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A B S T R A C T   

Nano-sized Ca9Y(1-x)(PO4)7:xTb3+ phosphor series was synthesized via solution-combustion method for the first 
time. Rietveld study revealed the incorporation of Tb3+ ions into monoclinic host lattice of R3c(161) space 
symmetry. The diffuse reflectance spectral investigations depicted the lowering of band-gap (Eg) value from 4.44 
to 4.27 eV for Ca9Y(PO4)7 and Ca9Y0.30Tb0.70(PO4)7, respectively. Under near-Ultraviolet excitation, PL spectra 
yielded luminous green emission at 544 nm (5D4 → 7F5). For Ca9Y0.30Tb0.70(PO4)7 system, quantum efficiency 
and CIE chromaticity coordinates were determined to be 96% and (0.252, 0.564), respectively. The results as- 
obtained predict the potential implications of Ca9Y0.30Tb0.70(PO4)7 nanophosphor as primary green compo
nent in WLEDs.   

1. Introduction 

In the blooming era of nanoscience and nanotechnology, rare-earth 
metal ions activated luminescent nanophosphors have offered substan
tial input at the level of materials chemistry and physics owing to their 
wide array of utilities in laser, sensors, detectors, solar collectors, 
lighting devices, display panels, etc. [1,2]. Phosphor converted white 
light-emitting diodes (PC-WLEDs) that are also regarded as a source of 
4th generation solid-state lighting [3], have completely replaced the 
conventional lighting devices like incandescent bulbs and fluorescent 
lamps [4,5]. Besides that, no wonder to say that WLEDs are becoming a 
more and more significant component of conserving energy worldwide 
as they produce excellent luminescence at very low power consumption 
and are environmentally friendly causing no pollution in nature [6–9]. 
Consequently, they can minimize the global power needs as well as the 
use of depleting fossil fuels [10]. 

In recent times, owing to the greater stability and outstanding pho
toluminescent (PL) attributes, the light-emitting nanophosphor sub
stances have evolved as a core contributor to innovative illuminating 
devices [11]. In order to synthesize such luminescent nanomaterials, 
some suitable and appropriate dopant ions (usually trivalent rare-earth 
ions) are incorporated into the host inorganic matrix, and consequently, 
dopant ions act as a key point to obtain desired and enhanced PL 
properties [12]. For our present research work, we have selected Tb3+

ion as a dopant ion which is believed to be the most significant dopant 

among trivalent rare-earth ions as it provides a strong sparkling green- 
emission under ultraviolet (UV) or near-ultraviolet (NUV) excitation 
range [11]. Likewise, the selection of some pertinent inorganic host 
crystal lattice is just as important as the choice of dopant ion. The 
inorganic host materials of type Ca9R(PO4)7 (here, R is trivalent rare- 
earth ion metals i.e. Gd, Y, La) have gained high limelight in the 
domain of luminescent nanomaterials by virtue of their wide range of 
benefits such as high band-gap value, greater thermal and chemical 
stability, persistent luminescence in the visible region, unaltered crystal 
lattice upon doping with rare-earth ion, and availability of many 
cationic sites [13–16]. In compliance with this, we have opted Ca9Y 
(PO4)7 host system to dope with Tb3+ ion for our current study. 

From the literature survey, only one study containing Tb3+ and Eu3+- 
Tb3+ ions co-doped Ca9Y(PO4)7 phosphors has been reported that 
described the attempt to synthesize a very weak green-emitting singly 
doped Ca9Y(PO4)7:Tb3+ system. Hence, the requirement of co-doping 
was given preference to strengthen the optical properties of as- 
synthesized nanophosphors. So far, various research articles regarding 
Ca9Y(PO4)7:Eu3+ by Dahiya and co-workers [17]; Ca9Y(PO4)7:Sm3+ by 
Huang and co-workers [3]; Ca9Y(PO4)7:Eu2+, Mn2+ by Huang and co- 
workers [18], also by H. Zhang and co-workers [14]; Ca9Y(PO4)7: 
Eu2+-Tb3+ by Tang and co-workers [19]; Ca9Y(PO4)7:Yb3+/Er3+/Tm3+

by Du and co-workers [20]; Ca9Y(PO4)7:Eu2+, Yb3+ by Sun and co- 
workers [21]; Ca9Y(PO4)7:Tm3+, Dy3+ by Wu and co-workers [15], 
and Ca9Y(PO4)7: Ce3+, Mn2+ by Huang and co-workers [22] have been 
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reported. Usually, host matrices of such type have been fabricated using 
a high-temperature solid-state route of synthesis. But no study on suc
cessful solution combustion synthesis of full series of single Tb3+ ion- 
doped Ca9Y(PO4)7 nanophosphors have been reported. 

