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In this study, a series of novel single-phased white light-emitting phosphor St 3_y/2.12)Ca(2.7.x/2-/2)(PO4)6F2:
xEu?!, yMn** (0 < x < 0.06, 0 <y < 0.9) (SCPF: xEu*", yMn>") have been successfully prepared through a
high temperature solid-state reaction. The crystal structure and photoluminescence have been measured
and analyzed. The energy transfer mechanism is demonstrated to be a quadrupole-quadrupole interaction
and the critical distance between the Eu?* and Mn?'has been calculated. Meanwhile, the efficiency 1 of
the energy transfer from Eu?' to Mn®" can reach 76%. The excitation spectra monitored at 457 nm range
from 290 nm to 400 nm. Under excitation at 365 nm, the emission spectra include two broad bands
peaked at 458 nm and 570 nm. By changing the ratio of Eu®>* / Mn*', the emission color can change from
blue to white. Furthermore, our results give the Commission International de L’Eclairage (CIE)
chromaticity coordinates for the white LED as (0.334, 0.307) and a correlated color temperature of 3982K,
which indicates that the SCPF: Eu?*, Mn®" phosphor is a very promising candidate for near ultraviolet

(NUV) white light emitting diode (WLED) phosphor.

1. Introduction

In recent years, WLEDs have attracted much attention and
gradually replace the traditional filament lamps to become the
next generation solid-state light sources, due to their low energy
consumption, long service lifetime, as well as high brightness and
environmentally friendly properties.'> Until recently, the
commercial WLEDs was achieved by the combination of an
InGaN chip with a Y3Al504,: Ce** (YAG: Ce) phosphor.
However, this kind of WLEDs exhibits a high correlated color
temperature (CCT) and a poor color rendering index duo to a lack
of the red emission band.*> In order to overcome this problem,
the method of blending tricolor (blue, green, red) phosphors upon
the UV chips has been employed to realize warm-WLEDs.
However, this way also suffers from the problem of the low
luminescence efficiency and color aberration due to emission
reabsorption and different degradation rates of the three-primary
phosphors.”® Be based upon the status quo, the single-phased
white light-emitting phosphors have become more and more
important because of their excellent luminescence efficiency,
color reproducibility and good color rendering index. In order to
get a single-phase white-emitting phosphor with full-color
emission, integrating single-doped activators into different
crystallographic sites, co-doped activators using energy transfer
and Eu*/ Eu®* -codoped have been employed, such as
CagY,Nay(PO4)eF»: Eu*', Mn?",” Sr;GdNa(PO,);F: Eu*", Mn?",'
Na,Ca;Mg,Si,Or5: Eu®', Mn*",'"' LasSi,BOj;: Ce**, Mn*',"2
Cazr(PO,),:  Eu*/Ev*")®  Ca,POCl:  Eu*, Mn? "
CagMg(PO,)6F,: Eu?*, Mn*","> and so on.
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Fluoro-apatite phosphors with the general formula M,;o(XOy,)cL,
(M =Ca, Sr, Ba; X =P, Si, V; L =F, Cl, OH) are widely studied
due to their excellent chemical and thermal stability, low resultant
temperature, and environmentally friendly'®". Among the
apatite-type fluorophosphors family, Ca,o(PO,)¢F, is the most
common fluoro-apatite and has been widely investigated for
different applications. Through Sr replacing Ca ions, a novel
phase of Sr7;Ca, 7(PO,4)sF, can be formed®®, which is isostructural
with the fluorapatite (Ca;o(PO4)sF,). To the best of our
knowledge, the luminescence properties of Sry;Ca,7(POy4)sF2
containing rare earths ions have not been reported before. As we
know, Eu®" is a good sensitizer because it has strong absorption
in the UV and visible region, and high emission intensity due to
its d-f dipole-allowed transitions. The emission spectrum is
dependent on crystal field and covalency which is attributed to
outmost 5d electron, so the emission spectrum of Eu®’ ions
exhibits a broad band covering blue color to red color. On the
contrast, Mn”" ions often act as an activator due to its d-d spin-
forbidden transitions. However, Mn*>" ions can exhibit a broad
emission band in the visible range.?'** In order to improve the
Mn?*-emission intensity, Eu*" ions act as a good sensitizer,
transferring part of its energy to Mn** ions. In a number of hosts,
this way has been employed to realize warn white-emitting.*' **In
the present work, we synthesized the novel SCPF: Eu?', Mn**
phosphors by a solid state reaction and its crystal structure and
phase analysis have been investigated, through the X-ray powder
diffraction (XRD) measurements and the Rietveld structural
refinements. The luminescence properties and the mechanism of
the energy transfer from Eu”" to Mn®" ions were also discussed in

