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Abstract
Ba3Ca2(PO4)3F, having been proven beneficial for ancient geological surveys, was also found to be an efficient fluorescence 
emitter when doped with various rare-earth and transition ions. Advancing the respective properties further, dysprosium 
 (Dy3+) was added as an activator into the  Ba3Ca2(PO4)3F host lattice. The Dy ion in its trivalent form possesses emission in 
two regions, blue at 481 nm and green at 575 nm, opening a new window towards its plausible use in white-light-emitting 
diode (LED) lighting appliances. Subsequent analyses including x-ray diffraction, Rietveld refinement, photoluminescence, 
and lifetime observed in milliseconds (ms) revealed a similar nature of the decay curves as given in the literature. Further, 
a CIE coordinate calculation predicted near-ideal white light emission.
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Introduction

Apatite is a class of naturally existing minerals assigned a 
hardness of gemstones on the Mohs scale that are too brit-
tle to be used in jewelry. Apatites are typically transparent 
or translucent but can also be green, blue, violet/pink, yel-
low, and brown when diluted with transition elements. Early 
studies include reports on luminescence in apatite systems 
 M5(PO4)3X (with  M2+ as alkaline earth metals as divalent 
cation,  (PO4)3− as trivalent anion containing X as  F−,  Cl−, 
 Br−, or OH¯ monovalent anions, categorized as fluorapatite, 

chlorapatite, bromapatite, and hydroxyapatite, respectively) 
due to various kinds of impurities.1–4 The term “apatite” was 
coined by the mineralogist A.G. Werner in 1788.5 The word 
apatite was actually associated with fluorapatites (also writ-
ten as fluoroapatite), since hydroxylapatites were less known 
at that time, and chlorapatites were rarely found. Since then, 
many exciting findings related to emissions involving energy 
transfer mechanisms using single, double, and more dopants 
have been observed in these crystals.6,7 Numerous subse-
quent studies involving such fluorophosphate-type mineral 
structures were considered based on a through assessment of 
their optical properties.8–19 The presence of a good number 
of cationic and anionic sites increases the chances of ionic 
substitutions, making apatite an excellent luminescence host 
material. The presence of  F− ions endows the compound 
with greater thermal and chemical stability.20–23

In 2015, Zeng et al. reported the practicability of a 
similar type of compound,  Ba3GdK(PO4)3F, on doping 
with  Tb3+ and  Eu3+ as rare-earth impurities for white-
light-emitting diodes (w-LEDs).24  Ba3Ca2(PO4)3F:Eu2+ 
contains broad green emission with an established energy 
transfer mechanism and observed shifting color coordi-
nates between various activators.25,26 Very recently,  lumi-
nescence techniques including photo-, cathode-, and radi-
ation-based luminescence of apatite minerals have been 
explored for studying rocks, grains, and soil composition 
for investigating natural disasters that could have happened 
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many years ago.27 Due to the efficient green emission in 
 Ba3Ca2(PO4)3F:Eu2+ , photochromism is also seen in 
the proposed phosphor. Photochromism is an attractive 
reversible color-changing technique based on exposure 
to switching light wavelengths. Owing to this remarkable 
property, associated phosphors can find application in the 
field of optoelectronics such as photo-switches/sensors, 
forgery detection, and smart color window shades includ-
ing sunglasses.28

With the growth and advancements in solid-state-based 
LED lighting technology, the need for more suitable white 
light sources with high color rendering index (Ra > 80) 
and lower color temperature (Tc < 7000 K) for indoor pur-
poses has also increased. Current techniques either involv-
ing the coating of yellow phosphor (YAG:Ce) on InGaN 
chips (emitting blue color) or employing a blend of all three 
(emitting blue, green, red) phosphors on an ultraviolet (UV) 
chip in order to realize the actual true color of sunlight have 
become accepted worldwide. Whereas this involves the use 
of many phosphor materials with two or three expensive 
rare-earth materials, the use of single dysprosium (Dy) in 
its trivalent form can help in lowering the total device cost 
considerably, since the efficient emission due to  Dy3+ lies 
very close to or within the Planckian locus of the CIE coor-
dinate system.29–37

With all of the aforementioned points in mind, the present 
study focuses on the synthesis and the luminescence results 
for one of the less investigated fluorapatites,  Ba3Ca2(PO4)3F 
(BCPOF), upon doping with a rare-earth  Dy3+ impurity, 
achieving a phase-pure form of this complex host.

