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1 Introduction

Unraveling the site-specific energy transfer driven
tunable emission characteristics of Eu®** & Tb** co-
doped Cayo(PO4)¢F> phosphorst

Nimai Pathak, & *2 Bhagyalaxmi Chundawat,” Pratik Das, i< Pampa Modak?
and Brindaban Modak & ¢f

In this study we have explored Ca;o(PO4)¢F2 as host to develop a variety of phosphor materials with tunable
emission and lifetime characteristics based on Eu** and Tb®" as co-dopant ions and the energy transfer
process involved with them. The energy transfer from the excited state of Tb®* ion to the °Dg state of
Eu®* makes it possible to tune the colour characteristics from yellow to orange to red. Further, such
energy transfer process is highly dependent on the concentration of Eu®* and Tb®* ions and their site-
selective distribution among the two different Ca-sites (CaOg and CaOgF) available. We have carried out
DFT based theoretical calculation for both Eu®* and Tb®* ions in order to understand their distribution. It
was observed that in cases of co-doped sample, Tb*" ions prefer to occupy the Ca2 site in the CaOgF
network while Eu®* ions prefer Cal site in the CaOg network. This distribution has significant impact on
the lifetime values and the energy transfer process as observed in the experimental photoluminescence
lifetime values. We have observed that for the 1% series of compounds, wherein the concentration Tb>*
ions are fixed, the energy transfer from Tb®" ion at Ca2 site to Eu®' ion at Cal site is dominating
(Tb**@Ca2 — Eu®*@Cal). However, for the 2™ series of compounds, wherein the concentration Eu®*
ions are fixed, the energy transfer process was found to occur from the excited Tb®* ion at Cal site to
Eu®* ions at both Cal and Ca2 (Tb>*@Cal — Eu®*@Cal and Tb>*@Cal — Eu®*@Ca2). This is the first
reports of its kind on site-specific energy transfer driven colour tunable emission characteristics in Eu®*
and Tb®" co-doped Cayo(PO4)sF> phosphor and it will pave the way for the future development of
effective colour tunable phosphor materials based on a single host and same co-dopant ions.

a combination of a blue LED chip and the yellow phosphor
(Y3Al;04,:Ce®"). However, the lack of a red light emitting

White light-emitting diodes (WLEDSs), a new generation solid-
state lighting system, are dominating today's lighting
industry. WLEDs are environmentally benign in nature, long-
lasting and offer significant energy savings compared to the
earlier fluorescent or incandescent lamps, which are now being
replaced by WLEDs worldwide."® Most of the current
commercial WLEDs are phosphor-converted (pc-WLEDs) using
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component makes the color-rendering index (CRI) lowers than
80.* An alternative approach is to use an ultraviolet (UV) or near-
UV LED chip combined with blue, green, and red phosphors,
which may generate warm white light with high CRI value after
a proper adjustment of the ratio of tricolour phosphors. In such
cases it is desirable that all the three phosphors have similar
thermal and chemical stability and a degradation of colour of
any of the three phosphors will change the ratio of three colours
and result in different light instead of white light. The crystal
lattice of such host matrix should not degrade and there should
not be any chemical reaction on the surface due to exposure to
outer atmosphere. One of the best ways to overcome such
problem is to develop blue, red and green phosphors based on
the same host matrix and using similar activators (such as rare
earth ion), which have high thermal and chemical stability.
Therefore, development of colour tunable phosphor materials
based on same host and dopant ion's composition would be
a promising area of research work in the field of light emitting
materials.
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Apatite based host matrices with general formula of
M;([TO,]6Z,, where M is the cationic site with +1, +2 or +3
charges (e.g. K*, Na*, Ca®", Sr**, Ba**, Pb>", Mn**, La*", Y**, Ce®*
etc.), and [TO,] represents anion group (e.g. SiO,*”, PO,*”,
GeO,* ", MnO,*",v0,*", As0,*",50,* etc.), and Z is anion with
—1 or —2 charges (e.g. O>7, OH  and halogen ions), possess
high chemical and thermal stability and considered as an effi-
cient host to develop a variety of phosphor materials with high
luminescence efficiency.*” Due to their high thermal, chemical
and radiation stability such matrices are even potential candi-
date as host for immobilization of hazardous and highly
radioactive nuclear waste.®® Among them the fluorapatite based
compounds with formula M;,(PO,)cF,, (Wwhere M = Ca, Sr, Ba
etc.) is advantageous owing to their abundance and high
strength and thermal stability. As shown in Fig. 1, there are two
different types of cationic sites in the crystal structure of
Ca,(PO,)sF,, namely the nine-fold coordinated Ca1 site in the
[CaOy] polyhedron with C; point symmetry and seven-fold
coordinated Ca2 site in the [CaO4F] polyhedron with Cg point
symmetry. Existence of these two different cationic sites have
resulted in different emission characteristics of the same rare
earth ion,' which indicates that for the development of colour
tunable phosphor materials apatite based hosts are a favoured
choice, wherein by changing the distribution of the rare earth
ions one can generate a variety of colour.