75 detail.
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2. Experimental
2.1 Materials and synthesis

A series of SCPF: Eu®*, Mn®" phosphors were synthesized by
a high solid-state reaction method. The raw materials CaCO; (A.
R. (Analytical Reagent)), SrCO; (A. R.), CaF, (A. R)),
NH,H,PO4 (A.R.), Euy0; (99.99%) and MnCO; (A. R.) were
added in a stoichiometric ratio. After mixing and ground in an
agate mortar, the mixtures were heated at 1250 °C for 4h under a
5% H,- 45% Njreducing atmosphere, then the samples were
furnace-cooled to room temperature, and ground again into
powders for measurement.

2.2 Measurements and characterization

The crystal structures of the synthesized samples were identified
by (XRD) using a Rigaku D/max—2400 X diffraction with Ni-
filtered Cu Ko radiation. The photoluminescence (PL) and
photoluminescence excitation (PLE) were measured by a FLS-
920T fluorescence spectrophotometer equipped with a 450W Xe
light source and double excitation monochromators. The PL
decay curves were measured by a FLS-920T fluorescence
spectrophotometer with nF900 nanosecond Flashlamp as the light
source. All of the measurements were performed at room
temperature.

3. Results and discussion
3.1 Phase identification and crystal structure

In order to investigate the crystal structure of the SCPF,
especially for the coordination environment of the Ca®*/Sr** ions,
the Rietveld structural refinements for SCPF were performed
based on the general structure analysis system (GSAS) program”*
and the calculated, observed, and different results for the Rietveld
refinement XRD patterns are shown in the Fig. 1(a). All of the
observed peaks satisfy the reflection condition and converge to
Ryp = 7.6%, R, = 6.01%, and x> = 3.801. Fig. 1(b) exhibits that
SCPF crystallizes in a hexagonal crystal system with space group
P 65 (173) and lattice parameters of a = 9.6033A, ¢ = 7.1309A,
respectively. The exact Rietveld refinement and crystal data of
Sr;3Ca, 7(PO4)sFophosphor are listed in Table 1. It indicates that
SCPF is isostructural with the fluorapatite (Ca;o(PO,)6F2).
Meanwhile, the coordination environments of the cation sites are
also presented in the Fig. 1(b) and there are two kinds of the
cation sites which are occupied by Ca® and Sr** ions. One site is
coordinated to nine oxygen atoms, and the other is a seven-fold
coordinated site which is surrounded by six oxygen atoms and
one fluorine atom. As can be seen, two cation sites are connected
by five and six tetrahedral PO, groups, respectively, through
corner shared and edge shared. It is well known that the radii of
Eu®" and Mn*" ions are close to that of Ca** or St*" ions.>On the
basis of the similar effective ionic radii and valence state, we can
reasonably suppose that Eu? and Mn*" ions occupy Ca*" or Sr**
sites at random.
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Fig. 1 (a) Rietveld refinement of powder XRD profile of
Sr73Ca, 7(PO4)sF,. (b) Crystal structure of Sry3Ca, 7(PO4)sF, and the

r2+

coordination environment of the Ca>*/Sr*" ions.

Table 1Rietveld refinement and crystal data of Sr73Ca, 7(PO4)sF2

55 phosphor.

Empirical formula Sr;3Cay 7(PO4)6F2
Radiation type CuKa
260 range (°) 10-80
Formula weight 677.83 g/mol
Crystal system hexagonal
Space group P63 (173)
a/A 9.6033
c/A 7.1309
V/A? 569.53
zZ 2
R, (%) 6.01
Ryp(%) 7.6
r 3.801

Fig. 2 shows the XRD patterns of the obtained SCPF: 0.03Eu’",
yMn®" (0 < y <0.9) phosphors with different Mn>" concentration.

s When the diffraction data were compared with the simulated

patterns, it is found that all the positions and relative intensity are
in good agreement with the simulated patterns and no impurity
phase was detected. The results indicate that the prepared samples
belong to the pure phase.

