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a b s t r a c t

Europium (Eu3+) activated strontium fluoropatite (Sr5(PO4)3F) phosphor powders were prepared by a
combustion method. The structure and luminescence properties of this potential red emitting phosphor
are explored. In order to improve the luminescent properties the obtained powders were also annealed
at 900 and 1200 ◦C. The X-ray diffraction (XRD) data indicated that the major crystalline phases from the
as-prepared or annealed powder samples were identical to the hexagonal apatite structure of Sr5(PO4)3F.

3+
eywords:
hosphors
RD
DS

The Eu occupied two different sites (Cs (S1) and C3 (S2)) of Sr in the Sr5(PO4)3F host, giving rise to two
emission sites, as inferred from the time resolved luminescence spectroscopy (TRES) data. The photo-
luminescence (PL) intensity of Eu3+ from the as prepared sample was found to be more intense than
the annealed samples. In addition from the PL data it was evident that a reduction of the Eu3+ to Eu2+

occurred.

EM
hotoluminescence
RES

. Introduction

Spectroscopic properties of trivalent rare-earth (RE) ions such as
r3+, Nd3+, Ho3+, Er3+ and Tm3+ incorporated crystals of strontium
uorapatite (SFAP) or Sr5(PO4)3F have been reported [1–3]. These
tudies were motivated by the potential use of SFAP either as a laser
ost material, or as a saturable switch absorber [4]. In this study,
he optical properties of Eu3+ activated Sr5(PO4)3F as a prominent
ed emitting phosphor were investigated for applications such as
uorescence or electroluminescence lamps [5], electronic infor-
ation display devices and light emitting diodes (LEDs) [6]. The

nteresting and useful properties observed in apatites depend on
he occurrence of minor substitution that lead to minor alterations

n the ideal apatite structure. The ideal apatite SFAP crystallizes
nto the hexagonal system with a uni-axial lattice that belongs to
he crystallographic group P63/m [7]. There are two non-equivalent
rystallographic sites for the Sr, namely Sr1 (Sr in a column) at z = 0
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and 3/4, and Sr2 (Sr screw axis) at z = l/4 and 3/4. In each unit cell
four Sr1 atoms, located on the threefold axis, are coordinated by six
oxygen atoms as nearest neighbors belonging to the PO4 group [8].
The site S(1), occupied by Sr1 atoms is at the 4f Wyckoff position
(C3 symmetry). The other six Sr2 atoms in the unit cell are coor-
dinated by six oxygen atoms from the PO4 tetrahedra and by one
F− ion located on the sixfold axis. The site S(2), occupied by Sr2 is
at the 6 h Wyckoff position (Cs symmetry). On the other hand, the
F− ions, occupy the 2a Wyckoff position (0, 0, 0.25) in the planes
of the triangles formed by Sr2. Thus, the apatite’s structure can be
represented as [Sr1]4[Sr2]6(PO4)6F2 [9]. This structure can accom-
modate a variety of substitutions like rare earths, transition metals
and alkaline earths forming an interesting set of compounds.

There are few reports on Eu3+ luminescence from fluroapatite
[10,11] and oxyapatite [12] where, usually, an intense 5D0–7F0
emission has been reported indicating a strong linear crystal-field
component of the Eu3+ ion. Looking in terms of site occupancy and
the charge compensation model, the 5D0–7F0 emission is present
when the Eu3+ ion occupies both the sites, i.e. Sr1 and Sr2, but is
usually stronger with its Sr2 site occupancy. This situation is fur-

ther favored when the charge compensation occurs by an oxygen
ion on the fluorine site. The intense 5D0–7F0 transition gives rise
to yellow-red emission [13,14]. Although, this transition allows
significant insights in the local structural site symmetries, yet, it
has a limited spectroscopic advantage in terms of a prominent

dx.doi.org/10.1016/j.jallcom.2010.11.086
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 1. XRD patterns of as prepared, 900 ◦C and 1200 ◦C heated Sr5(PO4)3F (SFAP)
host.