Experimental

Synthesis

Synthesis was achieved through high-temperature solid-state 
reaction. All the initial reactants employed were of analytical 
reagent (AR) grade. A simple diagram of the entire synthe-
sis process, explained step-by-step, is shown in Fig. 1. First, 
1 g barium carbonate  (BaCO3), 0.5071 g calcium carbonate 
 (CaCO3), 0.4442 g barium fluoride  (BaF2), and 0.8743 g 
ammonium dihydrogen phosphate [(NH4)(H2PO4)] were 
mixed together with a mortar and pestle and transferred to a 
muffle furnace (programmed with a heating rate of 230°C/h) in 
an alumina crucible, followed by heating at 600°C for 6 h. Fur-
ther mixing and heating at an elevated temperature of around 
1150°C for 8 h and instant quenching thereafter resulted in the 
successful preparation of the desired complex fluorophosphate 

Fig. 1  Synthesis of BCPOF:Dy (x%) (x = 0.5%, 1%, 2%, 3%, 5%, 7%) samples by solid-state reaction.
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 Ba3Ca2(PO4)3F compound. X-ray diffraction (XRD) studies 
confirmed the purity of this host compound.

Instrumentation

XRD analyses were performed on a Rigaku MiniFlex II dif-
fractometer. The XRD patterns obtained were refined using the 
FullProf Suite software program with a least-squares refine-
ment weighting model. Photoluminescence (PL) spectra were 
obtained using a Hitachi F-7000 spectrofluorometer within 
the range of 200–700 nm under 5–1 and 1–5 nm slit widths, 
swapping for emission and excitation recordings, respectively. 
Photomultiplier tube (PMT) voltage was set at 700 V with a 
scanning speed of 240 nm/min. Lifetime measurements were 
also executed on the same instrument, maintaining the scan-
ning time range around 20 ms with a chopping speed of 40 Hz. 
CIE chromaticity coordinates were obtained using ColorCal-
culator software (Osram Sylvania, Inc.). All measurements 
were obtained under room-temperature conditions.

Results and Discussion

X‑ray Diffraction (XRD) and Rietveld Analyses

The formation of phase-pure  Ba3Ca2(PO4)3F host material was 
confirmed in our samples through XRD pattern comparison 
with standard ICDD 77-0712. Figure 2a displays the XRD 
comparison between the 2θ lines obtained for our sample 
 Ba3Ca2(PO4)3F (BCPOF) containing different Dy concentra-
tions in increasing order (0.5%, 1%, 2%, 3%, 5%, 7%), start-
ing from the un-doped pure compound. Figure 2b presents 
the Rietveld refinement results, with red lines indicating 
calculated intensities, black crosses as observed intensities, 
and short green vertical lines showing the position of Bragg 
reflections of the calculated pattern, whereas the blue lines 
running horizontally below the XRD patterns indicate the dif-
ference between the observed and calculated intensities. The 
observed values for the goodness-of-fit parameters Rwp = 6.2%, 
Rp = 7.4%, and χ2 = 1.063 are also in good agreement and con-
firm the quality of our sample. The sample doped with Dy 
(1%) was considered for Rietveld analysis.

