be (0.112, 0.097) at 474 nm and (0.458, 0.40) at 572 nm; these 
color CIE coordinates lie in the region of blue and green-yellow 
at the edge of the CIE diagram. The color chromatic point of 
Tb3+-activated Ca10(PO4)6Cl2 phosphor lies in the border of 
blue region at 470 nm and green region at 543 nm with color 
coordinates (0.124, 0.0577) and (0.251, 0.736) of CIE diagram, 
respectively. Based on the extensive research conducted, the 
synthesized phosphors demonstrate significant possibilities for 
use in lighting technologies.
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