Table 1
Crystallographic data for Sr5(PO4)3F (SFAP) lattice.

Phase Sr5(PO4)3F

Empirical formula Sr5P3O12F
Structure Hexagonal (apatite)
Space group P63/m; z = 2
Formula weight 742.008 g/mol
Density 4.17 g/cm3

Lattice parameter

experimental values of the d-spacings match reasonably well with
the theoretical values as shown in Table 2. It seems that the FWHM
of the as prepared sample is much broader than the annealed sam-
ples indicating that there was a relative increase in particle sizes
due to the annealing process and the crystallinity of the samples

Table 2
h k l planes and d-spacing of Sr5(PO4)3F (SFAP) lattice.

h k l d-Spacing (Å)

Theoretical As-prepared 900 ◦C 1200 ◦C

2 0 0 4.230 4.228 4.233 4.231
1 1 1 4.050 4.049 4.055 4.051
0 0 2 3.610 3.605 3.609 3.608
1 0 2 3.320 3.322 3.319 3.323
2 1 0 3.200 3.203 3.201 3.202
1 1 2 2.901 2.905 2.904 2.903
3 0 0 2.822 2.820 2.824 2.827
2 0 2 2.745 2.743 2.745 2.746
2 1 2 2.404 2.406 2.403 2.401
3 1 1 2.232 2.231 2.233 2.230
1 1 3 2.157 2.155 2.157 2.156
2 2 2 2.023 2.021 2.023 2.024
3 1 2 1.967 1.964 1.968 1.963
2 1 3 1.922 1.924 1.223 1.927
3 2 1 1.875 1.877 1.879 1.872
I.M. Nagpure et al. / Journal of Alloy

ed emitting phosphor. As an interest to the phosphor industry,
he suppression of the 5D0–7F0 yellow emission line is required,
hereby subtle adjustments to the crystal field and distortion of

ocal site symmetries play a vital role.
In the present case, investigations were done on prominent red

mitting Eu3+ doped SFAP prepared by the combustion method to
tudy the relation between structural and optical properties and
heir dependence on temperature and chemical composition. In
articular, the occupation mode of Eu3+ ions on the 4f and 6h posi-
ions and that of the F− ions on the 2a lattice positions in the apatite
tructure of the Sr5(PO4)3F phosphors were of interest. Moreover,
nterest in this phosphate based system comes from its potential
se as a prominent red light emitting phosphor. A study on the
hemical stability is also very important to test the application
alue of this material. A manuscript dealing with the stability issue
ill follow soon.

. Experimental

Sr5(PO4)3F:Eu3+ phosphors were prepared via the combustion method using
rea as a fuel. All the chemicals used in the phosphor preparation were of
9.99% purity. The starting materials were strontium nitrate (Sr(NO3)2·4H2O), di-
mmonium hydrogen phosphate (NH4H2(PO4)), ammonium fluoride (NH4F) and
u nitrate Eu(NO3)3·6H2O. All the reagents in required amounts were dissolved in
ppropriate solvents and mixed together to obtain a homogeneous solution. Urea
NH2CONH2) was dissolved in water. The ratio of the metal nitrates (oxidizers) and
rea (fuel) was calculated using the total oxidizing and reducing valencies of the
omponents, which served as the numerical coefficients to get an equivalent ratio
f unity. To avoid an incomplete combustion reaction excess quantity of urea was
dded in the reaction mixture and an excess heat was liberated during the com-
ustion process [15]. Urea solution was added to the metal nitrate solutions with
igorous stirring. The chemical reaction taking place in the combustion process can
oughly be described as follows:

3OSr(NO3)2+18NH4H2(PO4)+6NH4F + 29NH2CONH2(excess) + Eu(NO3)3 · 6H2O(m%)

→ 6Sr5(PO4)3F : Eum% + 80N2 + 29CO2 + 151H2O

After stirring for about 30 min, a semi-solid mass was obtained. This mass
as transferred to a muffle furnace preheated at 500–600 ◦C and after 5 min a
orous product was obtained which was designated as the as-prepared sample.
r5(PO4)3:Eu3+ samples were prepared with different concentrations (0.1, 0.5, 1 and
mol%) of Eu3+ ions. The samples were annealed at 900 or 1200 ◦C to evaluate the
ffect of temperature on the structure and luminescence intensity.

