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Abstract. Single-phase ceramic samples of silicate apatites M,Lng(SiO4)sO, (M = Mg, Ca, Sr; Ln =Y, La) undoped and doped
with Eu®", Ce®, or Mn?" ions were obtained by the high-temperature solid-state reaction technique using precursors synthesized
under hydrothermal conditions. The phosphors were characterized by XRD analysis, Raman spectroscopy, and steady-state/time-
resolved and site-selective photoluminescence spectroscopy under blue-to-VUYV excitation. It is shown that the small-radius Mg®* ions,
which can occupy two types of suitable sites in the apatite structure, strongly influence luminescence properties of apatites, in
particular the distribution of Eu*" ions between these sites. A bright broad-band yellow emission (peaked at 560 nm with T < 1 ps)
was obtained from the Mg,Lag(S10,4)sO0,:Eu apatite after annealing it in a H,(15%)/Ar reducing atmosphere. This emission is due
to 5d—4f transitions of Eu®" and is efficiently excited by near UV-to-blue light (300-450 nm). Silicate apatites co-doped with
optimal concentrations of Eu®"/Eu*" or Eu*’/Mn*" can be considered as possible single-phase phosphors for application in warm
white pc-LEDs.

Key words: optical materials; luminescence of Eu**, Eu?*, Ce®*, Mn®"; silicate apatites; pc-LED.

1. INTRODUCTION

Development of new highly efficient phosphors for
white light generation using light emitting diodes (LEDs)
is presently one of the most important topics for the
creation of light sources for general and special lighting.
LED-driven light sources offer significant advantages
compared to other lighting technologies, namely low
power consumption, high efficiency, long service life,
compact size, environmentally-friendly (mercury-free)
modules, and high resistance to external conditions [1-7].
LED-based sources of white light comprise phosphors
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for the conversion of the primary radiation emitted by
the semiconductor into light of different colours. For
the designation of such light sources the term phosphor-
converted LEDs (pc-LEDs) is commonly used.

There are two main approaches to making pc-LEDs
emitting white light. One type of white pc-LEDs consists
of the combination of a blue emitting LED chip with
a yellow emitting phosphor, such as Ce*" doped yttrium
aluminium garnet Y3;Al;0,:Ce (YAG:Ce). Such pc-LED
sources generate white light due to colour mixing
of blue radiation from the LED chip with yellow
luminescence of Ce*" ions, which is due to intercon-
figurational 5d—4f transitions. The requirement to enable
efficient absorption of blue light emitted by the LED
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restricts the choice of suitable doping ions mainly to
Ce’" and Eu*’, while Mn*" is regarded as an alternative
ion for deep red emission, even though its absorption
cross-section is much lower. The focus of LED research
activities is on Ce®" and Eu*" due to their parity- and
spin-allowed f—d/d—f transitions. However, such pc-LED
sources emit bluish ‘cool’ white light with a high
correlated colour temperature and a low colour rendering
index because of the deficiency of the red spectral
component. For obtaining a warm white light, well
adjusted for human eyes, ie. having a high colour
rendering index and the required correlated colour tem-
perature, a red emitting phosphor should be added to the
above combination.

The other approach to making white pc-LEDs
is based on using near UV emitting LEDs in the
combination with a blend of blue, green, and red emitting
phosphors. A widely discussed solution could be a single-
phase phosphor emitting luminescence bands of different
colours due to the presence of several optically active
doping ions. In order to improve the performance of
warm white pc-LEDs, new efficient phosphors providing
different colours, in particular, broad-band yellow-
emitting and narrow-band red-emitting phosphors, are
highly demanded. An interesting example could be a
phosphor containing both Eu*" and Eu’" ions emitting
broad-band yellow and narrow-line red luminescence
due to Eu?" interconfigurational 5d—4f and Eu®" intracon-
figurational 4f—4f transitions, respectively. One more
option is a phosphor co-doped with yellow-emitting Eu**
and red-emitting Mn”" ions. In both embodiments an
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efficient energy transfer between the ions is necessary to
obtain proper luminescence from both activator ions.