Scherrer Formula and Williamson–Hall Plots

The crystallite size in our proposed phosphor samples was 
estimated using the Debye–Scherrer  equation38,39 and by draw-
ing W–H plots. The following equations were employed for 
these calculations:

(1)Dschr = K�∕� Cos�

Equation 1 was used to evaluate the mean crystallite size 
DSchr for pure BCPOF (host) and doped BCPOF:Dy (1%) 
samples, using the commonly known Scherrer formula, 
where K is the Scherrer constant with a value of 0.9, λ is 
the x-ray wavelength (1.5406 Å), β is the full width at half-
maximum (FWHM) of the diffraction peak, and θ denotes 
the diffraction angle. Similarly, the crystallite sizes in both 
samples were calculated using the Williamson–Hall equation 
(Eq. 2), where DWHP represents the crystallite size obtained 
using W–H plots.40 Both DWHP and microstrain (ε) depend 
upon the intercept and slope of the positive straight line 
obtained from 4 sinθ versus β cosθ graphs.

The various parameters associated with these relations 
are established and quantified in Table I.

(2)�Cos� = K�∕DWHP + 4(strain)Sin�

Fig. 2  (a) XRD comparison for all Dy concentrations in the BCPOF 
host with respect to standard ICDD 77-0712; (b) Rietveld analysis 
performed on the BCPOF:Dy (1%) sample.
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The results reveal that the average crystallite size 
increases upon introduction of the impurity ions inside the 
host crystal with a decrease in the FWHM (β) degrees from 
0.264 to 0.249, and hence confirm the inverse proportional-
ity of the crystallite size versus β.41,42 The diffraction peaks 
become narrower upon inclusion of the dopant, resulting 
in larger particle sizes.43,44 Therefore, a conclusion can 
be drawn based on the W–H method that a reduction in β 
occurs mainly due to the increase in crystallite size.45 On 
the other hand, a few studies report an increase in crystal-
lite size only up to a certain higher concentration of the 
foreign ions, above which it starts to decline. This could be 
a consequence of quenching that takes place upon the ava-
lanche of the active atoms.46,47 However, our results show a 
comparison between the various structurally related quanti-
ties evaluated using the obtained XRD patterns of the host 
and the Dy (1%)-doped samples only. Also, the crystallite 
sizes calculated using Scherrer’s formula are very close to 
those estimated from the W–H plot diagrams. The level of 
strain increases as a result of imperfections introduced with 
the addition of the dopant ions within the lattice.48 Figure 3 
presents the W–H graphs for both the pure and Dy-doped 
BCPOF samples.

Photoluminescence (PL) Studies

Dysprosium, one of the versatile rare-earth elements belong-
ing to the lanthanide series, is popular due to its white light 
emission crucial for w-LED lighting applications. Gener-
ally,  Dy3+ emission consists primarily of two intense peaks, 
one at 480 nm associated with the 4F9/2 → 6H15/2 energy 
level transition, producing a blue color, and the other at 
575 nm emitting a greenish-yellow color that derives from 
the 4F9/2 → 6H13/2 electron transition. Two other emissions 
at 670 and 757 nm with red and deep-red color are often 
less intense and difficult to record. Figure 4 shows the PL 
analysis executed on our  Dy3+-doped BCPOF samples. PL 
emission spectra (Fig. 4a) show two main emissions, with 
the more prominent one at 480 nm and the second at 575 nm. 
The white color appears more realistic when the Y/B ratio 
results in values ≈1. In other words, by adjusting the yel-
low to blue color peak intensities, it is possible to achieve 
rich white color emission, which makes dysprosium in its 

trivalent state  (Dy3+) very important for solid-state light-
ing purposes, assuming greater cost-effectiveness due to the 
use of a single activator (preferably rare earths) containing 
phosphors achieving white light combination. Blue emis-
sions are magnetically allowed transitions, whereas a yellow 
emission is a result of a forbidden electric dipole transition. 
More accurately, the Y/B ratio determines the site symmetry 

Table I  Effective crystallite sizes and strain of  Ba3Ca2(PO4)3F &  Ba3Ca2(PO4)3F:Dy3+    (1%) samples

Sample Effective particle 
size using W–H 
plots D (nm)

Standard devia-
tion for D (nm) 
using W–H plots 
(×10−3)

Microstrain using 
W–H plots ε (× 
 10−4)

Standard devia-
tion for ε using 
W–H plots (x 
 10−3)