Eu®" and Tb*" ions are the two widely used rare earth acti-
vators whose combined emissions covered a wide wavelength
range in the blue-green-red region in the visible spectra. The *D,
— 7Fj (j = 1, 2, 3 & 4) transitions of Eu’" ions results in emis-
sions in the orange and red region i.e. 580-700 nm." On the
other hand Tb*' ion has emission peaks around 540 nm and
hence serves as a green center.'? The blue emission of Tb*" ion
in the 370-450 nm range is generally quenched through the
cross-relaxation between neighbouring Tb** ions.’®* However,
owing to the efficient energy transfer from Tb*' to Eu®*, co-
doping Eu** and Tb*" ions is found to be a successful strategy
to develop a variety of phosphor materials with not only tunable
colour characteristics in the blue-green-red region but also with

Fig.1 1 x 1 x 2 supercell for Cas(PO,4)sF crystal structure.
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tunable lifetimes values just by varying their respective
concentration while keeping the host lattice intact.**™”

In present case we have chosen Ca;((PO,)sF, as host matrix
to explore such tunable color characteristics. The two different
Ca-sites (CaOo and CaOgF) available for the dopant ions (Eu®*
and Tb*" ion) makes it more flexible to tune the colour char-
acteristics from yellow to orange to red. It has also been found
that the F atom in the Ca-2 site made a significant difference in
the lifetime and luminescence efficiency since F atom has less
quenching effect compared to O atom.*® Further, an energy
transfer dynamics from Tb*" ion to Eu®" is associated with these
compounds, which makes the tunable emission characteristics
more exciting. Till date, no such study on site-specific energy
transfer driven colour tunable emission characteristics in
Ca;o(PO,)sF, is reported. Further, we have carried out density
functional theory (DFT) based calculations in order to check the
most favourable distribution of Eu** and Tb*" jons among the
two lattice sites available in Ca;o(PO,)¢F, after considering
a variety of possible substitutions. We have also considered the
impact on any lattice ion vacancy on such distribution. We
believe a comprehensive combined theoretical and experi-
mental study on site-specific tunable colour characteristics and
the associated lifetime values will pave the way for the future
development of effective colour tunable phosphor materials
based on a single host and same dopant ions.

2 Experimental

2.1. Synthesis of Eu** and Tb*" co-doped Ca;o(PO4)sF,
compounds

Precursor materials. Calcium carbonate (CaCOj3), europium
oxide (Eu,03), terbium oxide (Tb,05), ammonium dihydrogen
phosphate (NH,H,PO,) and ammonium bi-fluoride (NH,HF,)
were purchased from Sigma Aldrich and have been used for the
compound preparation.

Synthesis procedure. Various Eu®" and Tb** co-doped
Ca;o(PO,)sF, compounds were synthesized by solid-state reac-
tion method using appropriate amount of CaCO3, Eu,03, Tb,03,
NH,H,PO, and NH,HF, following similar procedure as re-
ported earlier.® These compounds were taken in appropriate
amount and mixed in an agate mortar and the mixture was
pelletized into a 10 mm diameter pellet. The pellets of various
Eu*" and Tb®" co-doped compounds were then heated under
high pure argon gas atmosphere in a stepwise manner at 500 K
for 4 hours, 800 K for 4 hours and 1200 K for 14 hours without
any interruption. After the final heat treatment, the solid
product was collected and grind well and characterized by
powder X-ray diffraction and FTIR spectroscopy. Various Tb**
and Eu*" doped samples such as 0.05 mol% Eu** and 0.5 mol%
Tb** doped Cayo(PO,)¢F, (hereinafter Eugo5-Tbg 5:CPF),
0.1 mol% Eu*' and 0.5 mol% Tb*>" doped Ca,o(PO4)sF, (here-
inafter Eug;-Tbg5:CPF), 0.3 mol% Eu®" and 0.5 mol% Tb**
doped Ca;o(PO,)6F, (hereinafter Eu,;-Tbg s5:CPF), 0.5 mol%
Eu®" and 0.5 mol% Tb*" doped Ca;(PO,)sF, (hereinafter Eu, 5~
Tbo.5:CPF), 0.5 mol% Eu®" and 0.05 mol% Tb*" doped
Cayo(PO,)6F, (hereinafter Eug s~Tbg 05:CPF), 0.5 mol% Eu®" and
0.1 mol% Tb>" doped Ca;o(PO,4)6F, (hereinafter Euys—

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Tho:CPF), 0.5 mol% Eu®* and 0.3 mol% Tb*>" doped
Cayo(PO,4)sF, (hereinafter Eu, 5—Tb, 3:CPF), were prepared using
the solid state reaction method.