Silicate apatites are well-known hosts for highly-
efficient, stable phosphors because of the peculiarities
of their diverse crystal structure and good physical and
chemical stability [8—14]. Within the crystal structure of
silicate apatites (Fig. 1), having the crystal chemical
formula A1, "A2¢(Si0,)s0, [15], the alkaline earth
(M*"), and rare earth (Ln’")g ions can occupy two
crystallographic sites in the apatite structure: a 9-co-
ordinated site Al (4f) and a 7-coordinated site A2 (6h).
Owing to the presence of two types of sites for doping
ions of different valence states, advanced material
engineering is possible. A specific feature of the apatite
crystal structure is the presence of so-called free oxygen
(04), which does not belong to any silicon tetrahedron,
is closely spaced to the A2 cation, and has a charge
strongly undercompensated by adjacent cations. This
led to the appearance of the following principle of the
site occupation in silicate apatites, formulated by Blasse
[16]: it is very unfavourable to have in A2 sites cations
with a large radius and a low charge.

In the present work, ceramic samples of silicate
apatites M,Lng(Si04)sO, (M = Mg, Ca, Sr; Ln =Y, La)
undoped and doped with Eu**, Ce*", or Mn*" ions were
synthesized and characterized by X-ray diffraction (XRD)
analysis, Raman spectroscopy, and steady-state/time-
resolved and site-selective photoluminescence (PL)
spectroscopy under blue-to-VUV excitation. Some Eu®"
doped samples were annealed in a H,/Ar reducing
atmosphere in order to convert Eu’" into Eu*". The

o
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o ’0 & %
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-

A2 Ln/M (6h), C, site symmetry

A1Ln/M (4f), C, site symmetry

Fig. 1. Crystal structure of apatites M,LngSizO,6 (M = Mg, Ca, Sr; Ln =Y, La).
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electronic and luminescence properties of synthesized
apatites are compared with regard to their phosphor
composition and synthesis conditions, and the apatites are
discussed as possible phosphors for pc-LED applications.

2. EXPERIMENTAL

Ceramic samples of silicate apatites M,Lng(Si04)s0,
(M =Mg, Ca, Sr; Ln =Y, La) undoped and doped with
Eu" (0.5, 1.0, and 2.0 at.%), Ce*" (0.5 at.%) or Mn*"
(1.0 at%) were synthesized by a high-temperature solid-
state reaction at 1300 °C for 10 h upon using precursors
obtained under hydrothermal conditions [17]. Some as-
synthesized samples were annealed in a Hy(15%)/Ar
reducing atmosphere (1200 °C, 5 h) in order to convert
Eu’” into Eu*". Each ceramic sample was ground into a
finely dispersed powder before annealing and pressed
into a tablet after the procedure.

Powder XRD patterns were obtained using a Bruker
D8 Advance X-Ray powder diffractometer with Cu K,
radiation. Identification of synthesized compounds,
indexing of X-ray powder diffraction patterns, and
refinement of unit-cell parameters were performed with
the Diffrac.Suite. EVA software (Bruker).

The vibrational spectra of silicate apatite samples
were recorded using a Renishaw inVia micro-Raman
spectrometer under 488 nm laser radiation at room
temperature as described earlier [18].

Particle size and morphology were investigated by
using scanning electron microscopy (SEM). For this
purpose, a scanning electron microscope Zeiss EVO
MA10 equipped with a LaBg-cathode was used. The
pressure in the sample chamber was 5 x 10~ Pa and
the acceleration voltage was 20 kV. For morphological
investigation the obtained ceramics were ground into
fine powders.

The PL and PL excitation (PLE) spectra were
mostly recorded on an Edinburgh Instruments FSL900
spectrometer equipped with a Xenon arc lamp (450 W) and
a cooled (20 °C) single-photon counting photomultiplier
(Hamamatsu R2658P). Spectral resolution for PL and
PLE spectra measurements was typically set to 0.1 nm.
The obtained PL spectra were corrected by applying
a spectral sensitivity function obtained from a tungsten
incandescent lamp certified by the National Physics
Laboratory, United Kingdom.