In our current research study, we are reporting the fabrication of a 
series of green-emitting Ca9Y(1-x)Tbx(PO4)7 (x = 0.10–0.90 mol) crys
talline nanophosphors which were synthesized the first time via a simple 
yet economic and effective urea-assisted solution combustion route at 
1200 ◦C inside the muffle furnace in just 3 h. This route has led to the 
increased PL properties of Ca9Y(1-x)Tbx(PO4)7 nanophosphor samples. 
Upon doping with Tb3+ ions Ca9Y(PO4)7 bestows fine green emission at 
544 nm due to 5D4 → 7F5 transition [1]. In addition to the transmission 
electron micrograph of Ca9Y0.30Tb0.70(PO4)7 nanophosphor, 
Williamson-Hall (W-H) equation was employed on the 
Ca9Y(1-x)Tbx(PO4)7 nanophosphors for the first time to evaluate the 
grain size and dislocation density of all the samples of the series. Riet
veld refinement using GSAS (General Structure Analysis System) soft
ware to examine crystal lattice structure and unit cell dimensions of 
Ca9Y0.30Tb0.70(PO4)7 nanophosphor system is also done. The energy 
band-gap (in eV) evaluation of Ca9Y(PO4)7 host and 
Ca9Y0.30Tb0.70(PO4)7 nanophosphor sample was carried out using 
diffuse reflectance (DR) analysis. The PL properties including excitation 
and emission peaks, concentration quenching, and energy transfer 
mechanism have been thoroughly investigated. The fluorescence decay 
profile of all the samples of Ca9Y(1-x)Tbx(PO4)7 nanophosphor series is 
also discussed. The radiative lifetime is calculated using Auzel’s fitting 
function. Consequently, non-radiative rates (s− 1) as well as internal 
quantum efficiencies (IQE) for Ca9Y(1-x)Tbx(PO4)7 (x = 0.10–0.90 mol) 
crystalline nanophosphor samples are assessed. Moreover, the Com
mission Internationale de’Eclairage (CIE) color co-ordinates of the as- 
synthesized series of samples are characterized. 

These complete research evaluations have not been reported before. 
Our findings have revealed that under near-UV excitation Ca9Y(PO4)7: 
Tb3+ nanophosphor showed a strong green emission which might have 
potential implications in lighting sources and devices. 

2. Experimental section 

2.1. Materials and synthesis 

A highly efficient and time-savvy solution combustion route was 
employed to synthesize a series of Ca9Y(1-x)Tbx(PO4)7 (x = 0, 0.10–0.90 
mol) powdered crystalline samples. For the synthesis process, calculated 
amounts of highly pure starting materials involving metal nitrates such 
as Ca(NO3)2⋅4H2O, Y(NO3)3⋅6H2O, Tb(NO3)3⋅6H2O, (NH4)2HPO4, and 
organic fuel (urea) were used without performing further purification. 
All the precursors were dissolved in the least amount of double distilled 
water taken in a pyrex beaker in order to get a saturated solution. Then, 
the beaker containing the solution was initially put on a hot plate 
(100 ◦C) which was heated for 5–10 min, and lastly, it was transferred 
into a muffle furnace maintained at 500 ◦C for about 15–20 min. The 
occurrence of highly exothermic, self-prevailing ultra-fast chemical re
action inside the furnace led to the formation of white dry crystalline 
solid. The same operation was adopted to synthesize differently doped 
phosphor samples of the series. The dried solid products were collected 
from the furnace, cooled to room temperature, crushed into the fine 
powdered form using agate mortar-pestle, and finally, these were put 
into alumina crucibles for sintering at 1200 ◦C inside the furnace to 
obtain Ca9Y(1-x)Tbx(PO4)7 (x = 0, 0.10–0.90 mol) nanophosphors 
exhibiting utmost luminescence characteristics. A combined chemical 
combustion reaction occurring inside the furnace for 
Ca9Y0.30Tb0.70(PO4)7 nanophosphor sample may be represented as 
follows:  

30Ca(NO3)2⋅4H2O + Y(NO3)3⋅6H2O + 2.333 Tb(NO3)3⋅6H2O + 23.333 
(NH4)2HPO4 + 350NH2.CO.NH2 → 3.333Ca9Y0.30Tb0.70(PO4)7 + 408.333 
N2 + 945H2 + 350CO2                                                                           

2.2. Spectral measurements 

To check the phase purity of as-obtained Ca9Y(1-x)Tbx(PO4)7 (x = 0, 
0.10–0.90 mol) nanophosphors, PXRD (powder X-ray diffraction) data 
were collected using “Rigaku Ultima-IV X-ray diffractometer” fitted with 
Cu Kα radiation source. The diffractometer was operated in 2θ ranging 
from 10◦ to 80◦ with a scan speed of 1◦/min. Rietveld structural 
refinement of Ca9Y0.30Tb0.70(PO4)7 crystalline sample was performed 
using “GSAS (General Structure Analysis System) program [23,24] and 
further the particle size and surface morphology of same crystalline 
sample was determined via “JeoI JSM-6510 Scanning Electron Micro
scope (SEM)” and “Technai-G2 Transmission Electron Microscopy 
(TEM)”. Additionally, the energy band-gap values were determined with 
the help of diffuse reflectance spectral studies and the spectral data was 
obtained from “Shimadzu UV-3600 plus spectrophotometer” Equipped 
with an integrating sphere, and BaSO4 was taken as a reference stan
dard. The room temperature photoluminescence excitation (PLE), PL 
emission, and fluorescence decay curves were recorded on “Hitachi F- 
7000 Fluorescence Spectrophotometer”. The Commission Internationale 
de I’Eclairage (CIE) chromaticity co-ordinates were derived using PL 
emission spectral data of the samples in MATLAB software [25]. 