2.2. Instrumentation

The details of the instrumentation have been provided in ESL{

2.3. Computational details

All the spin polarized density functional theory (DFT) calcula-
tions have been carried out employing the projector augmented
wave (PAW) based electronic structure code Vienna ab initio
simulation (VASP).'®* The set of valence states chosen in the
present study for the pseudo potentials are Ca (3s*3p®4s*), Eu
(6s*>5p°5d'), Tb (6s>5p°5d'), P (3s*3p®), F (2s>2p°) and O
(2s*2p*). Perdew-Burke-Ernzerhof (PBE) functional within
generalized gradient approximation (GGA) has been considered
during the geometry optimization technique.>”* Full relaxation
of both cell parameter and ionic positions for all the model
structures has been considered during geometry optimization

1000
800 -
S00

<400 —

Intensity (3.,

200

View Article Online

RSC Advances

process. The energy cut off for the expansion of electronic wave
function has been kept fixed at 500 eV with self-consistent
energy convergence of 10~® eV throughout the calculations.
Electronic structure calculations have been carried out using
the optimized geometries. Monkhorst and Pack scheme has
been adopted for generating I'-centered k-point mesh during
Brillouin zone sampling.”> To overcome the limitations of
conventional density functional theory we have used hybrid
functional as prescribed by Heyd, Scuseria, and Ernzerhof
(HSE06) during electronic structure calculations,* which has
been shown to reproduce the experimental band gap of
different semiconductor materials.>* According to the HSE06
functional the exchange-correlation functional is defined by
short-ranged (SR) and long-ranged (LR) parts of exchange.
Short-ranged part is described by both Hartree-Fock (HF) exact
exchange functional (E5Y) and PBE exchange functional
(EX®™SR®), while the long-ranged part is completely treated by

PBE exchange functional (EX""") as

EXE = abBE(w) + (1 = 9 BRFSR(w) + ERP5(w) + EEF (1)
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where, ‘1’ indicates screening parameter, defines the distance
of the short range interactions and ‘a’ is the HF mixing coeffi-
cient. The value of screening parameter and quantity of HF
mixing are 0.2 A~* and 25%, respectively.

3 Results and discussion

3.1. Phase purity and elemental analysis: X-ray diffraction
(XRD) and X-ray fluorescence (XRF) study

The compounds obtained by solid-state reaction were charac-
terized by X-ray diffraction technique. The obtained XRD of
various Eu** and Tb*" co-doped Ca;,(PO,)sF, compounds are
shown in Fig. 2. All the compounds showed the characteristics
XRD pattern of pure fluorapatite phase with ICDD file no. 01-
070-8135. This has also confirmed that Eu*" and Tb*" ions were
successfully substituted into lattice sites of calcium fluo-
rapatite. The XRF spectra was recorded for Eug 1 Thy 5:CPF and it
is provided in the ESI,} which showed the peaks of Eu, Tb, Ca
and P atoms at their respective energy position.

3.2. Fourier-transform infrared (FTIR) spectroscopy study

IR spectrum of various compounds are shown in Fig. 3, which
confirmed the existence of characteristics stretching and
bending frequencies of phosphate groups of apatite. The
transmission deep exist around 1075.81 cm ™}, 1024.17 cm ™},
948 cm™, 589.5 cm™ ' and 563 cm™' are due to phosphate

stretching vibration modes as reported earlier.®

3.3. Geometry and electronic structure

At room temperature, Ca;o(PO,)cF, shows a hexagonal crystal
structure (Fig. 1) with space group symmetry P6;/m (space group
no. 176). Structural framework of Ca,z(PO,4)¢F, contains two
different Ca lattice sites and three different O lattice sites
whereas one type of lattice site for both P and F. The unit cell of
Cas(PO,);F contains two formula units (i.e., 10 Ca, 6 P, 24 O, and
2 F). In can be noted that, the first type of Ca site (Cal) is

%Transmittance
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—B
—A

0 I 1
2000 1500 1000 500

Wavenumber(cm'1)

Fig. 3 FTIR spectra of (A) Eugs—Tbg5:CPF, (B) Eugs—Tbg 3:CPF, (C)
EUO_3—Tb0_5:CPF.
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coordinated by nine O atoms, while second type of Ca site (Ca2)
is coordinated by six O atoms and one F atoms.> The calculated
lattice parameter (@ = b = 9.495 A, and ¢ = 6.918 A) are found to
be very close to the experimentally reported values (@ = b =
9.3783 A, and ¢ = 6.8888 A).>**° This justifies the choice of the
computational methodology. To investigate the electronic
structure of Cas(PO,);F, we have analysed the density of states
(DOS) and partial density of states (PDOS) (Fig. 4), which shows
that the valence band maximum (VBM) is mainly composed of
O 2p and F 2p states with small contribution of P (3p, 3s) and Ca
(3p, 4s) states. On the other hand, the conduction band
minimum (CBM) is dominated by P (3p, 3s) and F 2p states,
with small contributions of Ca 4s state. The calculated band gap
of Ca;o(PO,)sF, within HSE06 hybrid functional is found to be
7.26 €V, which is very close to the experimentally reported value
of 7.21 eV for Cas(PO,);F.*