2 | Journal Name, [year], [voll, 00-00

This journal is © The Royal Society of Chemistry [year]

Page 2 of 6



Page 3 of 6

10 20 30 40 50 60 70 80
2 Theta (degree)

Fig. 2XRD patterns of SCPF: 0.03 Eu**, yMn** (0 < y< 0.9) phosphors
and simulated patterns.

3.2 Luminescence properties of Eu>" and Mn*" in the SCPF
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Fig. 3 The emission spectra and excitation spectrum of the SCPF: xEu**
(0.005 <x <0.06). The inset exhibits the relationship between the
emission intensity of Eu*" ions and doped Eu®" content.

Fig. 3 exhibits the PL spectra of Eu*" activated SCPF. As can be
10 seen, SCPF: Eu?' has a broad excitation band in the range of 290

nm to 400 nm monitoring at 458 nm, which is due to the 4f’-
41%5d" transitions of the Eu®" ions. Under excitation at 341 nm,
the blue light peaked at 458 nm can be detected. The asymmetric
broad emission band can be deconvoluted into two well-separated
15 Gaussian components peaked at 450 nm and 480 nm, which
indicates that there are two luminescence Eu®" centers in the host
lattice. The phenomenon is consistent with the fact that Eu®* ions
occupy two kinds of cation sites (nine-fold coordinated and
seven-fold coordinated sites) in the host. The inset of Fig. 3
2 shows the emission intensity of SCPF: xEu®" at different Eu®*
concentrations excited at 365 nm. As the Eu®>" content increases,
the intensity of the emission spectra of the SCPF: Eu®" increases
gradually and reaches a maximum at x = 0.03, and then decreases
due to the concentration quenching happening between Eu®" ions,
25 5o the optimal concentration of Eu*" ions is located at x = 0.03.
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Fig. 4 The excitation spectra (left) and emission spectra (right) of the
SCPF: Eu** (a), SCPF: Mn*" (b), and SCPF: Eu*", Mn*" (c) samples, and
their corresponding Gaussian components (green lines).

30 Fig. 4(b) displays the PL spectra of SCPF: Mn”*. Monitored
at 643 nm, the excitation spectrum show several bands peaking at
280 nm, 335 nm, 404 nm, 495 nm, respectively, corresponding to
the transition of Mn®" jons from the ground level °A,(°S) to
‘E('D), ‘TL(*D), [*A1(*G),’E(*G)] and *T,(*G) excited level,

3 respectively.”® Under excitation at 410 nm, the SCPF: Mn**
shows a broad emission band ranging from 550 nm to 700 nm,
which is attributed to the *T;(*G)-°A,(°S) d-d spin-forbidden
transition of Mn?" ions. As shown in Fig. 4(b), the asymmetric
emission band can be decomposed into two symmetric bands

40 peaked at 570 nm and 643 nm via the Gaussian fitting, A measure
of the crystal field strength (Dq) around Mn®' ions can be
depicted as follows?’

ze?r*
Dy =1 )

where R is the bond length, z is the anion charge, e is the electron

ss charge, and r is the d wave function. From the Rietveld
refinement, we have calculated the average radii of Ca/Sr-O
which are 2.6128 A (CN = 9) and 2.5428 A (CN = 7). As we
know, the Mn*" ions prefer to substitute for the larger Ca®"/Sr**
ions, which could lead to a shortening of the bond length and

so result in the enhancement of crystal field strength. As a result, the
stronger crystal field strength makes the lowest d state of Mn®*
ions closer to the ground state and finally produces the red shift.”®
On the basis of the above analysis, the emission peaks located at
570 nm and 643 nm corresponding to the Mn?* occupying seven-

ss fold coordinated sites and nine-fold coordinated sites,
respectively.

