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ABSTRACT

Spectral-luminescent characteristics of Sr,Yg(Si04)s02: Eu powder crystal phosphor with the apatite
structure and high-intensity luminescence of Eu>* ions have been studied. The charge state of europium
in the samples has been characterized by means of X-ray Lz-adsorption spectroscopy. It was established
that Eu®* forms two types of optical centers. Besides, luminescence of Eu?*ions was found. Reduction
Eu®* —Eu?* was considered, which may be due to Vg, vacancy formation in the 4f crystal lattice position
and to negative charge transfer by this vacancy to two Eu3* ions. Thus, in the silicate lattice there exist
inhomogeneously distributed oxygen-deficient centers, which are responsible for nonradiative transfer of
excitation energy to Eu®>* and Eu?* ions. To study electron-vibrational interactions in the crystal phosphor
samples, their IR and Raman spectra were examined. In the luminescence spectrum of Eu?*, a series of
low-intensity bands caused by interaction of the 4f°5d state of Eu?* with silicate lattice vibrations was
observed.

Eu®t
Oxygen vacancies

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Studying of crystal phosphor formation and the nature of their
luminescence is an actual problem, which is especially important
for designing of new effective luminophor with high-intensity
luminescence.

It is interesting to know the influence of doped RE-ions
structural defects, on a luminescence. Defects are formed, in
particular, when as a RE-ion europium is used. Europium can be
in crystal matrixes simultaneously in the form Eu*>* and Eu®*ions
that lead to formation of oxygen vacancies. In addition europium
ions can occupy nonequivalent crystallographic positions in a
lattice, forming the various optical centers. The interpretation of
a luminescence spectral composition is interested in this case.

At present, the method for obtaining white light is the combina-
tion green, red and blue light-emitting phosphors. However red
light-emitting phosphors used for white light-emitting diode such
as Y,0,S: Eu*, ZnCdS: Cu, Al, has chemical instability and low
efficiency of luminescence. Apatite-structure silicates are known as
effective matrixes for activation by their RE-ions. Due to high
luminescence intensity and chemical stability up to 1000 °C this
materials can be used as active laser media and red light-emitting
for white light-emitting diode [1-6].

For example in [4] temperature dependence of Eu* lumine-
scence in Ca;GdgSigO,6 was investigated. This compound is a
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perspective as thermometric phosphor. In work [5] the photo-
luminescence of Ca;Gdg(Si04)s05: Dy>* thin film was investigated.
This compound can be used for devices with high resolution. Seeta
Rama Raju et al. [6] identified two kinds of optical centers in
Ca,GdgSig026: Eu®* which was formed by Eu®* ions. These
materials find a use for optical display.

In this investigation spectral-luminescent characteristics of
Sr,Yg(Si04)60-: Eu powder crystal phosphor with the apatite
structure and high-intensity luminescence of Eu*>* ions have been
studied. It is known that owing to electronic conditions Eu®*ion are
an optical sensor. On the basis of Eu>* luminescence spectrum
studies, the information about the number and the structure of
optical centers formed by europium in the crystal lattice was
obtained. In addition, we examined the Eu* —»Eu?* transition in
the crystals, which is due apparently to Vg, vacancy formation in
the 4f crystal lattice site and to negative charge transfer by this
vacancy to two Eu,3,+ ions. Through spectroscopic method were
found oxygen deficient centers which nonradiative transfer the
excitation energy to Eu>* and Eu?"* ions. The mechanism of centers
formation was proposed.

To study electron-vibrational interactions in the crystal phos-
phor samples, their IR and Raman spectra were examined.

2. Experimental

The samples for analysis were synthesized by two-stage calci-
nation of a mixture of raw materials in air. At the first stage we used
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SrC0Os, Y03, Euy0s, SiO, reagents (all 99.99% pure) and the
synthesized compounds Sr;YgSigO6 and SrEugSigO,s as raw
materials. Stoichiometric amounts of the initial components were
carefully mixed in an agate mortar with addition of ethanol. Then
the powders were placed in alundum crucibles and calcined in air
in the temperature interval 1200—1400 °C for 80 h with inter-
mediate restacking of the mixture. The time of calcination was
sufficient to equilibrate the system [2]. At the second stage, an
activator was used. Stoichiometric amounts of Sr,YgSigO,s and
SryEugSic0,¢ were combined to obtain solid solutions SrYg(1—x)
Eug,SigO26. The agents were carefully mixed, placed in alundum
crucibles and calcined in air at temperature 1350-1450 °C
for 40 h.