Codoping of Eu*" and Tb*" in Ca;((PO4)¢F,. To model (Eu,
Tb)-codoped system, we have considered 1 x 1 x 2 supercell for
Ca;o(PO,)sF, which consist of total 84 atoms (20 Ca, 12 P, 48 O,
and 4 F), and replaced two Ca by Eu and Tb. In this case, we have
considered total six configurations (Str. 1-6 as shown in Fig. 5)
by varying the lattice sites of dopant elements. For example,
both Eu*" and Tb** occupy lattice sites of Ca1 type in case of Str.
1 (Eu, and Tb at 1°" neighboring lattice sites of each other) and
Str. 2 (Eu, and Tb at 2™ neighboring lattice sites of each other).
We have also calculated defect formation energies for various
such structures of (Eu, Tb)-codoped Ca,o(PO,)¢F, using the
following relationship.?***

AI—If = Edoped - Eperfect + qznx:ux [2)

where, Eqoped and Eperfece represent the energy of the codoped
and pristine Ca;(PO,)sF», calculated with same supercell size,
tx stands for the chemical potential of the element X and n, is

O _6

Oo_0O

-0 _6 }

O _6

0.0

-0 _6

-0_6

10 S ° £

10
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Fig. 4 Density of states of Cajo(PO4)sF,. The vertical dashed line
indicates the Fermi level.
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the number of elements added (¢ = —1) or replaced (g = +1) to
form the codoped system.

The formation energies of the various structures are given in
Table 1. Lower the formation energy, higher the thermody-
namic stability of the system. It should be noted that Str. 1 is
energetically less stable by 0.24 eV in comparison to the Str. 2.
On the other hand, both Eu, and Tb occupy lattice sites of Ca2
type in case of Str. 3 (Eu, and Tb at 1% neighboring lattice sites
of each other) and Str. 4 (Eu, and Tb at 2™ neighboring lattice
sites of each other). It is interesting to note that Str. 3, and Str. 4
are energetically more stable by 0.40 eV with respect to that of
Str. 1. However, both types of configurations in this case are
energetically comparable to each other. Finally we have

View Article Online

RSC Advances

considered co-doping of Eu, and Tb involving both Cal and Ca2
types lattice sites, and generated two different structures viz. Str.
5 (Eu at Ca2 type site, while Tb at Cal type site) and Str. 6 (Eu at
Cal type site, while Tb at Ca2 type site). Interestingly, Str. 5 and
Str. 6 are energetically lower than the other four structures, and
Str. 6 is found to be energetically most stable among all the
possible structures considered in the present study. The calcu-
lated formation energy therefore follows the order, Str. 6 < Str. 5
< Str. 4 < Str. 3 < Str. 2 < Str. 1 while the stability of the structures
follow the reverse order. This indicates that the Eu and Tb
prefer different types of Ca lattice sites to form co-doped system.
Since, both Eu and Tb normally exist in +3 states; there may be
formation of Ca-vacancy in the co-doped system due to

Str6

Fig. 5 Structures of for (Eu®*, Tb*") co-doped Ca;o(POy4)6F, with different configurations. The numbers in Str. 6 denote positions of Ca

vacancies.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Calculated formation energies for the (Eu, Tb)-codoped
Cayp(PO4)6F, with different model structures and Ca vacancy defects

Formation energy

Systems Structures (eV)
(Eu, Tb)-codoped Ca;¢(PO,)sF» Str. 1 3.77
Str. 2 3.53
Str. 3 3.16
Str. 4 3.15
Str. 5 1.19
Str. 6 1.10
(Eu, Tb)-codoped Ca;(PO,)sF, with V¢, Str. 7 1.64
Str. 8 2.64
Str. 9 1.27

formation of charge compensated system. Therefore, we have
also investigated the influence of Ca-vacancy on the electronic
structure and properties of the codoped system. For this
purpose, we have considered Str. 6, which is the lowest energy
structure, and removed one Ca atom. In this case, we have
considered three different structures by varying the position of
Ca lattice site (indicated by Ca1, Ca2, Ca3 in Str. 6, Fig. 3). As for
example, Str. 7 can be generated vacancy by removing Ca from
the first neighbouring lattice of Eu (Cal in Str. 6, Fig. 3), Str. 8
from the second neighbouring lattice of both Eu and Tb (Ca3 in
Str. 6, Fig. 3), and Str. 9 from the first neighbouring lattice of
both Tb (Caz2 in Str. 6, Fig. 3). Interestingly, formation energy for
Str. 7 has been found to be the lowest among the three (Table 1),
indicating higher formation probability.

View Article Online
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Electronic structure of (Eu®*, Tb*") codoped Ca;o(PO,)qF,
and (Eu, Th)-codoped Ca;¢(PO,)sF, in presence of Ca-vacancy.
In this study, the electronic structure of Eu*" & Tb** co-doped
Caqo(PO,4)sF, system has been investigated by analysing the
DOS and PDOS (Fig. 6a). We have considered lowest energy
structure (Str. 6) for the electronic structure calculations. It has
been observed that the doping of Eu*" and Tb*" at different type
of Ca lattice sites results into introduction of discrete occupied
impurity states at energy level 0.61 eV, 1.29 eV and 2.47 eV above
the VBM. Analysis of PDOS indicates that the occupied impurity
state is mainly composed by O (p) state with minor contribution
of P (s, p), Eu (p, d) and Tb (p, d) states. Analysis of energy level
indicates that the VBM and CBM levels are lowered by 0.03 eV
and 0.14 eV, respectively compared to that of perfect
Cayo(PO,4)sF,. The Fermi energy is increased by 3.37 eV with
respect to that Ca;o(PO4)¢F,. This is because of presence of
excess electron in the (Eu, Tb)-codoped Ca;o(POy)sF».