3. Results and discussion 

3.1. Crystalline structure and morphological investigation 

The powdered XRD patterns of pure Ca9Y(PO4)7 host (CYPO) and 
differently doped Ca9Y(1-x)Tbx(PO4)7 (x = 0.10–0.90 mol) phosphor 
samples are displayed in Fig. 1. All the X-ray diffractogram peaks of 
various samples are ascertained to be systematic and consistent with 
that of standard JCPDS data (Card No. 046–0402). This further indicates 
the chemical and phase purity of as-synthesized CYPT i.e. 
Ca9Y(1-x)Tbx(PO4)7 (x = 0, 0.10–0.90 mol) samples and activation of 
Tb3+ ions in CYPO host crystallizes in a single phased lattice. However, a 
slight regular shift in the peak position towards the right-hand side is 
observed in Tb3+ ions doped CYPT nanophosphors which is shown 
parallelly in Fig. 1. This might be due to the smaller ionic size of dopant 
(Tb3+) ion which is replacing the rare-earth metal (Y3+) ion of greater 
size from the host CYPO lattice. 

To gain insight into the crystal structure of CYPT nanophosphors, 
Rietveld refinement using GSAS software was performed on XRD data of 
Ca9Y0.30Tb0.70(PO4)7 nanophosphor which gave a well-fitted refinement 
structure with reduced fitted parameters χ2 = 1.96, Rp = 12.4%, and 
Rwp = 17.2%. The as-obtained calculated, observed, diffraction profile, 
Bragg’s reflection, and the difference between observed and calculated 
parameters are represented clearly in Fig. 2. Using DIAMOND software, 
the crystalline structure of Ca9Y0.30Tb0.70(PO4)7 nanophosphor was 
derived as an outcome of Rietveld refinement analysis and from the 
previous research reports, it is evident that the CYPO matrix provides 
three octa-coordinated, non-centrosymmetric crystalline sites for metal 
and dopant ion, and one hexa-coordinated centrosymmetric site for Ca2+

ions only. The crystal structure analysis of our Ca9Y0.30Tb0.70(PO4)7 
system also confirms the occurrence of a total of 4 crystalline sites, 3 are 
Ca1/Y/Tb, Ca2/Y/Tb, Ca3/Y/Tb (all octa co-ordinated), and the fourth 
one is represented by Ca4 (Hexa co-ordinated site) which are depicted 
well in Fig. 3. Table 1 reflects the comparison of various crystal pa
rameters like unit cell dimensions, shape, volume, density, space group, 
etc. of both host CYPO matrix and Ca9Y0.30Tb0.70(PO4)7 nanophosphors 
while the Table 2 is depicting the refined occupancy data for nano
crystalline Ca9Y0.30Tb0.70(PO4)7 phosphor. 
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All the while, the value of radius % difference (Dr) is also calculated 
by utilizing the equation given below [26,27]: 

Dr =
Rm(CN) − Rd(CN)

Rm(CN)
× 100% (1) 

where, the radius of the host metal ion and dopant ion is represented 
by Rm (Y3+) and Rd (Tb3+) respectively, and CN shows the co-ordination 
number of a metal ion. Using the above equation, the value of Dr is 
calculated to be ≈ 8% which is quite admissible as it has come out to be 
less than 30%. Hence, it becomes evident from the result obtained so far 
that the entrance of dopant Tb3+ ions in CYPO has not affected its 

structural prototype in any way. 
In a way to examine the crystallite sizes and morphologies of Tb3+

doped CYPO sample, different equation and instrumental techniques 
like SEM and TEM are utilized. Firstly, Scherrer equation is employed to 
determine the average crystallite size (D) of the whole series of 
Ca9Y(1-x)Tbx(PO4)7 (x = 0.10–0.90 mol) phosphors which is mentioned 
below [1,28–30]: 

Fig. 1. X-ray diffraction pattern of Ca9Y(1-x)Tbx(PO4)7 nanophosphors (x = 0, 0.10–0.90 mol) along with the standard data of host matrix. A regular peak shift as- 
observed due to the addition of dopant Tb3+ ions with different concentration in the host matrix is shown along with X-ray diffractograms. 