X-ray powder diffraction (DRON-2, Cuk;=1.5406) was used to
identify the structure of the phosphors [7]. The diffraction patterns
of the synthesized solid solutions were processed by Rietveld
method with the use of the ICDD card-file.

The charge state of europium in the samples was defined by
X-ray Lz-absorption spectroscopy on an ARS-KD-2 X-ray spectro-
meter. The measurements precision was + 3%.

The IR-spectrum was measured by a Spectrum spectrophot-
ometer (Perkin-Elmer) on powders suspended in vaseline oil in the
frequency range 400—1000cm~'. The Raman-spectrum was
measured on a Renishaw spectrometer (Av=1000 cm~!) using
an argon laser (1=514.5 nm) as an excitation source. The homo-
geneity region of the solid solutions was defined by X-ray and
vibrational spectroscopy.

Photoluminescence and excitation spectra were recorded
at room temperature on a grating monochromator MDR-204
(deuterium lamp, Hamamatsu R928 photomultiplier) and a Cary
Eclipse Fluorescence Spectrophotometer (Xe pulse lamp with
exceptionally long lifetime, pulsed at 80 Hz, pulse width at half
peak height ~2 ps, peak power equivalent to 75 kW).

3. Results and discussion

Sr,YsSig046 crystals are isostructural to SryLagSigO,6 [8] having
an apatite structure. According to [9], Sr,LagSigO5 crystals (space
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group P63/m, Z=1) have the following site-symmetry of atoms:
La—4f, Sr—4f, La—6h, Si—6h, 0—6h, O—6h, 0—12i, 0—2a; Z=1.
Since Sr,LagSis0,6 and SraYsSig0y6 are isomorphous, we assumed
that Y atoms also occupy 4f and 6h sites. Therefore, europium,
substituting in Sr,YgSig026 for yttrium atoms, may also take these
two positions.

Fig. 1 shows an X-ray diffraction pattern of the synthesized solid
solutions Sr,Yg(1 _x)Eug,Sig026 (x=0.01-0.15). It is seen that all the
compounds are formed by the pure apatite phase. The crystal
structure of Sr,YgSigO26 is displayed in Fig. 2.

It is established that as a result of activation of the Sr,YgSigO26
matrix with europium in Sr,Yg(SiO4)s0-: Eu samples, Eu?*ions are
formed along with Eu®* ions. Fig. 3 demonstrates the quantity of
Eu?* ions (%) versus the general concentration (x) of europium in
the samples. As is seen, in the interval x=0-0.07 the quantity of
Eu?* ions decreases from 42% to 8%, and then remains almost
constant.

As Eu?* ions are formed, the chemical formula of the samples
can be represented as SryYg(1—x)EugxSigO26_s Where ¢ is oxygen
nonstoichiometry.

The mechanism of Eu?* ion formation is similar to that
considered in [10]. As a result of activation of the Sr,YgSigO26
matrix with europium during high-temperature calcinations,

Fig. 2. Crystal structure of Sr,Yg(Si04)s0>.
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Fig. 1. X-ray diffraction patterns of Sr,Ys(1 —x)Eusx(Si04)s02, x=0.01 (1), 0.02 (2), 0.03 (3), 0.05 (4), 0.07 (5), 0.1 (6), 0.15 (7).



54 M.G. Zuev et al. / Journal of Solid State Chemistry 184 (2011) 52-58

45 4

A
wf N\
35 4 \
F g
5 A
54
s 3
>
= 0 \A
c \
S 154
<] W
N
10 4 ~
— x
— A
5 4 A
0 - : : : ; ; . -
0.01 0.03 005 0.07 0.09 0.11 0.13 0.15

X

Fig. 3. Dependence of quantity of ions Eu?>* from the general concentration of
europium in samples.

Vi, vacancies are formed in the 4f site. These defects transfer the
negative charge to two Eu?,+ ions leading to the formation of Eu?*
ions and, consequently, of oxygen-deficient centers. Since the
quantity of Eu?* decrease in an x=0.01-0.07 range, it is possible
to conclusion that the number of formed vacancies Vi, reduces.
At x > 0.07 the number of vacancies remains to constant.