Interestingly, electronic structure for Eu** & Tb*" co-doped
Cayo(PO,)¢F, in presence of Ca-vacancy shows that the impu-
rity states, as observed for (Eu, Tb)-codoped case, are completely
disappear (Fig. 6b). This is due to the charge compensation
system in presence of Ca-vacancy. Analysis of PDOS indicates
that the VBM is mainly contributed by O (2p) states with minor
contribution of F (2p) states, while the CBM is contributed by O
(2s, 2p), P (3s, 3p), Eu (5d) and Tb (5d). Analysis of energy level
indicates that the VBM is increased by 0.13 eV and CBM is
decreased by 0.24 eV compared to that of perfect Ca;o(PO,)¢F-
The Fermi level is shifted towards the VBM by 2.28 eV with
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Fig. 6 Density of states of (a) Eu, Tb-codoped Ca;o(PO4)eF> (b) Eu, Thb-codoped Ca;o(PO4)sF, with Ca vacancy. The vertical dashed line indicates

the Fermi level.
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Fig. 7 Excitation spectra of Eug gs—Tbg 5:CFP at 618 nm and 547 nm
emission wavelengths.

respect to that codoped system without Ca-vacancy. This is due
to compensation of excess electron in presence of Ca-vacancy in
the Eu** & Tb** co-doped Ca,o(PO,)cF>.

3.4. Photoluminescence study

Fig. 7 represents the photoluminescence excitation spectra of
Eug,05—Tby 5:CFP at 618 nm and 547 nm emission wavelengths.
Two excitation bands peaking at 230 nm and 250 nm were
observed for both the emission wavelengths, although their
intensities are different. These transitions must be originate
from the charge transfer transitions from 2p orbital of 0>~ to
the vacant 5d orbital of Tb** and Eu®" respectively. Since the
547 nm emission wavelength is due to transition of >D, — "Fg of
the Tb** ion,* the highly intense excitation peak at 230 nm can
be attributed to the charge transfer transition from 2p orbital of
0> to the vacant 5d orbital of Tb®". On the other hand at
618 nm emission wavelength, the peak intensity at 250 nm were
found to be increased although 230 nm being the most intense
one. The 250 nm excitation peak therefore can be attributed to
the charge transfer transition from 2p orbital of O*>~ to the
vacant 5d orbital of Eu®".>* The fact that even in case of 618 nm
emission wavelength, the excitation peak at 230 nm (which is
due to Tb** ion) is present in the PLE spectrum is suggesting
that there might a possibility of energy transfer from Th** ion to
Eu’®" ion.

Fig. 8 represents the emission spectra of different Eu®" and
Tb** co-doped CFP compounds at 230 nm excitation wave-
lengths. The emission spectra consist of various emission peaks
due to Eu*" and Tb** ions. The emission peaks around 590, 618,
and 704 nm are due to the °D, — 'F; (j = 1, 2, 3 and 4) transi-
tions of Eu** ion® while the emission bands at 487, 547, 586 and
621 nm are due toTb** ion's °D, — 7J; (j = 6, 5, 4, 3) transi-
tions.*® As it is known that for Eu*" ion, the emission at 590 nm
(°Do-"F; transition) is a magnetic dipole (MD) transition while
the red color emission around 618 nm (°D,-"F, transition) and
at 704 nm (°D,-"F, transition) are electric dipole (ED)

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

——O0.5Eu-0.3Tb

P

r———
0.5 Eu-0.1Tb

| —r— ——
0.5 Eu-0.05Tb

‘b.g—mi/\/\/\-«_/L

R PR B |
0.3 Eu-0.5Tb

1 1 1 1 L 1 2
—0.1Eu-0.5Tb

" 1 " 1 " 1 "
0.05Eu-0516b _
D,-F

Intensity (a.u.)