2θ (degree) FWHM, 
β 
(degree)

Average crystal-
lite size using 
Scherrer’s formula 
D (nm)

Ba3Ca2(PO4)3F 39.19 2.09 1.415 1.79 30.71 0.264 34.22
Ba3Ca2(PO4)3F

:Dy3+(1%)
44.44 0.49 1.655 0.39 30.55 0.249 36.27

Fig. 3  Williamson–Hall plots drawn for comparison between BCPOF 
pure host compound and doped BCPOF-Dy (1%) sample.
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for a  Dy3+ ion and is considered to be at a higher-symmetry 
site in the host with inversion centers when the blue emis-
sion appears to be more dominant, just like in our case 
(Fig. 4a).49–51 The 4F9/2 → 6H13/2 transition is more sensitive 
to a crystalline environment. However, the 4F9/2 → 6H15/2 
transition associated with blue emission is not significantly 

affected by the host material, and hence the role of the host 
crystal on the yellow emission determines the tailoring of 
output light. Therefore, the ratio of yellow/blue intensities 
of the dysprosium ions depends upon crystal field effects 
imposed by the host’s structural matrix. Table II depicts 
the Y/B ratios for our BCPOF samples with different Dy 

Fig. 4  (a) PL emission spectra taken at 348  nm, (b) excitation 
recorded at 575  nm emission wavelength, (c) Dy concentration 
quenching graph showing maximum PL intensity for BCPOF-Dy 

(2%) sample. Wavelengths are written on the peak intensities for con-
venience. (d) Energy level diagram of  Dy3+ in BCPOF host.

Table II  Y/B ratio and lifetime 
kinetics

Dy conc. (%) Mean lifetime (ms) Ø% A (nR) in  (s−1) (non-radia-
tive decay rates)

Y(Int)/B(Int) ratio

0.5 0.8755 100 7.2 0.7343
1 0.8452 97 33.7 0.7014
2 0.8140 94 79.1 0.6782
3 0.7912 91 114.5 0.7130
5 0.7624 88 162.2 0.7313
7 0.7240 83 231.8 0.6810
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concentrations and suggests the practicability of BCPOF:Dy 
phosphors in white-light-emitting sources. The PLE spectra 
shown in Fig. 4b consist of many excitation peaks ranging 
between 300 nm and 500 nm. The primary and visible spec-
tral lines observed include 295 nm, 325 nm, 350 nm, 364 
nm, 388 nm, 426 nm, 452 nm, and 473 nm derived from the 
transitions of 6H15/2 → 4D7/2, 6H15/2 → 6P3/2, 6H15/2 → 6P7/2, 
6H15/2 → 6P5/2, 6H15/2 → 4I13/2, 6H15/2 → 4G11/2, 6H15/2 → 4I15/2, 
and 6H15/2 → 4F9/2 electron transitions, respectively. The PL 
emission and excitation spectra are in accordance with pre-
viously reported studies.40,41 Figure 4c presents a graph of 
PL intensity versus dopant concentration illustrating the 
underlying concentration quenching effect when the number 
of doped ions increases more than a certain value, beyond 
which the PL intensity starts to decrease. Our proposed 
sample was optimized for  Dy3+(2%) concentration in the 

BCPOF host. Subsequently, Fig. 4d provides insight into the 
major electron transitions involved in  Dy3+ activation.34,40,52

Lifetime Decay Kinetics

The observed lifetime decay curves follow first-order expo-
nential behavior (Fig. 5a), and the decay characteristics 
including quantum efficiency(Ø%), non-radiative decay rate 
(AnR), and intrinsic lifetime (τR) were calculated from the 
experimentally observed mean lifetime (τ0) values, using 
a set of equations described in the literature,53,54  as sum-
marized in Table II. Shorter lifetime results from closeness 
to the charge-compensating defects, whereas longer lifetime 
is seen with greater distance from these defects.40 In the 
present case, lifetime is recorded in milliseconds (ms). Fig-
ure 5a shows the lifetime measurement decay curves. The 