The luminescence of undoped samples under
excitation in the UV/VUYV spectral range was studied
using a VUV spectrometer set-up equipped with a 150 W
Hamamatsu deuterium lamp and McPherson Model 302
VUV monochromator for excitation. Samples were
mounted on an ARS closed-cycle helium cryostat
covering a temperature range from 5.5 to 400 K, and PL
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was recorded using a Shamrock 303i spectrometer in
combination with a Hamamatsu 8295-01 photon counting
head. Excitation spectra were normalized using sodium
salicylate luminescence for reference [19].

Some spectral measurements were performed using
a self-assembled set-up consisting of a deuterium 400 W
discharge lamp DDS-400 and a double-quartz prism
monochromator DMR-4 (Russia) in the excitation
channel. The luminescence was analysed using an ARC
SpectraPro 23001 grating spectrometer equipped with a
position sensitive CCD camera (Princeton Instruments)
and a Hamamatsu H6240-01 photon counting head as
detectors in two normal channels (see also [19] for
experimental details).

Time-dependent PL measurements upon 260 nm
and 273 nm excitation were recorded by using a
microsecond pulsed Xe flash lamp attached to an
Edinburgh Instruments FSL900 spectrometer. Some
measurements of emission decay kinetics were performed
also with a Perkin-Elmer FX-1152 Flashtube (pulse
duration 1 ps) and an Ortec MCS-PCI Card with 100 ns
time resolution [20] in combination with the above-
described self-assembled set-up.

Temperature-dependent PL measurements from 80
to 500 K were performed using an Oxford Instruments
cryostat MicrostatN2. Liquid nitrogen was used as the
cooling agent. The temperature stabilization time was
60 s and tolerance was set at +3 K. The PL measure-
ments at 3 K were performed using a closed-cycle cryo
cooler Optistat AC-V12 from Oxford Instruments, where
helium was used as the cooling agent.

3. RESULTS AND DISCUSSION

A number of ceramic samples of silicate apatites having
the typical size and shape as shown in Fig. 2 were
synthesized. The SEM images of synthesized ceramics

Fig. 2. Ceramic samples of silicate apatites.



386

> Ca,Y,Si,0,,
g | I
2
£
Sr,YSi,O,
;0 20 30 40 50 60 76

20

Proceedings of the Estonian Academy of Sciences, 2017, 66, 4, 383-395

Intensity

Sr,La,Si,0

87626

; "

10 20 30 40 50 60 70

20

Fig. 3. XRD patterns of apatites M,LngSicO,5 (M = Mg, Ca, Sr; Ln =Y, La).

showed that the size of particles in the ceramics was in
the micron range and ceramics had a rather homogeneous
macro structure.

The X-ray phase analysis confirmed that all the
synthesized compounds were single-phase samples
containing only apatite phases, and no reflections corres-
ponding to any impurity were detected (Fig. 3). The XRD
patterns were indexed with hexagonal cells having the
lattice parameters summarized in Table 1. There was
an increment of the cell parameters with ionic radii of
alkaline earth element as expected whereas the change
of the a/c ratio can show that there was also redistribution
of ions on the sites A1l and A2 depending on the kind
of the alkaline earth element. Following the above-
mentioned criterion of site occupation, one can assume
that, in contrast to Ca®" and Sr** ions, Mg”" ions having
a smaller ionic radius than Ca*", St**, Y*', and La>" ions
(see Table 2) can occupy A2-type sites, which can result
in different luminescence properties of Mg-apatites
compared to Ca- and Sr-ones.

