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Eu**-doped oxyapatite SryLaio—+ (Si04)s O3_, /2 phosphors are prepared by solid-state reaction at high temper-

atures under reducing atmosphere.

Their crystal structures and photoluminescence are investigated by x-ray

diffraction (XRD) and fluorescence spectroscopy, respectively. The XRD results indicate that the samples are
pure oxyapatite phase (P63/m space group). The fluorescence spectra show two peaks corresponding to two sites
(4f and 6h sites) for Eu*" in the host lattice. As the Eu*" content influences the intensity ratio of the two
observed emission peaks, the photoluminescence mechanism is discussed.

Alkaline earth-rare earth silicates with the gen-
eral formula M,Lnjg_,(Si04)6X (M=Ca, Sr, Ba --+;
In = La, Y, Gd --; X = O, S, Se ---) and the
oxyapatite structure have been extensively studied
for their high chemical and physical stabilities. This
oxyapatite structure, in which the isolated covalent
silicate tetrahedrons form the skeleton of the frame-
work, contains two cationic sites that are the 9-fold
coordinated 4f(I) site and 7-fold coordinated 6k (1I)
site. Cations occupying the latter site form tunnels
for the X anions.) Such materials are usually used
as oxide ion conductors for solid oxide fuel cells due
to their good ionic conductivity.?! In regards to their
stable crystal structure and high thermal stability,
they have also been used as host materials for phos-
phors doped with trivalent rare earth ions such as
Eu3t, Tb3*, Sm3*, and show excellent luminescent
behaviors. 30!

As reported in the literature, Eu?T is often used
as a luminescent center as its emission and excita-
tion spectra usually consist of broad bands due to
electronic transitions between the 857/, (4f7) ground
state and the 4f05d excited state.[”) Because the in-
volved 5d orbitals are not shielded, they strongly
depend on the host matrix,® consequently the exci-
tation and emission bands are largely influenced by
the environment of Eu?*t ions in the crystal struc-
ture, i.e. covalence, crystal field effect, bond lengths,
symmetry and so on. Silicate phosphors activated
by Eu?t have usually been used as the phosphor
for white light-emitting-diodes illumination due to
a wide emission band under near ultraviolet and/or
blue irradiation.! In particular, in alkaline earth-rare
earth ternary silicate oxyapatites, Eu?>* can occupy

two different crystallographic sites which might result
in excellent photoluminescence properties. However,
the photoluminescence characteristics of Eu?* doped
silicate phosphors of the oxyapatite-type have been
scarcely reported so far.

Thus, in the present work, Eu?t doped
SrzLaig—4(Si04)603-4/2 (SLSOE) phosphors are pre-
pared by solid state reaction at high temperature
under reductive atmosphere, and their luminescent
properties are investigated in detail.

Powder samples with the general formula
Sty —yLiaio-2(Si04)603_5/2:Eu, were prepared by
using  SrCO3(3N), LagO3(4N), SiOy(4N) and
Euy03(4N) as raw materials. After stoichiometric ra-
tios of the starting materials were thoroughly mixed
and ground in an agate mortar, the mixtures were
pressed to form pellets and then fired at 1400°C for
6 h under reducing atmosphere (N2 + Hy (10%)).

Sample purity of the prepared products was
determined by powder x-ray diffraction (D8 AD-
VANCE, Bruker) using Cu Ka (A = 1.5405A) at
room temperature. A spectrofluorometer (Fluorolog-
3-P, Jobin Yvon) equipped with 450 W Xe-arc
lamp was used for the photoluminescence mea-
surement at room temperature. XRD patterns of
SryLai9—2(S104)605_5/2:Eu*t samples with z = 1 to
x = b5 are gathered in Fig. 1 and show that the diffrac-
tion peaks are in good agreement with those of CagLag
(Si04)602 (JCPDS No.29-337), which are attributed
to the hexagonal crystal form of oxyapatite based on
the space group P63/m. All the samples are single
phase, except for the sample z = 5 in which some
unknown peaks are observed. With the increasing x
value, the reflections slightly shift to lower angles as a



consequence of a higher concentration of Sr?* which
ionic radius is larger than that of La3*, i.e. 0.112nm
and 0.106 nm, respectively.
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Fig. 1. X-ray diffraction patterns of

SrpLajg—z (SiO4)603_x/2 :Eu?t.
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Fig. 2. Excitation and emission spectra of
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Fig. 3. Excitation and emission spectra of

Sr3.95Lag (Si04)GO:Eug.+05'

Figures 2 and 3 show the excitation and emis-
sion spectra of Sty g5Lag(Si04)s02:Euitys (z = 2) and
Sr3_95LaG(SiO4)GO:Eu(2).J55 (x = 4), respectively. In the
two cases, both excitation and emission bands are very
broad. Especially for x = 4, the excitation band mon-
itored at 570 nm even covers the range from 300 nm
to 450 nm which matches well with the NUV /Blue

light emitting diodes (LEDs). The emission bands
generally range from 420 nm to 650 nm and can be as-
signed to the 4f55d' — 4f7 transition of Eu?*. The
characteristic sharp peaks of Eu®* originating from
the D — "F transitions are not observed,'? thus we
can assume that all Eut ions have been reduced to
Eu?* during the synthesis. Moreover, PL spectra in
Figs. 2 and 3 exhibit different behaviors, depending on
Sr/La ratio or excitation wavelengths, which will be
discussed later.