The as-prepared (unannealed) and annealed powders were characterized by
-ray powder diffraction (XRD) in order to determine the phase purity and crys-

allinity. XRD analysis was carried out using a PAN-analytical diffractometer with
u-K� (� = 1.5418 Å) X-rays at a scanning step of 0.01◦; scanning time at each step-
0 s, in the 2� range from 10◦ to 60◦ . The morphology and chemical composition
nalyses were carried out using a Shimadzu’s SSX-550 scanning electron microscope
SEM) and energy dispersive X-ray (EDS) spectrometer, respectively. The photolu-

inescence (PL) and lifetime decay and time resolved data of the phosphors were
ecorded using a CD-920 unit from Edinburgh Analytical Instruments, UK.

. Results and discussion

.1. Structural, compositional and morphostructural
haracterizations

XRD patterns of the as-prepared, 900 and 1200 ◦C annealed
owder samples of the Sr5(PO4)3F:Eu1 mol% were obtained as shown

n Fig. 1. The small quantity of the doped ions in the crystal did
ot change the crystal structure. Since Eu3+ has a smaller ionic
adius of 0.947 Å compared to that of the Sr2+ (1.12 Å) ions, it
an be easily incorporated into the Sr2+ sites. The XRD patterns
howed characteristic reflections of the hexagonal apatite structure
f Sr5(PO4)3F with z = 2 [9]. The patterns were compared with those
f the standard JCPDs data file number No. 017-0609. An extra peak

s observed in the XRD pattern of the Sr5(PO4)3F:Eu1 mol% at 29.3◦

� (labeled with a star). The experimental diffraction pattern was
hecked for the presence of impurity phases such as Sr2P2O7 (JCPDs
ata file no 75-1490 as suggested by Toda [16] in Sr6BP5O20:Eu2+),
uPO4 (JCPDs data file no. 18-0506) and Eu2O3/Eu(NO3)3 (JCPDs
a (Å) 8.7350
b (Å) 9.29477
c (Å) 22.7789

˛ = ˇ = 90◦ = � = 120◦ .

data file no. 31-0508). The extra impurity peak matches with the
strongest diffraction line of the Eu2O3 phase [17]. The XRD pat-
terns did not show any super lattice peaks and the full width at the
half maxima (FWHM) varied only in a small range. The X-ray crys-
tallography data of the Sr5(PO4)3F lattice is listed in Table 1. The
4 1 0 1.847 1.846 1.843 1.849
4 0 2 1.825 1.827 1.828 1.822
4 2 0 1.600 1.601 1.603 1.604
4 0 3 1.588 1.585 1.587 1.589
5 0 2 1.533 1.534 1.536 1.533
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ig. 2. Crystal structure of Sr5(PO4)3F (SFAP) host, strongest reflection coming from
he plane (1 1 2) as indicated.

ere improved during the annealing process.
A schematic of the ideal hexagonal apatite crystallite structure

f Sr5(PO4)3F with the strongest reflection plane at (1 1 2) is shown
n Fig. 2. The bond length between the divalent host metal ion (Sr2+)
nd fluoride (F−) in Sr5(PO4)3F is smaller than the sum of the ionic
adii between the individual host metal and the F ion in the case
f coordination number 7 [18]. Along the c axis, F1 anions occupy
he 2a position in (I) and are coordinated by three equidistant Sr2
toms. In the apatite family the fluoroapatite has the highest sym-
etry with the space group corresponding to P63/m which can be