Fig. 2. Rietveld refinement pattern for the XRD data of Ca9Y0.30Tb0.70(PO4)7 nanophosphor sample having reduced fitted parameters χ2 = 1.96, Rp = 12.4%, and 
Rwp = 17.2%. 

Fig. 3. Unit cell view of Ca9Y0.30Tb0.70(PO4)7 nanophosphor sample showing 
the co-ordination environment around different cations. 

Table 1 
Comparison of crystal structure data of Ca9Y0.30Tb0.70(PO4)7 nanophosphor with 
standard Ca9Y(PO4)7.  

Formula Ca9Y(PO4)7 Ca9Y0.30Tb0.70(PO4)7 

Formula Weight 1114.39 1162.45 
Crystal shape Trigonal Trigonal 
Space Group R3c(161) R3c(161) 
a (Å) 10.4470 10.4453(12) 
b (Å) 10.4470 10.4453(12) 
c (Å) 37.320 37.319(7) 
α = β = γ (degree) 90 90 
Volume (Å3) 3527.41 3515.04 
Z 6 6 
Density (g/cm3) 3.147 3.281  
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D =
K.λ

βcosθ
(2)  

where K is the shape factor constant which equals 0.941, λ shows 
wavelength of X-ray radiations used, θ be the diffraction angle, and β 
represents the full width half maxima (FWHM) value of the sample in 
radian. The results obtained from Scherrer equation depict that the 
average crystallite sizes of CYPT phosphor samples lie in the range of 
40–60 nm. In addition to that, effective particle sizes (D) and effective 
value of microstrain (ε) of all the samples of CYPT series assessed uti
lizing Williamson-Hall (W-H) equation given as follows [17,30,31]: 

βcosθ = 4εsinθ+
K.λ
D

(3) 

Using the W-H equation, a plot name W-H plot is drawn forβcosθ (Y- 
axis) vs 4sinθ (X-axis) for the differently doped concentration of Tb3+

ions in CYPT samples which is shown in Fig. 4. The intercept value of 
each plot is equivalent to K.λD part of the W-H equation gives the value of D 
i.e. effective particle sizes (nm) for each concentration in the CYPT se
ries. For powdered crystalline Ca9Y(1-x)Tbx(PO4)7 (x = 0.10–0.90 mol) 
samples, average crystallite sizes as per Scherrer equation and W-H 
equation along with dislocation density (δ) of all nanophosphors are 
summarized in Table 3. Figs. 5 and 6 illustrates the typical SEM and TEM 
image of single-phase Ca9Y0.30Tb0.70(PO4)7 crystalline nanophosphor 
system, respectively and it clearly shows the occurrence of more or less 
spherical shaped agglomerated particles of nano-range 40–60 nm, which 
is in good agreement with the results estimated from Scherrer equation 
and W-H plot. 

In a way to evaluate the magnitude of optical band-gap (Eg) value of 
Ca9Y(PO4)7 and Ca9Y0.30Tb0.70(PO4)7 nanophosphor samples, Kubelka- 
Munk (K-M) function is used to transform observed reflectance data of 
both nanophosphors into the absorption spectral form. Hence, the en
ergy band-gap value (Eg) in eV can be calculated by using a main relation 
and is shown below [2,16,32]: 

[F(R∞)hv]n = C
(
hv − Eg

)
(4) 

This equation was given by Tauc, Davis, and Mott [11] in which hv is 
photon energy, C denotes constant of proportionality, and value of n is 
0.5 and 2 for indirect allowed and direct allowed transitions, respec
tively. F(R∞) refers to the K-M function which is defined by the following 
expression [23,32,33]: 

Table 2 
Refined occupancy data for nanocrystalline Ca9Y0.30Tb0.70(PO4)7 phosphor.  

Atom Wyck. Site S.O.F. x/a y/b z/c U [Å2] 

O1 18b 1  0.00270 0.27930 0.10900 0.2500 
O2 18b 1  0.07630 0.42470 0.01940 0.2500 
O3 18b 1  0.09400 0.17600 0.26840 0.2500 
O4 18b 1  0.13300 0.15000 0.48670 0.2500 
Ca1 18b 1 0.89 0.14800 0.27500 0.05580 0.2500 
Y1 18b 1 0.033 0.14800 0.27500 0.05580 0.2500 
Ca2 18b 1 0.89 0.14800 0.28100 0.16240 0.2500 
Y2 18b 1 0.033 0.14800 0.28100 0.16240 0.2500 
O5 18b 1  0.17570 0.08130 0.19720 0.2500 
O6 18b 1  0.24470 0.21830 0.11440 0.2500 
Ca3 18b 1 0.89 0.28870 0.13130 0.29510 0.2500 
Y3 18b 1 0.033 0.28870 0.13130 0.29510 0.2500 
O7 18b 1  0.28870 0.14230 0.05430 0.2500 
P1 18b 1  0.32270 0.13930 0.09480 0.2500 
P2 18b 1  0.35070 0.16430 0.19910 0.2500 
O8 18b 1  0.38870 0.05030 0.17680 0.2500 
O9 18b 1  0.39570 0.14930 0.23730 0.2500 
P3 6a 3.  0 0 0 0.2500 
O10 6a 3.  0 0 0.0435 0.2500 
Ca4 6a 3.  0 0 0.2287 0.2500 
Tb1 18b 1 0.077 0.14800 0.27500 0.05580 0.0250 
Tb2 18b 1 0.077 0.14800 0.28100 0.16240 0.0250 
Tb3 18b 1 0.077 0.28870 0.13130 0.29510 0.0250  