The PL spectra of Mn”>" and Eu®* co-doped SCPF are shown in
the Fig. 4(c). Under excitation at 365 nm, the emission band
includes two obvious bands peaked at 458 nm belonging to the

o0 transition of Eu*" ions and 570 nm attributed to the transition of
Mn?" ions. As can be seen, the emission intensity of Eu*" ions is
higher than that of Mn?" ions, which is due to the fact that the d-d
transition of Mn?' ions is electric spin-forbidden, while f-d
transition of Eu®* ions belongs to electric dipole-allowed

os transition. As shown in Fig. 4(a) and Fig. 4(b), according to the
overlap between emission band of the SCPF: Eu®" and the

This journal is © The Royal Society of Chemistry [year]
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excitation band of the SCPF: Mn*", the energy transfer from Eu**
to Mn®" jons is expected to occur. In addition, the excitation
spectrum which monitored the emission of the Mn?' ions is
consistent with that which monitored the emission of the Eu®"
s ions, which is another evidence for energy transfer between Eu*"
and Mn*" ions.
In order to further understand the energy transfer between Eu®*
and Mn*" ions, the emission spectra of SCPF: 0.03Eu*", yMn*" (0
<y <0.9) excited at 365 nm are presented in the Fig. 5. The Eu**-
10 content was fixed at 0.03 which is the optimal concentration,
while the Mn**-content changes from 0 to 0.9. As can be seen, the
intensity of emission spectra of Eu?" ions decreases
monotonically with an increase in Mn®" doping content, whereas
the intensity of the Mn”'-emission obviously increases and
1s reaches a maximum at y = 0.6. The concentration quenching
happens between Mn?" ions when y> 0.6. According to Paulose et
al,”? the energy transfer efficiency 1 of the phosphors from Eu®*
to Mn*" ions was calculated and can be expressed as in equation:

n=1-Iylsy (2)

20 where Ig and Ig, are the luminescence intensities of sensitizer
Eu*" in the presence and absence of activator Mn?", respectively.
The results are shown in the Fig. 6, as the content of Mn*"
increases from 0 to 0.9, the energy transfer efficiency 1 increases
gradually and reaches 76%, when the doping content of Mn*" is

25 0.7.
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Fig. 5 Emission spectra of the SCPF: 0.03Eu*", yMn*" (0 <y < 0.9)
phosphors with various Mn®* content excited at 365 nm. The inset shows
the relationship between emission intensity of the Eu*" and Mn*" ions and

30 Mn** content.

400 700

0.8
~ /
£ 07
g} : /

.5 /

¥

2 06-

=

@

5

"g 0.5

[

-

E

B 0.4

1™

-]

=

=

0.3

T T T T T T T T T T T T T
0.1 0.2 0.3 0.4 0.5 0.6 0.7

Mn’" content )

Fig. 6 Dependence of the energy transfer efficiency n using integrated
emission intensity on the Mn®*" ions content ).

To further prove the phenomenon that the energy transfer from
s Eu”' to the Mn®" ions in the SCPF host, the fluorescence decay
curves of Eu?" in SCPF: 0.03Eu®*, yMn*" (0 < y < 0.9) samples
excited at 341 nm, monitored the emission of Eu*" ions at 458 nm
were measured and shown in Fig. 7. The decay curves fit well
with a second-order exponential decay mode, according to the

40 equation:**32

I= 4 exp(- f) + A, exp(— Ti) 3

1 2

where I is the luminescence intensity; A; and A, are constants; t

is the time, and 1, and 1, are rapid and slow times for the

exponential components, respectively. The average lifetime t can
ss be calculated by the formula as follows: >

o= (A7, + A,0,0) (AT, + A,7,) (4)

For SCPF: 0.03Eu?", yMn?" (0 < y < 0.9), the calculated average
lifetimes (r*) are 458.2, 453.3, 416.4, 394.3, 372.3 ns for y = 0,
0.1, 0.4, 0.6 and 0.9, respectively, which are shown in Fig. 7. The
so phenomenon that the average lifetime T~ decreases monotonically
with increasing Mn®* concentration also indicates energy transfer
happening between Eu*" and Mn?" ions.
In order to investigate the mechanism of the energy transfer from
the Eu®" to the Mn®" ions, the critical distance R of energy
ss transfer from Eu®" to Mn*" jons was calculated using the
concentration quenching method. The average separation R can
be obtained according to the following equation suggested by
Blass.*

R.= 2[L]1/3 ©)

X ¢

¢ There: x. is the total concentration of Eu?" and Mn?", at which
the emission intensity of Eu®" is half that of the sample in the
absence of Mn*" jons. N is the number of available sites for the
dopant in the unit cell (for SCPF, N = 20), and V is the volume of
the unit cell (for SCPF, V = 569.53 A%). According to the eqn (5),
¢s the critical distance R¢ was determined to be about 12.19 A. It is
well known that the critical distance between the sensitizer and

4 | Journal Name, [year], [vol], 00-00
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activator should be shorter than 5 A if energy transfer occurs
Therefore, it is little
possibility of energy transfer through the exchange interaction
between Eu*" and Mn?" ions.

y=0.9 1=376.3 ns

y=0.6 t=394.3 nd

owing to the exchange interaction.’’