ttributed to the occurrence of fluoride ions in the planes of tri-
ngles constituted by alkaline earths [7]. Polarization of the Sr2+

ivalent metal ions in the triangles by the small F− ions could play

Fig. 3. SEM-EDS patterns of as prepared, 900 ◦C an
Compounds 509 (2011) 2544–2551

the role in reducing the effective radius in the direction towards
the F− ion showing more effective photoluminescent properties.
The number and position of the halide ions in the first coordina-
tion sphere of Sr ions depend on the fluoride content in the mixed
crystals and at constant fluoride content, different Sr ions do not
have the same surroundings of halide ions in their first coordina-
tion sphere in the range of 0 < x < 1 [9]. The ionic radii of Eu ions
are 94.7 pm for the coordination numbers 7, 8, or 9 [18]. Therefore,
Eu3+ ions should occupy statistically both cation positions in the
unit cell. From XRD measurements, it could not be decided whether
Eu3+ ions prefer one of the two positions.

Major chemical elements, namely Sr, P, O, F and small amount of
Eu were detected from the EDS data as shown in Fig. 3. Atomic per-
centages are consistent with expected results except for the O. From
the weight and atomic percentage ratios the oxygen concentration
is slightly higher than the expected value. This excess of oxygen in
the crystal may be due to the trapping of gases in the porous struc-
ture during the combustion reaction. SEM micrographs of the as
prepared and annealed SAFP samples are shown in Fig. 4(a)–(c). The
effects of annealing on the morphology of SAPF are clearly observed.
The as prepared Sr5(PO4)3F samples consisted of spherical particles
which transformed to microporous coagulated fluffy particles after
annealing.

3.2. PL investigation

3.2.1. Observations in the as-prepared sample
Fig. 5 shows the PL emission and excitation (inset) spectra of

the as prepared SFAP samples with different concentrations of
Eu3+. The prominent excitation band at 243 nm may be due to
the Eu3+–O2− charge transfer (CT) and the other smaller peaks
as can be seen in the inset of Fig. 5 at 238, 263, 283 and 309 nm
can be assigned to the 4f–4f transitions [19] of Eu3+. The PL emis-
sion spectrum (�exc = 243 nm) consists of the major peak at 616 nm

that can be ascribed to the 5D0 → 7F2 transition of Eu3+ and other
peaks at 590, 653, 680 and 705 nm to the 5D0 → 7F1, 5D0 → 7F3 and
5D0 → 7F4 transitions of Eu3+, respectively. The abnormal feature
of the Eu-apatite structure appears as a shoulder and is observed
at 578.7 nm corresponding to the 5D0 → 7F0 transition [10–14]. The

d 1200 ◦C heated Sr5(PO4)3F (SFAP) samples.
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Fig. 4. (a) SEM images of Sr5(PO4)3F (SFAP) as prepared host. (b) SEM images of Sr5(PO4)3

1200 ◦C for 1 h.

Fig. 5. PL emission intensity as the function of wavelength of as-prepared
Sr5(PO4)3F:Eu0.1–2m%, attributed to intraconfigurational 5D0–7FJ (J = 0–4) transitions
monitored at �ex = 243 nm. (exc. sp. is shown in the inset).
F (SFAP) host, at 900 ◦C for 1 h. (c) SEM images of Sr5(PO4)3F (SFAP) host, heated at

5D0 → 7F0 transition is normally forbidden and will be present only
when Eu3+ ion occupies sites with local symmetries of C3 or Cs