Some information about the electronic structure
of host materials can be obtained from the studies of
luminescence properties of undoped samples. As can

Table 1. Lattice parameters of apatites

|« | cd [ vk | ac
Mg, Y SigOne 9.317 6705 5041 139
CarY5SicOns 9.329 6771 5104 138
S, Y Sig0m6 9.390 6871 5247 137
Mg,LagSicOss  9.619 7.048 5648 136
CaLagSicOs 9.646 7.140 5754 135
St,LagSi¢On6 9.692 7204 5877 134

Table 2. Radii of ions relevant to this research [21]

Element Ion charge Tonic radii, A |
cN=7 | ©N=9
Y 3+ 0.96 1.075
La 3+ 1.1 1.216
Mg 2+ 0.80* 0.95*
Ca 2+ 1.06 1.18
Sr 2+ 1.21 1.31
Eu 3+ 0.945 1.062
Eu 2+ 1.20 1.30
Ce 3+ 1.07 1.196
Mn 2+ 0.90 1.045%*

* Estimation using linear approximation.

be seen in Fig. 4, for Ca- and Sr-apatites two broad
overlapping bands are observed under excitation at
photon energies larger than ~5 eV. The emission band
at 380 nm with the excitation band at 5.6 eV can be
ascribed to the luminescence of some unidentified defects.
The luminescence at 450 nm excited in the region near
the edge of the intrinsic absorption of the host material,
whose intensity is strongly increased at low temperature,
can be attributed to excitonic emission (luminescence of
self-trapped excitons or near-defect self-trapped excitons).
The band gap energy can be estimated by the value
~7.6 eV where the excitation efficiency of excitonic
luminescence strongly decreases. This value correlates
with data of [14]. The luminescence properties of undoped
Ca- and Sr-apatites are very similar, whereas Mg-apatite
showed only one intense broad luminescence band, which
looks similar to the luminescence ascribed to the excitonic
luminescence in Ca- and Sr-based apatites.
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Fig. 4. Emission (left column) and excitation (right column) spectra of undoped apatites M,LagSiO,s (M = Mg, Ca, Sr) at 5.5 K.

In order to reveal the site occupation by Eu’" ions
depending on the type of the alkaline earth cation in the
host composition, site-selective spectroscopy studies were
performed for the series of Eu®" doped silicate apatites
M,Y(Si04)s0, (M =Mg, Ca, Sr) [22]. Generally
speaking, this is a well-known method for the identifi-
cation of high-resolution fluorescence spectra originating
from 4f—4f transitions of Eu’" at different crystallographic
sites (see, e.g. [23-27]. The PL and PLE spectra of all
three samples show the typical behaviour for Eu®" ions
in oxide hosts: a broad charge-transfer (CT) excitation
band (around 270 nm) and several groups of lines in

PL and PLE spectra corresponding to different 4f—4f
transitions of Eu®" (see Fig. 5a for the Ca,Y(Si04)s04:Eu’*
apatite as an example). The respective groups of lines
in PLE spectra are located at about 578 nm ("Fo—"D,
transitions), at about 535 nm ("F—"D; transitions), at
about 465 nm (7F0—5D2 transitions), and at about 395 nm
("Fo="Ds, °Lg transitions). Emission lines between 580
and 720 nm in PL spectra correspond to the *Do—'F,
J=0, 1, 2, 3, 4) transitions of Eu®". The number of
Stark levels for each multiplet term 'F, differs for the
site A1, having C; site symmetry, and site A2, which
possesses Cj site symmetry. For J= 0, 1, 2, the number
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Fig. 5. (a) Emission and excitation spectra of Ca,YSig0.:Eu’" at 3 K; (b) site-selective emission spectra of Ca,Y;SigOz5:Eu’" at
3 K. The inset shows the excitation spectrum in the region of the "Fo— Dy transition for the two distinct sites (monitored *Dy— 'F,

luminescence at 615 nm) [22].

of Stark levels and accordingly the maximum number of
lines in the spectrum of Dy—F, transitions can be 1, 2,
3, respectively, for site Al and 1, 3, 5, respectively, for
site A2.