Fig. 4. W-H plot of Ca9Y(1-x)Tbx(PO4)7 (x = 0.10–0.90 mol) phosphor samples 
showing variation of βCosθ (Y-axis) with 4Sinθ taken on X-axis. 

Table 3 
Crystallite size (nm) and dislocation density (δ) of various crystalline samples of 
Ca9Y(1-x)Tbx(PO4)7 phosphors (x = 0.10–0.90 mol).  

S. 
No. 

Tb3+

concentrations 
(mol%) 

Crystallite size 
(nm) by 
Scherrer 
Formula 

Crystallite size 
(nm) by W-H 
Plot 

Dislocation 
Density, δ 
(×10-4) 

1 10 50.91 43.60 3.858 
2 20 51.18 45.76 3.817 
3 30 51.97 47.97 3.702 
4 40 50.57 37.99 3.909 
5 50 49.54 47.01 4.073 
6 60 53.34 44.36 3.514 
7 70 51.88 58.51 3.715 
8 80 47.27 39.27 4.474 
9 90 48.99 40.43 4.166  

Fig. 5. SEM image of Ca9Y0.30(PO4)7:0.70 Tb3+ crystalline powder calcined 
at 1200 ◦C. 
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F(R∞) =
(1 − R∞)

2

2R∞
=

K
S

(5) 

Here, K-M function [F(R∞)] signifies the ratio of absorption coeffi
cient (K) and scattering coefficient (S), and R∞ is the ratio of reflectivity 
of the sample to the reflectivity of standard reference. Fig. 7 represents a 
plot of [F(R∞)hv]n vs hv (eV) for host CYPO matrix and from linear 
extrapolation of [F(R∞)hv]n to zero, we get Eg value of Ca9Y(PO4)7 as 
4.44 eV. Similarly, the Eg value of Ca9Y0.30Tb0.70(PO4)7 is also deter
mined to be 4.27 eV, which is shown in the inset of the same Fig. 7 along 
with its reflectance spectrum. 

3.2. Photoluminescence analysis 

To investigate the luminescence properties of trivalent terbium ions 
activated Ca9Y(1-x)Tbx(PO4)7 (x = 0.10 – 0.90 mol) nanophosphors, 
photoluminescence excitation (PLE) and PL emission spectral behavior 
of as-synthesized series of CYPT samples are recorded. Fig. 8 corre
sponds to the excitation profile of crystalline Ca9Y(1-x)Tbx(PO4)7 (x =
0.10–0.90 mol) nanophosphors which is monitored at a strong green 
emission wavelength i.e. 544 nm over 200–400 nm wavelength range. 
The entire PLE spectrum is categorized into two portions, one part is a 
less-intense region consisting of a broadband from 208 to 250 nm range 
and the second portion comprises various intense peaks that lie from 250 
to 400 nm. The first group of broad excitation band arises majorly due to 

Laporte allowed electronic transition occurring from 4f to 5d orbitals of 
Tb3+ ion [29]. The excitation peaks corresponding to the characteristic 
transition of Tb3+ ions are centred mainly at 285 nm (7F6 → 5F4), 303 nm 
(7F6 → 5H6), 318 nm (7F6 → 5D0), 325 nm (7F6 → 5D1), 341 nm (7F6 → 
5L7), 352 nm (7F6 → 5D2), 370 nm (most intense, 7F6 → 5L10), and 378 
nm (7F6 → 5D3) [29,34,35]. It is demonstrated from Fig. 8 that the 
intense intra-configurational 4f transitions of Tb3+ ion lie at high energy 
region (i.e. 250 – 400 nm) and they become more intense with an in
crease in the concentration of dopant ion. The excitable range of CYPT 
nanophosphors correlates well with near-Ultraviolet (NUV) or UV chips 
which points out their potential utility as an effective luminescence 
center for NUV or UV based WLEDs. 