Figures 4(a) and 4(b) presents the photolumines-
cence spectra (PL) of Sry_g.05La10-2(5i04)603_5/2:
Eug g5 samples (z = 0.05, 1, 2, 3, 4 and 5) under ex-
citation at 365nm and 440nm, respectively. Under
excitation at 365nm for z < 2, the emission band
peaking around 510 nm seems to be unique. However,
when x > 2, a shoulder appears at longer wavelengths
and the band splits into two bands at about 496 nm
and 566 nm. However when exciting at 440 nm, the z
value has no influence on the symmetry of the emis-
sion band but changes its position, that is, if x < 2,
emission at 490 nm dominates while if x > 2, emission
at 566 nm occurs.
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Fig. 4. Photoluminescence spectra of
Srz—0.05La10-2(5104)605 4 /2:Eug s (@ = 0.05, 1,

2, 3, 4, 5) excited at (a) 365nm and (b) 440 nm.

As previously reported,[l there are two sites for
cations in the alkaline earth-rare earth silicate oxyap-
atite structure: a nine-coordinated site 4f (I) with rel-
atively longer bond lengths of cation-O, and a seven-
coordinated site 6h(II) with shorter bond lengths of
cation-O. As mentioned above, the difference between
the two sites is that the cation at 6h site is coordi-
nated to channel oxygen that is called the “free oxygen
ion”. This oxygen atom does not belong to any an-
ionic group while the nine oxygen ions coordinated to
the 4f site are all the members of the anionic group.
This difference causes the atom at 6h site to have a



higher covalency than that at 4f site. As commonly
admitted, Eu?t at higher covalent site shows longer
emission and excitation wavelength.l'! According to
Ouenzerfi et al.,'? in the oxyapatite structure, the six
6h site will first be occupied by trivalent cation, then
by other cation, which means that in the present case,
La3* first occupies the 6h sites when z < 2, leaving
behind 4f sites for Eu?T and Sr?*. As a result, only
one peak in the PL spectra is observed. However, as
the content of La3"T decreases (z > 2), some Eu?*
occupy the 6h sites leading to two emission peaks in
the PL, as shown in Figs.4. Therefore, we can de-
duce that the short- and long-wavelength emissions
are attributed to Eu®* ions occupying the 4f (I) and
6h (II) cation sites respectively. Figures 2 and 3 can
illustrate this conclusion as only one emission peak
at 506 nm is observed for Sr1,95Lag(SiO4)GOQ:Eu(2)_'B5,
which is independent of the excitation wavelength,
while for Sr3,95La6(SiO4)60:Eug.J65 two peaks appear
as the excitation wavelength changes.

In  addition, the emission intensity of
Sry—0.05La10-2(Si04)603_5/2:Eug.05 phosphors ba-
sically increases with the increasing x value. This
can also be explained by the distribution of the diva-
lent europium in the available sites in the oxyapatite
structure. In the case of z < 2 where only one crystal-
lographic site is offered for Eu?*, all Eu?* ions occupy
the 4f sites, leading to the high local Eu?* concen-
tration and resulting in concentration quenching. On
the contrary for > 2, the emission intensity in-
creases remarkably. This can be demonstrated by the
PL spectra of Sry_,Lag (SiO4)sO:Eu;’ with different
Eu?T concentrations (see Fig. 5).

15F
12]
9.
@ 6
=t
=]
= 30
2 0kl
\C-S/ E (b
o6 E (b)) —— y=0.005
£ 5:_ ——y=0.02
g E —v—y=0.05
o 4F —e—y=0.1
< f ——y=0.15
— 3F ——y=02
2F
1
0:_..I....I....I....I....I....I....I..
400 450 500 550 600 650 700
Wavelength (nm)
Fig. 5. (a) Photoluminescence  spectra  of

Sry_yLag(Si04)sO:Eut (y = 0.005, 0.02, 0.05, 0.1,
0.15, 0.2) excited at (a) 365nm and (b) 440 nm.