The results of low-temperature high-resolution
measurements of PLE spectra in the region of the
"Fo—"Dy Eu’" transitions (inset in Fig. 5b) clearly show
that there are two distinct sites (marked in the figure as
site A and site B) occupied by Eu®" in Ca,Y5SigOas.
Also there is practically no difference for Ca- and
Sr-apatites. For these two apatites, Ca,YSisO,6 and
S1,YSi10,6, the luminescence intensity of Eu’’ in site A
is much higher than in site B, which can correlate with
relative concentrations of Eu®" ions occupying these two
types of sites. The PL spectra recorded under site-
selective excitation (Fig. 5b) show that the number of
lines corresponding to *D¢—'F, transitions of Eu’" (at
about 620 nm) is three for the excitation at site A and is
not less than four for the excitation at site B. Thus one
can assume that the spectroscopic site A corresponds to
the structural Al-type site and site B to the A2-type site.
Accordingly, Eu*" ions enter in Ca- and Sr-based matrices
preferably the Al-type sites. On the other hand, in
Mg-apatite the luminescence intensities for the two sites
are roughly equal. This indicates that a large part of
Eu’" ions in the Mg-based matrix reside in the A2 sites.
The energy of the CT band, which is strongly influenced
by the crystal field strength, is different for two sites,
and as expected, the higher energy corresponds to Eu’"
ions at the Al sites, which have the larger coordination
number.

Time-dependent luminescence measurements show
a bi-exponential decay behaviour for each investigated

Eu’" doped apatite, which can be explained by the two
distinct sites occupied by Eu'" within the apatite
structure (see Fig. 6 for the Mg,YSisO,¢:Eu’" apatite as
an example). The parameters of bi-exponential decay
for three apatites are listed in Table 3. It can be assumed
that the decay component with a longer lifetime, which
has a larger weight, corresponds to the luminescence of
Eu’ occupying the Al sites in accordance with relative
intensities of luminescence obtained in site-selective
spectra from the two sites for Sr- and Ca-apatites.
On the other hand, for Mg-apatite the intensities of
the two components are comparable. This result again
points to the approximately equal population of Al and
A2 sites by Eu®" ions in this apatite, similar to results
of site-selective spectra measurements.

The temperature-dependent measurements showed
that the emission intensity integrals dropped considerably
with increasing temperature up to 500 K (see Fig. 7 for
the Mngg;SiéOzé:Eu3+ apatite as an example). The tem-
perature dependence of the Eu®* luminescence intensity
I(T) can be described with the Fermi—Dirac model:

v (1)
l+B~exp(—EAj
kgT

B

I(T)=

where [; is the luminescence intensity at 7= 0K, B
characterizes the rate of thermal quenching, kg is the
Boltzmann constant, and E, is the energy barrier
(activation energy) for thermal quenching as a result of
the cross-over of the emitting (Eu’* °D,) state to the
quenching state.
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Table 3. Parameters of bi-exponential fits to the decay curves
of Ei*" in M,Y(Si04)60, (M = Mg, Ca, Sr) [22]

M 1 (ps) T2 (s)
Sr 717 (15%) 1317 (85%)
Ca 539 (10%) 1252 (90%)
Mg 931 (32%) 1428 (68%)

-150

Time (ms)

The values of activation energies E, and thermal
quenching temperatures 77, (determined as the tem-
perature at which the emission intensity is decreased by
50% of its maximal value), obtained for three apatites
from the fits with this formula are presented in Table 4.
The temperature dependence of Eu’" luminescence
intensity is well described by this simple formula only
for Ca- and Sr-apatites. In the case of Mg-apatite a more
complicated quenching behaviour is observed, which is
well described by a bi-sigmoidal law (see Fig. 7). This

Temperature (°C)
-100 50 100 150 200

Fig. 7. Temperature dependence of Eu**
photoluminescence of MnggsiGOZ(,:Eu3+:
dots are experimental data, curves represent
sigmoidal (1) and bi-sigmoidal (2) fit
functions.
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Table 4. Parameters of Eu®" luminescence thermal quenching
derived from Fermi—Dirac fits [22]

M E, (eV) T (K)
Sr 0.061+0.008 561+39
Ca 0.097+0.026 591+19
Mg 0.104+0.011 419+11

feature is due to the overlapping of luminescence from
two Eu’" sites that have comparable concentrations but
show different temperature behaviours.