Fig. 5  (a) Lifetime decay curves observed for BCPOF samples doped 
with various  Dy3+ concentrations, showing an exponential decrease, 
recorded for 348  nm excitation and 575  nm emission wavelengths. 
(b) Log(I/Io) versus time (ms) plot displaying a clear picture of the 

decreasing mean lifetime (τ0) values with increasing dopant concen-
trations. (c) Mean lifetime (ms) versus Dy concentration graph, also 
indicating the exponentially decaying nature of our samples.
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direction of the arrow indicates the gradual decrease in life-
time (τ0) values for the samples with increasing Dy concen-
tration. This occurs because of the greater number of impu-
rity ions in the host crystal, which increases the possibility 
for non-radiative decay. Therefore, this can be confirmed by 
the increasing values of the non-radiative decay rates (AnR) 
given in Table II. Likewise, this is expressed through the 
log of normalized intensity with respect to the time ordinate 
graph drawn for all Dy concentrations (Fig. 5b). The exper-
imentally observed lifetime (τ0) versus Dy concentration 
graph (Fig. 5c) illustrates the intrinsic radiative lifetime (τR).

Crystal Structure Coordination and Dopant Ion 
Substitution

BCPOF in our sample belongs to the space group P63/m (no. 
176), and there are two types of divalent cationic sites—M1 
(4f) and M2 (6h)—which can be replaced. The two sites 
carry  C3 and  C1h point group symmetries. M1 comprises 
9  O− neighbors at the center with slightly distorted trigo-
nal tri-capped prisms, whereas M2 comprises coordinates 
6  O− and 1  F− anions.  Ba2+ and  Ca2+ can occupy both cati-
onic sites randomly. However, Fig. 6 shows that the actual 
crystal structure displays  Ca2+ at M1 and  Ba2+ at M2. The 
M1 site is smaller than the M2 site, and hence  Ca2+ ions 
are expected to go to the M1 site, so  Ba2+ finds occupancy 
at M2. Therefore, the  M12M23  (PO4)3X presents itself as 
the standard representation formula for the apatite subgroup 
minerals.1,8,25

According to the radius percentage discrepancy equation, 
the value of  Dr dictates the maximum probability for dopant 
ion substitution. Due to comparable sizes, there is a greater 
possibility for  Dy3+ ions to replace  Ca2+ ions (considering 
that the ionic radius of  Ca2+ is 1.06 Å,  Ba2+ is 1.34 Å, and 
 Dy3+ is 1.03 Å).53

CIE Color Coordinate System

Selecting Dy-doped phosphors for white-light-emitting 
sources is the first choice for researchers and industrialists, 
for many reasons. To achieve the natural quality of colors in 
artificial light sources, a combination of all three colors—red, 
blue, and green—is required.  Dy3+ activates white emission 
directly by achieving blue and green color together. It is also 
advantageous to use these phosphors because of their low 
cost in making devices with an appropriate color rendering 
index (CRI) and correlated color temperature (CCT).50,51 CIE 
color chromaticity coordinates were evaluated, and Fig. 7 
shows the position of our optimized sample BCPOF:Dy (2%) 
on the MacAdam ellipse. We found that the CIE color coor-
dinates observed for our samples lie within the range of the 
Planckian locus close to the actual white light epicenter with 
x = y = 0.3333 as CIE standard values. CRI values vary from 0 
to 100 and measure the deviation from the actual color coor-
dination (deviation from the color that appears in the natural 
light source, i.e. sun, to the color that appears under the arti-
ficial light sources). In other words, it is a kind of measure 
of color falsity. Color rendering values from 0 to 55 indicate 
poor, 55–65 fair, 65–75 good, and above 75 excellent results, 
indicating less color deviation from the original source.

Similarly, color purity quantifies monochromaticity, and for 
white light emissions, a low value is desirable. Various CIE 
chromaticity parameters were calculated using the following 
equations and are summarized in Table III. Higher values of 
CCT (K) indicate probable use in cool white-emitters.