In order to further examine the PL properties of as-synthesized CYPT 
nanophosphors, PL emission spectra of powdered Ca9Y(1-x)Tbx(PO4)7 (x 
= 0.10 – 0.90 mol) nanocrystalline samples are recorded at an excitation 
wavelength of 370 nm which is depicted well in Fig. 9. The spectrum is 
consisting of many emission peaks corresponding to characteristic 
emission of Tb3+ ion in CYPO host matrix. Basically, there are two 
emission states 5D3 and 5D4 from which emission transitions take place 
to different 7FJ (J = 2 to 6) energy levels. Emission peaks situated at 415, 
438, 457, and 472 nm are derived from 5D3 to 7F5, 7F4, 7F3, and 7F2 
transitions, respectively [19]. On other hand, four well-defined 
distinctive emission peaks of Tb3+ ion are situated at around 490 nm 
(5D4 → 7F6), 544 nm (5D4 → 7F5), 586 nm (5D4 → 7F4), and 621 nm (5D4 
→ 7F3) [6,19,36]. Out of which, emission peak at 490 nm is only electric- 
dipole (ED) allowed while the transitions corresponding to the 
remaining three emission peaks are both electric and magnetic-dipole 
(ED + MD) allowed [11]. The emission spectrum of 
Ca9Y0.30Tb0.70(PO4)7 nanophosphor sample showing all the evident 
emission peaks and their corresponding transitions are shown in the 
inset of the same Fig. 9. The most intense emission peak in line with 5D4 
→ 7F5 (544 nm) transition is turned out to be accountable for green 
emission of Ca9Y0.30Tb0.70(PO4)7 nanophosphor. 

To explain all the empirical photoluminescence phenomena like 
excitation and emission, a streamlined yet systematic energy level dia
gram is portrayed in Fig. 10. Within quantum mechanical (energy) levels 
of dopant Tb3+ ion, various radiative and non-radiative transitions take 
place. In the process of excitation from the lowest energy state 7F6 to 
different levels, many higher energy states become populated which 
promptly relax down non-radiatively to the low lying 5D3 and 5D4 states 
to 7FJ (J = 2–6) levels owing to the green characteristic emission of Tb3+

ion in CYPO host material. 
It is evident from Fig. 9 that the intensity of green emission at 547 nm 

(5D4 → 7F5) of Ca9Y(1-x)Tbx(PO4)7 (x = 10–90 mol%) nanophosphors is a 
function of concentration of Tb3+ ion in the phosphor system. The PL 

Fig. 6. A typical TEM picture of the crystalline Ca9Y0.30(PO4)7:0.70 Tb3+

phosphor sample. 

Fig. 7. A plot of [αhν]2 versus hν for Ca9Y(PO4)7 host sample and extrapolation 
to evaluate the band-gap energy employing Kubelka-Munk function. The inset 
shows the K-M plot and DRS of Ca9Y0.30Tb0.70(PO4)7 nanophosphor system. 

Fig. 8. The photoluminescence excitation (PLE) of Ca9Y(1-x)Tbx(PO4)7 (x =
0.10–0.90 mol) nanophosphors (recorded at λem = 544 nm). 
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emission intensity (at λex = 370 nm) of all 5D4 → 7FJ (J = 3–6) transition 
get increased up to 70 mol% concentration of Tb3+ ions and then drops 
down swiftly with further increase in the concentration of dopant ions. It 
is attributed to the occurrence of the concentration quenching phe
nomenon here and hence, the optimum concentration of activator Tb3+

ion in CYPO matrix is estimated to be 70 mol%. The concentration 
driven PL behavior of as-synthesized Ca9Y(1-x)Tbx(PO4)7 (x = 10–90 mol 
%) nanophosphors recorded at λex = 370 nm is elucidated clearly by 
Fig. 11. Getting around to concentration quenching, it is already known 
that the rate of non-radiative relaxation gets enhanced beyond critical 
concentration due to the decrease in the distance between adjacent 
dopant ions at higher concentration and as per Dexter’s theory, three 
mechanisms exist corresponding to such energy transfers i.e. energy 

exchange interactions, re-absorptions, and electric multipolar in
teractions. So as to explain the exact mechanism and type of non- 
radiative energy transfer between adjacent Tb3+ ions, the critical (en
ergy transfer) distance, Rc has to be determined by making use of 
Blasse’s equation as given below [26,28,37]: 

Rc = 2
[

3V
4πxcN

]1/3

(6) 

By putting experimental data obtained from crystal structure anal
ysis of Ca9Y0.30Tb0.70(PO4)7 nanophosphor as V (volume of the unit cell) 
= 3515.04 Å3, N (no. of replaceable Z cations in the unit cell) = 6, and xc 
(critical concentration) = 0.70 mol in the above equation, the value of Rc 
between neighboring dopant ions is evaluated to be around 12 Å. The 

Fig. 9. PL emission spectra (at λex = 370 nm) of the series of Ca9Y(1-x)Tbx(PO4)7 nanophosphors (x = 0.10–0.90 mol). The inset at the top shows the PL emission 
spectra of Ca9Y0.30Tb0.70(PO4)7 along with several possible electronic transitions. 