Moreover, as the x value increases, the emission
peak around 510nm shifts to a shorter wavelength

(~496nm). This can be explained by the change
of the Eu(I)-O bond length in the oxyapatite crys-
tal structure as the shorter the bond length of cova-
lent bond, the longer wavelength emission.[l In the
present experiments, more strontium atoms are intro-
duced to the 4f sites, resulting in a distorted crystal
structure due to a larger ions radius of Sr?* ions com-
pared to that of La’t. As a consequence, the Sr(I)-
O bond length increases. In SryLag(SiO4)02, the
Sr(I)-O bond length is 2.548 A while it is 2.569 A in
Sr3.1Lag.o(Si04)60,% theses data are relevant with
the above explanations on emission peak shifting ob-
served for our samples.

The effect of Eu?t doping concentration on the
emission intensity of Sr4,yLa6(SiO4)GO:Eu§+ with
variation of the activator concentration (y = 0.005,
0.02, 0.05, 0.10, 0.15 and 0.20) was also investigated.
Figure 5 presents their emission spectra at 365 and
440 nm excitations, respectively. It can be observed
that under excitation at 365nm, the emission spec-
tra are asymmetric broad bands. These asymmet-
ric bands can be well decomposed into two Gaus-
sian profiles peaking at about 484 and 545nm, re-
spectively. The detailed fitted data are listed in Ta-
ble 1. According to the conclusion aforementioned,
the short- and long-wavelength emission bands at-
tribute to Eu(I) and Eu(II) respectively, and their
integrated intensities labeled as A1 and A2 are also
shown in Table 1. When Eu?' ion concentration
is lower (y < 0.05), the short-wavelength emission
at 484nm predominates. With the increasing Eu?™
ion concentration, long-wavelength emission at 545 nm
dominates progressively. However, all the PL spectra
show single peak at 566 nm with good symmetry when
excited by 440 nm.

Table 1. Fitted emission data of Sr4,yLa6(SiO4)6O:Eu?2J+.

Y 0.005 002 005 0.0 015 020
Xpa(ry 484 484 483 482 483 481
Apuan 528 540 544 549 553 556
A2/A1 175 154 2.84 440 642 9.04

According to Fig.5(a), the emission intensity at
484 nm increases and then decreases and the one
around 545nm increases with increasing Eu?t con-
centration. This phenomenon can be explained by
two possible mechanisms, one is Eu?T concentration
increasing at the corresponding crystallographic site,
and the other one involves energy transfer process
between two kinds of Eu?t. As discussed above,
SrayLag(Si04)60:Eu, have two crystallographic sites
and divalent cation will firstly occupy 4f site, there-
fore Eut is also introduced at 4f sites in the pro-
cess of crystal growth, as a result the concentration of
Eu’t at 4f sites increases, leading to increase of the
intensity of short wavelength emission. As Eu?* con-
centration keeps increasing, more Eu?* ions occupy 6k



sites, which results in enhancing long wavelength emis-
sion intensity. Based on this deduction, the emission
of short wavelength should not decrease as y > 0.02,
because the maximum Eu?T concentration at 4f sites
is y = 0.05 as pointed out above. Therefore, we can
deduce that energy transfer between Eu(I) and Eu(II)
occurs because of large overlap between the excitation
spectra at 570 nm and the emission spectra excited by
365nm as shown in Fig.3. Thus, the emission inten-
sity of short wavelength decreases sharply and the one
at long wavelength increases.

Upon 440 nm excitation, only Eu(II) ions can be ef-
ficiently excited and show a symmetric emission band,
indicating that Eu(I) is not excited under 440 nm and
no energy transfer occurs between Eu(I) and Eu(II).
The emission intensity increases and then decreases
with Eu?' concentration increasing, implying that
Eu?* concentration at 6h site increases, which is in
agreement with the result discussed above. The opti-
mized y value is 0.15, beyond this value concentration
quenching occurs.

In summary, Sr,_yLajg—2(Si04)603_5/2:Euy (z =
0.05, 1, 2, 3, 4, 5; y = 0.005, 0.02, 0.05, 0.1, 0.15,
0.2) phosphors have been synthesized by solid-state
reaction at high temperature under reducing atmo-
sphere. They exhibit wide excitation and emission
bands, implying that these compositions can poten-
tially be used as novel phosphors for white light emit-
ting diodes. When z < 2, only one emission peak
around 510 nm; however, with the increasing Sr?* con-

tent, two peaks appear at 496 nm and 566 nm, which
are ascribed to the emission of Eu?* at 4f and 6h
sites, respectively. The 510-nm emission peak shifts to
496 nm as a result of the Sr(I)-O bond length increase.
For Srs—yLag(Si04)60:Eu, (y = 0.005, 0.02, 0.05, 0.1,
0.15, 0.2), as the content of Eu?" increases, the rela-
tive luminous intensity of 566496 nm increases.
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