[12]. The 5D0 → 7F0 line has been observed in the compounds with
a strongly covalent Eu–O bond and this favors a higher intensity
[14]. One can note that the intensity of the 5D0 → 7F0 transition
is weak in our case and it appears as a shoulder band at the same
position as reported previously for an Eu-apatite structure [10–14].
The possibility of occurrence of pure red emission and suppression
of the 5D0 → 7F0 transition in the sample can be based on charge
compensation and site symmetry distribution. We have performed
a site-selective study of a particular level so that it is possible to
see the distribution of Eu3+ in the S1 and S2 nonequivalent crys-
tallographic sites in this material. The PL intensity increased with
an increase in concentration from 0.5 to 1 mol% and it started
to decrease at 2 mol% probably due to concentration quenching
effects. From the emission spectrum, it seems that the 5D0 → 7F0
transition is present as a shoulder in all the concentration and
becomes prominent with higher Eu3+ concentrations. Note that
further luminescence investigations were conducted only on the

powder that gave the maximum PL intensity, i.e. the powder with
the 1 mol% of Eu3+ doping. The PL spectrum from this powder is
characterized by relatively major prominent emissions at 616 nm
(red) and 590 nm (orange) and an abnormal non-degenerated emis-
sion at 578.7 nm as a shoulder. The red emission is associated
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ig. 6. Decay curve for the 1 mol% Eu doped as-prepared Sr5(PO4)3F (SFAP) sample.

ith the electric dipole transition with �J = ±2, while the orange
mission at 590 nm is a typical magnetic dipole transition. In the
ase of Eu3+, the relative intensity of the 616 to the 590 nm peak
trongly depends on the local site symmetry around the Eu3+ ions. A
ower symmetry around Eu3+ ion would result in a higher I616/I590
alue, known as an asymmetric factor or asymmetric ratio [20].
n this case, the presence of a more intense red peak at 616 nm
ue to the 5D0 → 7F2 transition, confirms that Eu3+ emission is par-

ty forbidden and observed only when the lattice environment is
istorted and contains non-inversion symmetry [21]. Being forced
lectric-dipole transition, this transition is hypersensitive to the
nvironment.

As noted before Sr has two lattice sites, namely S1 and S2
hat can be occupied by Eu3+ ions [22]. To get an idea about the
xact nature of the dopant ion occupancy in these lattice sites,
uorescence decay time studies were conducted. Fig. 6 shows the

uminescence decay curve for the 1 mol% of Eu from the as prepared
ample with �ex = 243 nm and �em = 616 nm. The lifetime data could
e fitted into a bi-exponential decay curve via the following equa-
ion:

(t) = A + B1 exp
(−t

�1

)
+ B2 exp

(−t

�2

)

here A, B1 and B2 are scalar quantities, t is the time and �1,2 are the
ecay time values. A best fit with probability �2 ≈ 1.1 was obtained
or decay time values of �1 = 1.5 and �2 = 3.9 ms which are consis-
ent with the lifetime values reported in the literature [23]. The
resence of larger �2 values suggests that two components are
esponsible for the decay time. The faster component associated
ith the 5D0 → 7F2 state of the Eu3+ ion is expected to be exponen-

ial having a decay constant around 1.5 ms in the SFAP host with
0% contribution to the overall decay process. When Eu ion resides
n the S1 site of the Sr2+ ion and the 2nd component (3.9 ms) sug-
ests the presence of an additional relaxation process (40% to the
otal contribution) affecting the relaxation rate of the higher excited
tates of the activator in this phosphor system. The slower compo-
ent of S1 is associated with slow transfer of charge carrier before
ecombination on the luminescence center. It is likely to arise from
quasi stable luminescence center of the S2 sites with longer life

ime. The origin of two contributions can be confirmed from the

ime resolved spectroscopy. According to several literature stud-
es [12,14,24,25], Eu3+ substitutes Sr2+ ions and occupy mainly the
2 sites, with a relative abundance of 60% which makes 5D0 → 7F0
ransition more intense compared to other transition of Eu3+. In our
ase observed 5D0 → 7F0 emission band at 578.7 nm is related to S1
Fig. 7. Emission spectra of two sites of Sr2+ ion occupied by Eu3+ in the Sr5(PO4)3F
(SFAP) host.