The calculated colorimetric parameters of Eu®"
luminescence are typical for Eu’" based phosphors
(Table 5), but these results demonstrate that the Mg-
compound shows considerably different values of
parameters compared to Ca- and Sr-hosts. In particular,
the asymmetry ratio, which is usually used for the
characterization of the Eu’" local site symmetry, is
much smaller for the Mg-apatite. This indicates again
different site occupation by Eu®" ions in the Mg-apatite
compared to Ca- and Sr-apatites. Thus, small-radius Mg**

Table 5. Colorimetric parameters of Eu**
Ca, Sr) relevant to LED applications [22]

Proceedings of the Estonian Academy of Sciences, 2017, 66, 4, 383-395

ions, which can occupy sites of both Al and A2 types,
strongly influence the properties of Eu’" luminescence
in apatites, in particular the distribution of Eu’" ions at
the sites of Al and A2 types.

Spectroscopic studies of Eu®" luminescence have
been performed also for one more series of Eu’* doped
apatites with La ions in the matrix instead of Y:
M,LagSi¢02:Eu’" (M = Mg, Ca, Sr) [28]. The PL and
PLE spectra of all these samples also show the typical
behaviour for Eu®* ions in oxide hosts. On the other hand,
according to the obtained emission spectra in the region
of °Dy—'F, transitions of Eu®", one can conclude that in
these apatites Eu’" is mainly substituted to the A2 (6h)
site with the C, symmetry because the number of lines
corresponding to these transitions is always larger than
three. Under short-wavelength excitation (A <250 nm),
a broadband emission is also observed from these
samples, which is related to some intrinsic luminescence
of the hosts, as discussed above.

Some apatite samples doped with Eu’* were annealed
in a Hy(15%)/Ar reducing atmosphere (1200 °C, 5 h) in
order to convert Eu*" into Eu*". Raman spectra (Fig. 8)

luminescence in apatites M,Yg(Si04)s0, (M = Mg,

Mg, YSigOs:Eu®™ | CayYsSicOx:Eu®™ | SryYSigOs6:Eut
Asymmetry ratio 5.9 8.6 9.3
(610—-630 nm /
590-605 nm )
Colour coordinates x=0.610 x =0.639 x=0.636
C.ILE. 1931 y =0.346 y=0.358 y=0.361
Luminous efficacy 293 lm/W 214 lm/W 234 lm/W

Intensity

Intensity

Fig. 8. Raman spectra of Eu’" doped apatites
B SrzLagSiGOZG:Eu (a) and MgzLagSi6026:Eu (b)
- as-synthesized (1) and annealed in a Hy(15%)/Ar
reducing atmosphere (2). 7= 300 K.

T
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1500 2000
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T T
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of these samples show a well-defined characteristic
structure of silicate apatites (for energies below
~1100 cm ") [29] including the peaks corresponding
to the vy, v,, v3, and v, vibration modes of the SiO,
tetrahedron. However, for Mg-apatite a considerable
broadening of the peaks is observed in the spectrum
indicating the presence of disordering in the crystal
structure. After the H,/Ar treatment the Raman spectra
of Ca- and Sr-apatites remained unchanged. On the
other hand, under 488 nm laser excitation the H,/Ar-
treated Mg-apatite samples emit very bright broadband
luminescence, which overlaps with the host vibration
peaks. This feature prohibited recording good-quality
Raman spectra for the H,/Ar-treated Mg-apatite.