Fig. 10. A systematic energy level diagram depicting all the possible radiative and non-radiative transitions observed in Tb3+ doped Ca9Y(PO4)7 nanophosphors.  
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calculated high value (>5 Å) of Rc invalidates the probability of ex
change interaction. As a matter of fact, no spectral overlap is indicated 
from PL investigation, hence it overrules the occurrence of radiative 
reabsorption mechanism to support the energy transfer process between 
activator Tb3+ ions. Consequently, it is concluded that the non-radiative 
decay of such energy transfer must have been directed through 
multipole-multipole interactions. 

To determine the exact electric multipolar interaction type to sup
port the energy transfer mechanism, a mathematical expression of 
Huang analysis is employed. Through this expression, Huang and co- 
workers submitted a relationship between PL intensity per activator 
ion (I/x) as a function of molar concentrations of dopant ion (x) beyond 
critical-emission concentration. It is described as [11,25]: 

log
(

I
x

)

= −
(s

d

)
logx+ log(f ) (7) 

Here, s is the constant related to multipolar interactions, f is constant 
which is unaffected by the concentration of activator ion, and d signifies 
the dimension of the sample whose value is 3. The theoretical value of s 
= 6, 8, 10 represents dipole–dipole (d-d), dipole-quadrupole (d-q), and 
quadrupole–quadrupole (q-q) interactions, respectively. A plot of log I/x 
vs log x known as Huang plot is a straight-line graph giving a slope value 

of − 2.678 which is represented in Fig. 12. Consequently, the value of s 
comes out to be 8.034 ≈ theoretical value of 8 which in turn confirms 
that d-q interactions are held responsible for energy transfer and con
centration quenching in green-emitting Tb3+ ions activated CYPO 
nanophosphors. 

To further empower energy transfer process, fluorescence lifetime 
values of emitting 5D4 state of the complete phosphor series of 
Ca9Y(1-x)Tbx(PO4)7 (x = 10 – 90 mol%) samples are recorded at λex =

370 nm and λem = 544 nm values. The PL decay profile of CYPT nano
phosphors is presented in Fig. 13 along with the fitted decay curve of 
Ca9Y0.30Tb0.70(PO4)7 nanophosphor on a log scale which is shown in the 
inset of the same figure. The fitted normalized lifetime profile follows 
the triple-exponential fitting decay function which is given as below 
[17,25]: 

I(t) = I0 +A1exp
(
− t
τ1

)

+A2exp
(
− t
τ2

)

+A3exp
(
− t
τ3

)

(8) 

Here, I(t) and I0 are PL intensity at time t and 0 respectively. A1, A2, 
and A3 signifies some constant of interactions, τ1, τ2, τ3corresponds to 
the radiative decay lifetime values for emission. Hence, for 
Ca9Y(1-x)Tbx(PO4)7 (x = 10–90 mol%) nanophosphors, the average or 
observed lifetime values (τavg or τo in ms) can be evaluated under triple- 
exponential decay function by following equation [17] 

τavg =
A1τ2

1 + A2τ2
2 + A3τ2

3

A1τ1 + A2τ2 + A3τ3
(9) 

The as-obtained values of τo (in ms) for Ca9Y(1-x)Tbx(PO4)7 (x =
0.10–0.90 mol) nanophosphors show a gradual decline from 2.287 to 
2.210 ms with an increase in the concentration of Tb3+ ion from 10 mol 
% to 90 mol% which is pertaining to the fast energy transfer via non- 
radiative decay process. The occurrence of three non-centrosymmetric 
luminescence sites was depicted well from Rietveld crystal structure 
analysis which is accountable for a triple exponential decay in the CYPT 
nanophosphors system [17]. 

Additionally, the relevancy of fluorescence decay of low lying 5D4 
emitting state of Tb3+ ions with its varying concentration is assessed by 
utilizing Auzel’s fitting function which is represented by the following 
expression [38,39]: 

τ(c) = τR

1 +

(
c
c0

)

e− N/3
(10) 

In this formula, τ(c) is the decay time at c concentration, τR indicates 

Fig. 11. Graph showing the effect of concentration of Tb3+ ions on PL emission 
intensities of Ca9Y(1-x)Tbx(PO4)7 (x = 10–90 mol%) nanophosphors. 

Fig. 12. Huang’s Plot showing the variation of Log(I/x) with Log(x) in crys
talline Ca9Y(1-x)Tbx(PO4)7 nanophosphors (where x = 0.70, 0.80, and 0.90 mol). 

Fig. 13. The luminescence decay profile of Ca9Y(1-x)Tbx(PO4)7 (x = 0.10–0.90 
mol) nanophosphor samples for the emission from 5D4 state. The inset is 
showing the fitted decay curve of Ca9Y0.30Tb0.70(PO4)7 nanophosphor sample. 
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the radiative lifetime of the 5D4 state, Co is a constant and N signifies the 
number of phonons produced. Fig. 14 demonstrates the well fitted 
experimental data of PL lifetimes of CYPT nanophosphors samples that 
give a value of N = 15.58 and τR for emitting state of Tb3+ ion is also 
determined to be 2.315 ms. The as-obtained exact value of intrinsic 
radiative lifetime is further utilized to calculate non-radiative rates (AnR 
in s− 1) and calculated quantum efficiency, QE (η in %) of all the samples 
of Ca9Y(1-x)Tbx(PO4)7 (x = 0.10–0.90 mol) series of nanophosphors by 
means of following equations [23,38,39]: 

1
τo
−

1
τR

= AnR (11)  

and 

η =
τo

τR
=

AR

AR + AnR
(12) 

Table 4 depicts a system record of calculated values of τo (average 
lifetime), NR (non-radiative rates), η (% theoretically determined QE) 
for varying dopant ion concentration in Ca9Y(1-x)Tbx(PO4)7 (x =
0.10–0.90 mol) nanophosphors. 