sites, with a relative abundance of 40%. It is very difficult to suggest
the suppression of 578.7 nm peak due to above mentioned (60% and
40%) distribution of Eu in the S1 and S2 site. The charge compensa-
tion phenomenon also plays an important role in the suppression
of the 5D0 → 7F0 line. Modulation of I616/I590 ratio as compared to
the previous reports is a result of change in local site occupancies
of the Eu3+ ion during the doping process rendering the phosphor
with a better color purity and short decay time suitable for spe-
cific applications. The distributions of the Eu3+ ion in the prepared
phosphors depend strongly on synthesis factors like the composi-
tion of the precursor mixtures, used fuel to oxidizer ratio and the
ignition temperatures. The self-propagating exothermic nature of
combustion reaction is very spontaneous and is benefited by small
reaction time and faster reaction rate to form stable compounds.
Owing to this nature, some thermodynamically permissible local
lattice site rearrangement is possible which in turn affects the over-
all dopant distribution. This is in contrast to the previously reported
Sr5(PO4)3F:Eu and strontium apatite phosphors prepared via solid
state and co-precipitation synthesis [10,11,13,14,24] where promi-
nent presence of 5D0 → 7F0 transitions was observed. This kind of
synthesis usually precedes slowly allowing different lattice site sta-
bilization and distributions. The optimum condition required for
the complete suppression of 5D0 → 7F0 transition while synthe-
sizing phosphor under variable combustion process parameters is
currently a subject of investigation.

Time resolved emission spectrometry provides a powerful tool
for identifying multiple species present in a system. Time-resolved
emission spectroscopy measurement of Sr5(PO4)3F:Eu1 mol% lumi-
nescence is presented to obtain a better understanding of the
emission characteristics of this phosphor. By virtue of triple res-
olution (excitation, emission and time resolution) systems having
similar excitation and emission properties can also be differenti-
ated. In the present case also, the occurrence of two life time values
in the Eu doped SFAP sample suggested the presence of two types
of lattice sites available for the Eu ions. Edinburg spectrofluropho-
tometer with an ICCD detector was used to detect the fluorescence
with a time delay set at 6 ms so as to obtain the contribution from
long-lived component between the 1st (S1) and the 2nd (S2) lat-
tice sites of the Sr2+ ion where Eu3+ can be accommodated. These
two sites responsible for the two life time values were identified.
Indeed with that time delay the (S1) lattice site which has a time

constant of the order of 1.5 ms completely vanished and the 2nd
(S2) lattice site should be detected. Fig. 7 shows the spectra of the
Eu ions present in two different sites responsible for the respec-
tive decay times. It is worth noting that there is a drastic difference
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Table 3 gives the asymmetric intensity ratios of the spectra
obtained for the annealed samples. It is evident from the table that
as the annealing temperature is increased; there is an decrease in
the I616 value with respect to I590 suggesting that, Eu3+ is more
I.M. Nagpure et al. / Journal of Alloy

etween the sites as expected. The asymmetric ratio (I616/I590) val-
es for site 1 is ∼2.0 whereas for site 2 it is ∼0.90 indicating that site
is more symmetric with respect to site 1. This observation is also

vident from the fact that the 5D0 → 7F0 transition (at 578.7 nm) is
nly observed in the case of site 1. The 0 to 0 transition is purely
f electric dipole in nature, in a symmetric system, and it is diffi-
ult to be observed according to the Judd–Ofelt theory. While in an
symmetric system such as in site 1 it is expected to be observed.
t is well known as indicated above that there are two types of Sr2+

ites in the crystal and probably the Eu ion is replacing the Sr in
hese two sites. From the correlation of the crystal structure data
f SFAP and the luminescence investigations it was concluded that
0% of the trivalent Eu ions are occupying Cs symmetry and the
ther 40% ions are occupying a more symmetric C3 symmetry and
ence the overall emission spectrum is predominantly that of an
symmetric one. The site symmetry might have changed because
f the charge-compensating species and the transition probability
or these transitions of the Eu3+ occupying the S1 sites may be low.
he geometry of the system should be closer to the centrosymmet-
ic system in which case the electric dipole transition is expected
o be forbidden [26]. This will, however, have a minimum effect
ue to the geometry of the S1 symmetric site (C3) that remains