Luminescence spectra of Eu®* doped Ca- and Sr-
apatites practically do not change after the treatment
in a reducing atmosphere. In contrast to that, the
Mg,Lag(Si04)s0,:Eu samples emit yellow luminescence
as a result of such treatment (see photo in Fig. 9), which
is due to an intense broad emission band centred at
560 nm (Fig. 10). This emission can be effectively excited
within the UV to blue spectral region with the maximum
excitation efficiency at ~370 nm, well matched with
the emission of near-UV LEDs. Decay kinetics of this
emission is non-exponential, but the main decay compo-
nent has a decay time less than 1 ps. Due to the observed
spectral and decay kinetics properties, namely overlapping
broad excitation and emission bands with minimal Stokes
shift, decay time < 1 us, the yellow emission detected
from Mg,Lag(Si0,4)0,:Eu after the Hy/Ar treatment can
be assigned to the 5d—4f radiative transitions of Eu®" ions.
However, the Eu" 4£-4f emission is still observable from
the reduced Mg,Lag(Si04)sO,:Eu sample under excitation
in the CT band spectral region.

Fig. 9. Visible luminescence under UV radiation from three
different Eu-doped (1.0 at.%) apatite samples: before (lower row)
and after (upper row) annealing in a Hy/Ar atmosphere [28].
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The obtained results show that an efficient Eu®>” — Eu*"

reduction is achieved only for MgzLag(SiO4)602:Eu3+.
This can originate from the specific site occupation in
Mg?"-apatites. In contrast to Sr** and Ca”" ions residing
at the Al sites, Mg®" ions with a considerably smaller
jonic radius than La®" tend to occupy the A2 sites,
which is assisted by the appearance of oxygen vacancies
at the nearby O4 positions for local charge compensation
of Mg®" ions. This disordering of the lattice structure
can be a reason of the observed broadening of the
Raman spectra for Mg-apatites. Since the Eu’’ ions are
located also predominantly at the A2 sites, after the
reducing reaction Eu’" — Eu®’, the Eu’" ions can be
stabilized by the creation of nearby oxygen vacancies
due to their migration along the O4 positions at the
neighbouring Mg ions.

Obviously, the concentration of Eu®" ions in this
particular phosphor composition is not optimal for
efficient energy transfer from Eu”" to Eu®" ion, and the
emission spectrum does not show any red emission lines
of Eu*" under near-UV or blue excitation. It is observed
only under CT band excitation in this sample. However,
because of the good overlap of the Eu®" emission band
with the 4f—4f absorption lines of Eu’" ions (see Fig. 10)
one can expect that for an optimally chosen Eu®" concen-
tration in the synthesized apatites and by optimizing the
conditions of annealing in a reducing atmosphere, the
optimal ratio of Eu*" and Eu®" ions can be obtained for
an efficient conversion of some part of the Eu*" yellow
luminescence into the red emission of Eu’* under UV/blue
excitation. Such a single-phase phosphor would be highly
interesting for application in warm white pc-LEDs.

The synthesized Ce®" doped silicate apatites show
rather broad and structured emission bands (Fig. 11),
which can be explained by the presence of at least two
Ce’" optical centres related to two kinds of sites in
silicate apatites (see also [8,10]). Similarly to results
obtained earlier for many other families of apatites, the
Ce’* 5d—4f luminescence spectrum lies mainly in the
green spectral range and is excited in a rather deep UV
region, i.e. out of the spectral range of emission for
typical near-UV LEDs. In these apatites Ce®” luminescence
possesses also a considerable thermal quenching with
a Ty, value near room temperature. Thus, these Ce’
doped silicate apatites are not very suitable systems for
pc-LED applications.

The emission and excitation spectra of Mn*"
luminescence obtained for Mn®" doped silicate apatite
Mg,LagSic0, are presented in Fig. 12. The Mn*" ions
emit a broad-band red luminescence at 609 nm due to
*T\—°A, transitions excited both in the blue/green (broad
band) and near-UV (narrow band) spectral range (see
also [11]). Mn®" luminescence shows relatively good
thermal stability in this host with 77, = 514 K (Fig. 13).
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However, the respective transitions of Mn®" are parity-
and spin-forbidden, i.e. absorption of blue or UV
excitation light by Mn*" ions is very inefficient. This
means that the materials singly doped with Mn*" can
usually not be considered as practical phosphors. For
high-efficient excitation of Mn?" luminescence, some
sensitizer ions are needed. Such sensitizers can be Eu*"