5 7
D4' Fs

500

1 T T T L
350 400 450 550 600 650 700 750

Wavelength (nm)

Fig. 8 Emission spectra of various mol% of Eu®* and Tb** co-doped
CFP compounds at 230 nm excitation wavelengths.

transitions. The ED transition is hypersensitive to the local
structure of Eu*" ion and at an asymmetric environment, this
transition is allowed one. The fact that ED transition's intensity
is higher than the MD transition signifies that Eu** ion exists in
an asymmetric environment.* For Tb?" ion, the green emission
at 547 nm i.e. °D,~F5 is magnetic dipole (MD) transitions and
not sensitive to local structure or crystal field strength. However,
the blue emission i.e. °D,~’F, transition around 487 nm is an
electric dipole (ED) transitions, which is sensitive to the local
environment although it is not hypersensitive.*®> We have
calculated the respective color coordinates of various mol% of
Eu*" and Tb*' co-doped CFP compounds at 230 nm excitation
wavelengths as shown in Fig. 9. It can be seen that upon
changing the concentration of any of the two dopant ion and
keeping other dopant ion's concentration fixed, there is
a change in color coordinated from yellow to orange to red. For
the low dopant level of Eu®" ion in Eug ¢s-Tb, 5:CFP, the CIE
color co-ordinates are placed in the yellow region while with
increasing the concentration of Eu®* ions, viz. in Eugq-
Tby 5:CFP and Eug;-Tby 5:CFP, the color coordinates were
shifted to orange and red regions. Similarly, by keeping the
concentration of Eu*" ion's fixed while varying the concentra-
tion of Tb*" ions, the CIE color coordinates were found to be
changed. It can be seen that with changing the concentration of
Tb*" ions viz. in Eugs-Tby 1:CFP, Eugs-Tby,:CFP and Eug s-
Tby 5:CFP, the color can be tuned from orange to red. Therefore,
a wide range of colored phosphors can be developed just by
changing the relative concentration of Eu** and Tb*" dopant
ions.
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Fig. 9 CIE colour coordinates of various mol% of Eu** and Tb** co-
doped CFP compounds at 230 nm excitation wavelengths.

Fig. 10a represents the emission spectra of different Eu®>* and
Tb** co-doped CFP compounds at 250 nm excitation wave-
lengths, wherein we can see that the emission spectra for all the
compounds are only consist of characteristics peaks of Eu®**
ions and that the peaks due to Tb®" ions are very weak. This
confirms that there is no charge transfer process involved at
250 nm excitation and that the 250 nm excitation peak is purely
due to charge transfer transition from 2p orbital of O* to the
vacant 5d orbital of Eu** ion.

It is worth mentioning here that these color tunable char-
acteristics have been observed for 230 nm excitation wavelength
only and for 250 nm excitation energy there is no such color
tunable characteristics and all the compounds are red phosphor
in nature as suggested by their calculated color coordinates
represented in Fig. 10b. Therefore, the energy transfer dynamics
from Tb*" ion to Eu®" ion at 230 nm excitation is solely
responsible for such tunable color characteristics.***” As shown

6
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in Fig. 11, upon 230 nm excitation (which is due to CT transition
from O to the vacant 5d orbital of Thb*" ion) many Tb** ions
are excited to higher energy CT state from which it come back to
the lower energy level °D; and then to lower lying °D, meta-
stable state through non-radiative pathway. From °D, level it
is relaxed to lower energy levels through 5D4—7F5,4,3 transitions.
Few other Tb*" ions at *D; or °D, levels transfer their energy to
the D, level of Eu** ion which is known as the energy transfer.
Now through a non-radiative decay from °D, excited state the
population of *D, meta-stable state increases which results in
emission through *Dy-"F; (] = 0-6) transitions.

The fact that with increasing the Tb®" concentration there is
an enhancement of Eu®" ion's intensity while keeping it
concentration unchanged as shown in Fig. 8, clearly indicates
that there is a charge transfer process involved from Th*" ions to
Eu’* ion. Generally, the energy transfer from sensitizer (Tb**) to
activator (Eu**) may takes place through either (i) the exchange
interaction or (ii) electric multipolar transition. When the crit-
ical distance between the sensitizer and activator is shorter than
5 A, then the energy transfer process use to take place via
exchange interaction and when it is greater than 5 A, the energy
transfer from Tb** to Eu®** ions happen in the way of electric
multipolar interaction. The critical distance (R.) between Tb**
and Eu®* can be calculated using eqn (3)'**

R = [2

where V is the volume of the unit cell, X, is the critical dopant
concentration, and Z is the number of host cations in the unit
cell. For the Ca;(POy,)sF2, X. = 0.10, V = 534.35 Aand z = 2,
which gives a R, value of 10.84 A, which is larger than 5 A.
Therefore, energy transfer between Tb*" and Eu®* ions takes
place due to electric multipolar interactions instead of exchange
interaction.

3y 1"
4XC'cm]

®)

Eug 5-Tho 5:CFAP
(0.64,0.35)

Fig. 10 Emission spectra of various mol% of Eu** and Tb>* co-doped CFP compounds at 250 nm excitation wavelengths and their respective

CIE colour coordinates.
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Now let us see how the lifetime of the respective excited
states of the Tb>" ions to Eu®" ions behave while changing their
concentration and the excitation energy. This will also provide
information about the energy transfer mechanism.