ntact. The high emission intensity from the S2 site may be due to
n intense resonant transfer to the Eu3+(S2) asymmetric site (Cs)
27]. Furthermore it appears that the relative abundance of the S1
ites should be low compared with that of the Eu3+(S2) site. This
eems to be possible because the excitation spectrum used to mon-
tor these lines leads to a similar pattern that is comparable to that
f the former, except that there is a change in the intensity ratio
ue to the distorted nature of the site [27]. The preference of Eu3+

or the S2 site agrees well with the model explained by Blasse [28]
ased on the electrostatic potential. It is therefore reasonable to
onclude that Eu3+ in the SFAP system predominantly occupies the
2 sites and the intense resonant transfer from Eu3+(S1) to Eu3+(S2)
akes the emission from S1 sites very weak.
When trivalent RE ions substituted divalent ions, charge com-

ensation is required. The substitution gives rise to a distortion of
he site symmetry allowing a stronger interaction of the 5D0 and
F0 states with the charge transfer band of Eu3+ [29]. In this case
r5(PO4)3F is a hexagonal apatite crystal structure with z = 2. The
ppearance of strong 5D0 → 7F0 emission is related to the admixing
f heavily odd-parity states into the 5D0 and 7F0 states through the
rystal field potential leads to the breakdown of the closure approx-
mation in the Judd–Ofelt theory. This is possible only in the case

hen the charge transfer band is taken as an admixing excited state
nd site symmetry is the lowest corresponding to the 5D0 → 7F0
mission [29]. In our combustion synthesized Eu doped Sr5(PO4)3F
ample, the extent of symmetry for the two sites S1 and S2 is dif-
erent compared to the previously reported Eu doped fluroapatite
10,11]. The intense 5D0 → 7F0 emission results from the charge
eutrality between the Eu3+ in the Sr(II) site and the free O2− ion.
herefore a strong covalent character of Eu3+–O2− bonding in the
patite structure is expected [13,14,30]. With majority of Eu3+ ions
60%) occupying a site S1 (4f) which lacks a pronounced linear crys-
al field term, the 5D0 → 7F0 emission is very weak in our case even
hough the dopant is charge compensated by an oxygen ion on the
uorine site.

.2.2. Observations in the annealed samples
Fig. 8 shows the PL emission spectra of the Eu ion doped SFAP

amples as a function of the annealing temperature. It is clear from

he spectra that with an increase in the annealing temperature,
here is a reduction in the fluorescence intensity of the Eu signal
long with the evolution of a weak signal at ∼430–450 nm. The
nset of Fig. 8 shows the enlarged portion of the 400–480 nm part
f the spectra. This is typical behavior of Eu2+ originating from inter
Fig. 8. Emission spectrum of the Sr5(PO4)3F:Eu1m% sample as function of annealing
temperature.

electronic rearrangement (4f6 5d to 4f7 ground state) [28]. With the
increase in annealing temperature, the PL due to the Eu3+ intensity
decreased and the PL from the Eu2+ intensity increased suggesting
a reduction of Eu3+ to Eu2+ in the system.

The inter electronic rearrangement taking place in the divalent
Eu ion is both laporte and spin allowed (being an f–d transition)
and is expected to be very fast (of the order of nanoseconds). In
fact, the divalent Eu is reported to have decay time values in the
range of a few hundreds of nanoseconds to a few microseconds
[31]. The decay characteristics of the 440 nm peak (�exc = 243 nm)
were investigated. The decay curve obtained was fitted with a single
exponential equation. Fig. 9 shows the decay profile where a decay
time of 500 ns was obtained as the best fit value for the Eu2+ fluores-
cence decay times. This observation further confirms the presence
of Eu2+ in the system and is the best match with the life time of
Eu2+ ion doped different phosphors reported by Särner et al. [32].
Fig. 9. Decay time curve for the Eu2+ ion in Sr5(PO4)3F as-prepared host.
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Table 3
Asymmetric intensity ratio (I616/I590) Sr5(PO4)3F:Eu (SFAP) sample as function of
annealing temperature.