750

ions, whose emission spectrum well overlaps with the
broad absorption band of Mn*" at 500 nm caused by
SA,—*T, transitions. By choosing the proper concen-
trations of Eu”" and Mn”" ions one could expect to
obtain an efficient energy transfer from Eu®* to Mn*".
This will provide the co-existence of yellow luminescence
of Eu*" and red emission of Mn*" from a single-phase
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phosphor with the resulting spectrum well corresponding
to requirements for applications in warm white light
pc-LED sources.

4. CONCLUSIONS

Single phase silicate apatites M,LngSisO,6 (M = Mg,
Ca, Sr; Ln=Y, La) undoped and doped with Eu’”,
Ce’, or Mn*" were prepared by high-temperature
solid-state reaction using the precursors synthesized
under hydrothermal conditions. The Mg*" ions, which
have a smaller ionic radius than Ca2+, Sr2+, Y3+, and
La®" ions, tend to occupy the A2-type sites in the
apatite lattice, which results in different luminescence
properties of Mg-apatites compared to Ca- and Sr-ones.
Efficient conversion of Eu’" to Eu®" was obtained for
Mg, Lag(Si04)¢0,:Eu’" after annealing in a Hy/Ar reducing
atmosphere due to the charge compensation mechanism
by oxygen vacancies. Apatite Mg,Lag(Si04)s0,:Eu’
shows a broad yellow emission band (peaked at 560 nm
with t < 1 us) due to 5d—4f transitions of Eu**, which
is efficiently excited by near-UV-to-blue radiation.
Silicate apatites co-doped with optimal concentrations
of Eu*'/Eu*" or Eu*’/Mn*" can be considered as possible
single phase phosphors for making warm white pc-LEDs.
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Silikaatapatiitfosfoorid rakendusteks fosfoorkonverteeritud valgusdioodides

Marco Kirm, Eduard Feldbach, Henri Mégi, Vitali Nagirnyi, Eliko Toldsepp, Sebastian
Vielhauer, Thomas Jiistel, Thomas Jansen, Nikolai M. Khaidukov ja Vladimir N. Makhov

Eu’’, Ce** vi Mn®" ioonidega lisandatud faasipuhtad keraamilised silikaatapatiidid M,Lng(Si04)s0, (M = Mg, Ca,
Sr; Ln =Y, La) valmistati kdrgetemperatuurilise tahkefaasi reaktsiooni meetodil, kasutades hiidrotermaalsetes
tingimustes siinteesitud l4hteaineid. Saadud fosfooride omaduste méiramiseks kasutati XRD-analiiiisi, ramanspektro-
skoopiat, statsionaarset ja ajalise lahutusega kohatundlikku fotoluminestsentsspektroskoopiat, ergastades sinises kuni
vaakumultravioletses spektraalpiirkonnas. Niidati, et viikese raadiusega Mg®" ioonid, mis véivad paigutuda kahte
neile sobivasse voresdlme apatiidi struktuuris, mdjutavad Eu’" ioonide jaotust nendes voresdlmedes ja seelibi mérga-
tavalt apatiitide luminestsentsomadusi. Peale Mg,Lag(Si04)sO,:Eu apatiidi 160mutamist redutseerivas Hy(15%)/Ar
atmosfairis leiti intensiivne laiaribaline kollane kiirgus maksimumiga 560 nm ja elueaga t < 1 ps. See kiirgus on
pohjustatud 5d—4f iileminekutest Eu®* ioonides ja seda saab efektiivselt ergastada UV- ning sinise kiirgusega
(300450 nm). Optimaalse lisandite sisaldusega Eu’'/Eu®" v&i Eu*'/Mn?®" dopeeritud silikaatapatiitidel on potentsiaali
faasipuhaste fosfooridena rakendusteks fosfoorkonverteeritud valgusdioodides (pc-LED).