3.5. Photoluminescence lifetime study

PL lifetime measurements can provide detail information
regarding the energy transfer dynamics in addition to the lattice
site occupancy of the dopant ions."* Since, there are two
lattice sites (Cal and Ca2 sites) available for the dopant ions and
as we have observed from DFT based calculation that the
distribution of Eu®>" and Tb*" among these two lattice sites are
different, it will be interesting to see which sites are involved in
the energy-transfer dynamics? The photoluminescence lifetime
measurement has been carried out for all the compounds at
230 nm excitation wavelength (which is attributed to Tb** ions)
and with emission wavelength 547 nm (°D,-"F; transition of
Tb*" ion) and 618 nm (°D,-"F, transition of Eu*" ions) as shown
in Fig. 12. We have observed that the decay profiles (both at
547 nm and 618 nm emission wavelength) for all the
compounds followed a bi-exponential eqn (4).

t t
I1(t) = 4, exp(—a) + Ay exp (_E)

where I(¢) is intensity, 7, and 1, are emission decay times, and A,
and 4, are their relative weightage.

We have also calculated the percentage of a specific life-time
using the formula in eqn (5)

4)

(4, x1,)
(A, x 1)

n

x 100 (5)

% of species (n) =

The lifetime values are included in Table 2 for all the
compounds at different emission wavelength. As mentioned

© 2021 The Author(s). Published by the Royal Society of Chemistry

before that due to the availability of two different Ca-sites (CaOq
and CaOgF); both Eu** and Tb*>* ions have a tendency to be
distributed among the two lattice sites. Earlier, we have
observed that the lifetime value for rare earth ion when placed
at the Ca2 site (CaOgF) which has an F-atom linkage, is more
than when it is placed at Ca1l site (CaOg). This is attributed to
the F-atom, which has less quenching effect on the excited state
and makes the lifetime value of the rare earth ions higher.*®
Therefore, the long lived component observed at 547 nm
emission wavelength is due to Tb*" ions present at Ca2 site
while that at 618 nm emission is due to Eu*" ions present at Ca2
site. On the other hand, the short-lived components for these
two emission wavelength are due to Th*" and Eu®* ions present
at the Cal site, which has no F-atom linkage.

However, we have observed from our DFT calculation earlier
that the stability of the Eu** and Tb*" co-doped structure is
more when Eu®" ion is distributed at Ca1 site and Tb*" ion at
Ca2 site. The preference of distribution of Eu*" ion is also re-
flected in the higher percentage of the short-lived component in
many compounds viz. Eug 5-Tbg ¢1:CFP, Eug s—Tb, 1:CFP, Eug 5-
Tby 3:CFP, Eug ,-Tb, 5:CFP. However, for Tb®" ions such obser-
vation (higher percentage of the long-lived component) is not
observed since the lifetime value of Th** ions also depends on
the energy transfer dynamics from Tb** ion to Eu*" ion, which
will decrease the percentage of contribution. The fact that there
is an energy transfer process involved in this class of
compounds can be explained based on decrease in lifetime
value upon varying the concentration of Tb*>" ion or Eu’* ion.
Due to the energy transfer from the excited state of Th*" ion to
the Eu®" ion, the lifetime value of Tb*" ion will be decreased, as
observed earlier for various class of compounds.***” The life-
time values of Eu®" ion obtained for the Eu & Tb co-doped
compounds in this work are found to be slight higher than
that for pure Eu** doped CFP compounds reported earlier.? This
might be due to the energy transfer process involved in the

RSC Adv, 2021, 1, 31421-31432 | 31429
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Table 2 PL lifetime values of Eu** and

Tb®* doped CFP compounds

Compound

PL lifetime components of Tb**
(Aex = 230 nm and Ay = 547 nm)

PL lifetime components of Eu**
(Aex =230 nm and Aepy = 618 nm)

Short-lived (z4)
component in ps

Long-lived (1)
component in ps

Short-lived (t4)
component in s

Long-lived (1)
component in ps

EUg 5-Tbg 1:CFP

Eug 5-Tbg ;:CFP

Eug 5-Tbg 3:CFP

Eug ;-Tb, 5:CFP

Eug 3-Tbg 5:CFP

Eug 5-Tbg 5:CFP
Na*,Eu’*,:Cag(PO,)6F, (ref.
8)

31430 | RSC Adv, 2021, 11, 31421-31432

2191.98 (90%)
1867.70 (70%)
1966.44 (86%)
1384.55 (35%)
952.79 (28%)
651.77 (24%)

4054.92 (10%)
3601.64 (30%)
3379.12 (14%)
2754.84 (65%)
2203.12 (72%)
2216.65 (76%)

2168.83 (59%)
2423.43 (89%)
2439.29 (93%)
2098.41 (67%)
1477.1 (45%)
1934.22 (45%)
1870 (23%)

2992.06 (41%)
3673.61 (11%)
3739.46 (7%)
3333.81 (33%)
2527.96 (55%)
2807.46 (55%)
2420 (77%)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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present compounds. The fact that we have not seen a mono-
tonic decrease or increase for few samples may be explained
based on non-radiative pathways associated with various defect
centers or vacancies, which also plays an important role in
determining the lifetime of the excited state. These vacancies
are generated due to the charge imbalance when Tb** or Eu®*
ions are substituted at a place of Ca®" ion. The additional
positive charge will lead to creation of negatively charged
vacancies, which will have impact on the nearby Tb**/Eu®" ion's
local structure. Further, depending on the distance from the
Tb**/Eu** ion, the impact will be different. We believe such
vacancies are the main reason to not have any systematic
decrease in the lifetime values for few samples.