Sample Asymmetric intensity ratio (I616/I590)

As-prepared 2.31
900 annealed 1.97
1200 annealed 1.54
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ig. 10. Decay time curves for the Sr5(PO4)3F:Eu1m% in as-prepared and annealed
amples.

referentially going to the symmetric site (C3) rather than to the
symmetric one (Cs) as mentioned from the time resolved emis-
ion spectrum. Which means that, Eu3+ ions present in the distorted
nvironment gets preferentially reduced to the divalent ion as com-
ared to the ions present in a symmetric state. The crystallites with
wo different lattice sites in the Sr2+ host contribute to the pres-
nce of defects on the surface and annealing directly affecting the
ifetime values. Therefore, the defect produced via annealing in the
ystem can be responsible for the overall lifetime of Eu3+ ion due to
he contribution of the increasing non-radiative process. Since no
xternal reagent was used, in the system which could lead to the
eduction, it can be argued that the reduction of the lanthanide ion
s brought about by a process which can best be described as defect

ediated. Such type of defect center mediated reduction is well
eported by several workers [33]. Since the Eu3+ ion in disordered
nvironment, gets reduced preferentially, it can be said that, these
ype of ions are in the vicinity of the defect centers. And the 3+ ions
n the symmetric environment are away from the defect centers so
hat they are not reduced. This argument is further supported by
he decay time experiments performed on the annealed samples.
ig. 10 gives a comparison of the decay time graphs for the as pre-
ared, 900 and 1200 annealed samples whose details are listed in

able 4.

Table 4 shows the two decay time values obtained for the as pre-
ared as well as annealed samples. The figures within the bracket
re the relative percentages of the individual components. It can be
bserved from the data that with an increase in the annealing tem-

able 4
ecay time values and relative percentage of Sr5(PO4)3F:Eu1m% in as-prepared and
nnealed samples.

Sample �1 (ms) �2 (ms)

As-prepared 1.54 (60%) 3.91 (40%)
900 1.39 (53%) 3.80 (47%)
1200 1.43 (48%) 3.85 (52%)

[
[
[

[
[
[
[
[
[
[
[

[

[
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perature, the component with longer decay time is in fact reducing.
The component with shorter decay time is increasing with no sig-
nificant change in the decay time values. This also suggests that
Eu3+ is getting converted into the divalent species preferentially
from the site with longer decay time, i.e. with a distorted geometry
(Cs). It is worth noting that by annealing at the higher temperatures,
there was no change in the decay time values for the divalent ion
indicating that, there is only one type of Eu2+ present in the system.

4. Conclusion

Eu doped strontium fluorapatite was synthesized via the com-
bustion method using urea as the fuel element. It was characterized
by XRD, EDS, SEM and PL techniques. The maximum PL intensity
was observed from the sample with 1 mol% of Eu3+ co-doping. Eu3+

occupied two different sites in the Sr5(PO4)3F matrix, namely S1
and S2 with the relative ratios of 60 and 40%, respectively. The major
fraction of the trivalent ion was present in a disordered geometry
(Cs) whereas the other portion was present in a symmetric envi-
ronment (C3). The charge compensation and site distribution play
an important role in the suppression of the 5D0 → 7F0 yellow line
and 5D0 → 7F2 emission line appeared as a prominent red emis-
sion. After annealing at 900 and 1200 ◦C a reduction in the Eu3+

PL intensity with the increase in asymmetric ratio was observed.
The formation of Eu2+ in the system upon annealing the sample
was also observed. It can be concluded that the Eu3+ was reduced
to Eu2+ preferably from a position which is near to the defect cen-
ters.
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