-~
=
& y=04 t=416.4 ns
o)
-
‘B
S y=0.1 t1=453.3 ny
~—
=
(==
y=0 t=4582n
0 ‘ 560 r 1 OIUO ' 15|00 2000

Decay time (ns)
Fig. 7 Decay curves of Eu*" in SCPF: 0.03Eu*", yMn®* displayed on a
logarithmic intensity scale (excited at 365 nm, monitored at 458 nm).

5

On the basis of the Dexter energy transfer expression of
multipolar interaction and Reisfeld’ approximation, the energy
transfer mechanism from Eu?' to Mn®" ions in the host should
occur via electric multipole-multipole interaction. The following
relationship can be adopted by following equation:*®*°

s

(15 / 7)o C*" (6)

where 1 and 1 are the luminescence quantum efficiencies of Eu**

15 in the absence and presence of Mn*"; and o = 6, 8, and 10
corresponds to dipole-dipole, dipole-quadrupole, and quadrupole-
quadrupole interactions, respectively. In order to conduct simple
assess, the luminescence intensity ratio (Io/I) is approximately
with the value ny/m as follows:

2

S

I,/ D)ooC*”(7)

where I, and I are the emission intensity of Eu*" in the absence
and presence of Mn?", respectively. The results are exhibited in
Fig. 8, which show the Iy/1 vs CEU+M,,“/3. This clearly indicates a
better fitting result for C'®* compared with the others through the
linear fitting. This indicates that the quadrupole-quadrupole
interaction is mainly responsible for the energy transfer from Eu*
to Mn*" ions.
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Fig. 8 Dependence of I/l of Eu?" on (a) C*?, (b)C®?, (c)C'*>.
1 3.3 CIE coordinates of SCPF: Eu?*, Mn**

Eu+Mn

Fig. 9 exhibits the variation of the Commission International de
L’Eclairage (CIE) chromaticity coordinates of the SCPF:
0.03Eu®", yMn?* phosphors with different Mn®" doping contents,
under excitation at 365 nm. The CIE coordinates and CCTs are

35 calculated and summarized in Table 2. The results indicate that
the emission light can be modulated from blue to white with the
increasing doping content of the Mn?" jons. When the
concentration of Mn?'is increased to 0.6, a warm white light can
be obtained with good CIE coordinates of (0.334, 0.307) and

40 CCT of 3982K. It proves that warm, white light can be realized
for practical applications by changing the Mn*" concentration in
SCPF: Eu*’, Mn™".

45

50

55
Table 2Comparison of the CIE chromaticity coordinates and CCT (K)
for SCPF: 0.03Eu*", yMn?** phosphors excited at 365 nm.

Sample Sample CIE coordinates CCT (K)

no. Composition(n) x,y)
1 y=0 (0.155,0.103) 3042
2 y=0.05 (0.173, 0.129) 4918
3 y=0.1 (0.183,0.138) 5938
4 y=0.25 (0.251, 0.208) 97050
5 y=03 (0.269, 0.234) 21418
6 y=04 (0.299, 0.262) 9158
7 y=05 (0.334,0.307) 5402
8 y=0.6 (0.359, 0.331) 4343
9 y=07 (0.372, 0.344) 3982
10 y=028 (0.369, 0.349) 4129

This journal is © The Royal Society of Chemistry [year]
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3 7

Fig. 9 CIE chromaticity diagram for SCPF: 0.03 Eu*", yMn** (y =
0-0.9) phosphors (point 1 to 6) excited at 365 nm.

Conclusion

s In summary, a series of the SCPF: Eu®>', Mn®" phosphors were
successfully prepared through a solid-state reaction. According to
the spectroscopic data and fluorescence decay dynamics, the
energy transfer from Eu®" to Mn®" ions via quadrupole-
quadrupole interaction have been proved. By adjusting

10 concentration ratio of Eu®* and Mn**, a warm white light with
good CIE coordinates of (0.334, 0.307) and CCT of 3982K can
be realized. The results indicate that our identified SCPF: Eu*",
Mn?" phosphors could have a potential value for WLEDs.
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