(3)u� =
4x

12y − 2x + 3

(4)v� =
9y

12y − 2x + 3

Fig. 6  BCPOF host crystal structure with probable Dy substitution sites.
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Following McCamy’s relation,

where n = (x − xe)/(y − ye), (x, y) represents the main CIE 
1931 chromaticity coordinates, and (xe, ye) as (0.332, 0.186) 
implies the epicenters of the convergence.

where (x, y), (xi, yi), and (xd, yd) denote the CIE coor-
dinates, white light illuminants, and coordinates of the 
dominant wavelength, respectively, of the proposed 
phosphor.50,53,55

(5)CCT = −449n3 + 3525n2−6823.3n + 5520.33

(6)Color Purity =

√

√

√

√

√

(

x − xi
)2

+
(

y − yi
)2

(

xd − xi
)2

+
(

yd − yi
)2

× 100%

CIE coordinates were essentially observed for the PL 
emission in the range of 400–680 nm.

Conclusions

Ba3Ca2(PO4)3F (BCPOF) is a scarcely investigated 
fluorapatite compound that exists as a mineral in the 
earth's crust, making it useful and attractive in the view 
of geological and petrological fields. Efficient green lumi-
nescence upon the addition of europium ions was previ-
ously reported in this crystal. Therefore, in this work, a 
new phosphor employing BCPOF as host material with 
white light inclinations doped with dysprosium was syn-
thesized using a traditional solid-state reaction method. 

Fig. 7  The Commission Internationale de L’Eclairage (CIE) 1931 chromaticity diagram for the optimized BCPOF:Dy (2%) sample, with PL 
spectra exhibiting both bluish-yellow emissions (Color figure online).

Table III  CIE color chromaticity (1931) parameters

Phosphor (x, y) (u′, v′) CCT (K) Application in 
w-LEDs (K)

Color purity (CP) Dominant 
wavelength 
(nm)

CRI (Ra)

BCPOF:Dy3+ (0.5%) 0.2929, 0.2824 0.2019, 0.4380 8966  > 5000, cool 19.0% 471.4 90
BCPOF:Dy3+ (1%) 0.2839, 0.2768 0.1973, 0.4330 10348  > 5000, cool 22.4% 474.1 79
BCPOF:Dy3+ (2%) 0.2843, 0.3049 0.1867, 0.4506 8883  > 5000, cool 18.9% 483.9 38
BCPOF:Dy3+ (3%) 0.2907, 0.3030 0.1920, 0.4504 8407  > 5000, cool 17.0% 481.9 53
BCPOF:Dy3+ (5%) 0.2914, 0.3043 0.1920, 0.4512 8317  > 5000, cool 16.7% 482.2 53
BCPOF:Dy3+ (7%) 0.2893, 0.3018 0.1915, 0.4495 8561  > 5000, cool 17.6% 481.8 55
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Detailed x-ray diffraction and Rietveld studies identified 
the successful formation of the desired composition in our 
samples. The crystallite sizes calculated using Scherrer’s 
and W–H formulas were found to be comparable and in 
the nanometer range. Photoluminescence results showed 
characteristic emission of  Dy3+ comprising two peaks. 
Lifetime measurements gave decay time in milliseconds 
for the recorded curves. The value of the intrinsic radia-
tive lifetime (τR) was determined from the experimental 
data, yielding a unit-less value equal to 0.87. The magni-
tude of non-radiative decay rates increased consistently 
with increasing  Dy3+ concentration within the host lattice, 
resulting in easy triggering of relaxation processes due to 
the close proximity of dopant ions. Further, we observed 
the best CRI for the sample with the lowest amount of 
Dy doping. The  CIE color chromaticity coordinates were  
estimated by plotting points on the MacAdam ellipse dia-
gram. All the samples with different Dy concentrations 
were found to produce efficient white light emission on 
excitation with a 348 nm wavelength. Also, other CIE 
parameters indicated poor color purity and high CCT (K) 
values for our samples, in concordance with ideal white 
light specifications. High CCT (K) could be tuned for use 
in outdoor lighting applications.
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