Moreover, the emission profile of CYPT nanophosphors is also 
serving a purpose to determine the proper emission color of the samples. 
The PL emission data of CYPT nanocrystalline phosphors are examined 
by applying the CIE1931 color co-ordinate diagram in MATLAB soft
ware. The color co-ordinates (x, y) of Ca9Y(1-x)Tbx(PO4)7 (x = 0.10–0.90 
mol) nanophosphors are outlined in Table 5 and chromaticity co- 
ordinates (x,y) of nanophosphor sample for the best mol% composi
tion i.e. Ca9Y0.30Tb0.70(PO4)7 indicating green emission color is por
trayed in CIE1931 diagram using black dot in Fig. 15. All these structural 
and photoluminescent investigations support the scope and application 
of green-emitting Ca9Y0.30Tb0.70(PO4)7 nanophosphor for various 
lighting and display devices. 

4. Conclusion 

In a nutshell, we have reported the solution combustion synthesis of 
green-emitting Ca9Y(1-x)Tbx(PO4)7 (x = 0.10–0.90 mol) series of nano
crystalline phosphors for the first time. Rietveld analysis and crystal 
structure investigation of Ca9Y0.30Tb0.70(PO4)7 nanophosphor revealed 
the presence of trigonal crystalline form with R3c(161) space group 
symmetry. Scherrer’s equation and W-H plots were employed to deter
mine the average crystal size of the series of Ca9Y(1-x)Tbx(PO4)7 (x =
0.10–0.90 mol) nanophosphor samples whose results were further 
confirmed by the TEM report. The energy band-gap values of Ca9Y 

(PO4)7 and Ca9Y0.30Tb0.70(PO4)7 were analyzed from diffuse reflectance 
spectroscopy and were estimated to be 4.44 and 4.27 eV, respectively. 
The detailed examination of photoluminescence properties and energy- 
transfer mechanism (dipole-quadrupole interactions) accountable for 
the concentration quenching episode was thoroughly discussed. Auzel’s 
fitting function was used to determine the radiative lifetime (2.315 ms) 
and thus, non-radiative transition rates from 5D4 emission state of Tb3+

ion for all the samples of Ca9Y(1-x)Tbx(PO4)7 (x = 0.10–0.90 mol) series 
were evaluated. The as-determined quantum efficiency (95.6%) and CIE Fig. 14. Variation of decay time value(ms) of 5D4 state with different con

centration of dopant Tb3+ ions using Auzel’s fitting function. 

Table 4 
The lifetime decay values, non-radiative relaxation rates and quantum effi
ciencies of 5D4 emitting state in Ca9Y(1-x)Tbx(PO4)7 (x = 0.10–0.90 mol) 
nanophosphors.  

S. 
No. 

Tb3+

concentrations 
(mol%) 

Average 
lifetime (ms) 

Non-radiative 
rates (s− 1) 

Calculated 
Quantum 
efficiency (%) 

1 10 2.287 5.29 98.8 
2 20 2.278 6.83 98.4 
3 30 2.237 15.06 96.6 
4 40 2.228 16.86 96.2 
5 50 2.226 17.27 96.1 
6 60 2.217 19.09 95.7 
7 70 2.214 19.70 95.6 
8 80 2.204 21.76 95.2 
9 90 2.199 22.79 94.9  

Table 5 
CIE1931 color co-ordinates (x, y) for Ca9Y(1-x)Tbx(PO4)7 (x = 0.10–0.90 mol) 
nanophosphors.  

S. No. Tb3+ concentrations (mol%) CIE Color co-ordinates (x, y) 

1 10 (0.232, 0.343) 
2 20 (0.226, 0.379) 
3 30 (0.248, 0.522) 
4 40 (0.245, 0.486) 
5 50 (0.250, 0.529) 
6 60 (0.251, 0.552) 
7 70 (0.252, 0.564) 
8 80 (0.252, 0.559) 
9 90 (0.246, 0.521)  

Fig. 15. CIE1931 chromaticity diagram of Ca9Y0.30Tb0.70(PO4)7 nanophosphor.  
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co-ordinates (0.252, 0.564) of Ca9Y0.30Tb0.70(PO4)7 nanophosphor 
indicate its potential utility in lighting sources. 
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