Now let us consider two cases; (1) for the series of compounds
where the concentration Eu** ion is fixed but that of Tb*" ions is
varied viz. for Eugys—Tbgo1:CFP, Eugs—Tby:CFP and Eugs—
Tb, 5:CFP compounds, and (2) for the series of compounds where
the concentration Tb*" ion is fixed but that of Eu*" ions is varied
viz. Eugy1-Tby 5:CFP, Eug 5—Tbg 5:CFP and Eu, 5—Tb, 5:CFP. For the
1st series of compounds wherein the concentration of Tb** ion is
varied, it is observed that the percentage of the long-lived Tb**
component is small than its short-lived component. This is due
to fact that the long-lived Tb** component at the Ca2 site mostly
transfers its energy to nearby Eu’" ions. Hence in this series,
majority of the Th®" ions at Ca2 site are preferably taking part in
the energy transfer dynamics and results in small contribution
towards its radiative lifetime value and the radiation transition.
Now for the second series of compound wherein the concentra-
tion of Tb** ion is fixed but that of Eu** ion is varied, the opposite
thing has happened ie. the percentage of the short-lived Tb**
component is less than the long-lived component. Hence, we
believe that for this series of compounds, majority of the Tb**
ions at Cal site are preferably taking part in the energy-transfer
process to Eu’" ion. Now if we consider the lifetime values of
Eu’" ions, then for the 1% series compound the percentage of
contribution of the short-lived Eu** component at Ca1 site is
higher than that at Ca2 site. Further, with increasing the
concentration of Tb®" ion, the percentage of contribution of this
short-lived component is found to increase. We have already
concluded from DFT calculation that for Tb*>" and Eu** co-doped
system, Eu*" ions most preferably go to the Ca1 site and results in
smaller lifetime value. Since there is no energy transfer process
involved from the excited state of Eu®** ions to other co-dopant
ion, this percentage of contribution is linked to the contribu-
tion from Eu®” ions at Cal and Ca2 sites to the overall red light
emission. Therefore, after considering all these changes in the
relative contribution, we conclude that for the 1% series of
compound the energy transfer from Tb*" ion at Ca2 site to Eu®*
ion at Cat site (Tb>*@Ca2 — Eu**@Ca1) is the dominant one.
Interestingly, for the 2"¢ series of compounds wherein the
concentration of Tb*" ion is fixed, we have not observed much
difference in the respective contribution of two different Eu**
components and for the higher concentration of Eu*" in
compound like Eu, s-Tb, 5:CFP, the percentage is a bit higher for
the long-lived Eu*" component. Therefore, we may conclude that
for the 2™ series of compounds, the energy transfer process from
the excited Th*" ion at Ca1 site to Eu*" ions at both Ca1 and Ca2

© 2021 The Author(s). Published by the Royal Society of Chemistry
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sites (Tb**@Ca1l — Eu’’@Cal and Th>*@Ca1l — Eu’*"@Ca2) is
happening with a bit more preference towards the Eu®* ion at Ca2
site (Tb>*@Ca1l — Eu*’@Ca2).

4 Conclusion

Various Eu®" and Tb** co-doped Ca;o(PO,)sF, compounds were
synthesized by solid-state reaction method. Photoluminescence
study showed that with varying the concentration of Tb*" and
Eu®" ions, the colour characteristics can be tuned from yellow to
orange to red. We have found that there is an energy transfer
process involved from Tb*" ion to Eu®", which is responsible for
the tunable emission characteristics and the decay kinetics. It
was observed that two different lifetime components exist for
both Eu*" and Tb*" ions depending on their distribution among
the two different Ca-sites (Cal in CaO, and Ca2 in CaOgF
network). The long-lived component for both the dopant ions
are attributed to Ca2 site in CaOgF network, wherein the F atom
made the difference in lifetime of the excited state due to less
quenching effect compared to O-atom. From density functional
theory (DFT) based calculations we have observed that Tb** ions
prefer to go to the Ca2 site while Eu** ions prefer the Ca site,
when they are co-doped in Ca;,(PO,)¢F, in a structure associ-
ated Ca vacancy. This site specific distribution was found to
influence the energy transfer dynamics. It has been observed
from the lifetime study that for the 1% series of compounds,
wherein the concentration Tb®" ions are fixed, the energy
transfer Tb**@Ca2 — Eu**@Cal energy transfer is more pref-
erable than Tb**@Cal — Eu®*@Ca2. However, for the 2"¢
series of compounds, wherein the concentration Eu*" ions are
fixed, both the energy transfer processes Tb*'@Cal —
Eu**@Cal and Th** @Cal — Eu**@Ca2 were involved with a bit
more preference for Tb**@Ca1l — Eu**@Caz2.
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