Fig. 4 shows concentration dependences of lattice parameters a,
cand V. When x increases, the lattice parameters grow nonlinearly
owing to europium — yttrium replacement. It is also visible that the
parameter c virtually does not change in the interval x=0-0.03,
while at x > 0.03 it increases essentially. It is known [11] that in the
apatite structure with space group P6s/m, replacements of ions in
the 6h position lead to variations in the parameter a, whereas
replacements in the 4f position do not affect this parameter. On the
other hand, changes in the parameter c depend on replacements in
the 4f position. Hence, the constant character of the parameter c at
concentrations x < 0.03 suggests that yttrium should be replaced
by europium primarily in the 6h position. At x > 0.03 yttrium it is
replaced by europium to considerable degree also in the 4f position.
Therefore, it can be concluded that at x < 0.03Vy, vacancies transfer
a negative charge to two Euf,+ ions, which are located in the 6h
position, where the Eu?* ions are formed. At x > 0.03 Eu?" ions can
be formed also in the 4f position.

In order to refine the structure of optical centers, we examined
the crystal lattice dynamics of SryYg(1 — x)EugxSigO26 s phosphors.
For this purpose, the factor-group of ideal crystals Sr2YgSigO26_s
vibrations was analyzed. The analysis yielded the following
representation of optical vibrations of the silicate:

Ds1,1,51505 =10Ag(R)+ 20E1g(R) + 22E24(R)+ 10A,(IR) + 20E; ,(IR)

In the Raman spectrum 52 bands may be expected, and 30
bands—in the IR spectrum. The oscillation spectrum of real
S12Ys(1—x)Eus,Sig026-_5 crystals may differ from that of ideal
crystals because of defects in the crystal lattice. The influence of
europium ions on IR and Raman spectra was considered. Fig. 5
exhibits the IR spectrum of the samples for x=0, 0.01, 0.03, 0.05,
0.15, and assignment of some bands in this spectrum is given in
Table 1. When europium is introduced into the matrix of
Sr,YgSig046_ s, it essentially influences the frequency range corre-
sponding to translation and rotation.

Comparison of frequencies in the IR spectrum of SryEugSigOa6_ 5
with those for the above solid solutions allowed us to assume that
frequencies in the range 254—280 cm™! refer to translation and
rotation of europium ions. Vibration modes vq, v, v3, v4 of SiO4
tetrahedra were assigned by analogy [12]. The bands in the
frequency range 498.5—517 cm~' can be attributed to bond
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Fig. 4. Concentration dependence of the lattice parameters a, c and the volume V of
the solid solution SryYs(1 — x)Eug,SigO26 5.

vibration of Y(Eu)-O, similarly to assignment of bond vibration
frequencies of Gd— O in hydroxyapatite crystals [13].

It is known [14] that vacancies can excite additional frequencies
in the vibrational spectrum of crystals. Sr,EugSigO,6_s has the
maximum concentration of oxygen vacancies since it possesses the
greatest nonstoichiometry. Therefore, weak bands at 704 and
858 cm~! in these crystals may be due presumably to oxygen
vacancies. The bands at 729 (x=0.02) and 717 cm~! (x=0.03) are
also attributed to oxygen vacancies. As x increases from 0.02 to 1,
a reduction in frequencies from 729 to 704 cm ! is observed.

Fig. 6 shows the Raman spectrum of two samples Sr,Ysg(1 —x)Eugx
Sig026_s5 (x=0 and 0.1). Inhomogeneously broadened bands are
indicative of some disordering in the crystal structure. Frequencies
in the spectrum were assigned on the basis of work [15]. The
europium ions substituting for yttrium ions are located in the
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crystal lattice near to SiO4 tetrahedra. Therefore, europium is
expected to affect the vibrational mode of SiO4. Indeed, the Raman
spectrum of Sr,Y7 2Eug.gSigO26_ 5 (curve 2) contains inactive vibra-
tions (there are no bands) corresponding to frequency modes v,
and v,. For other concentrations of europium, such lines are also
absent in the Raman spectrum.

Let us now consider the spectral-luminescent characteristics of
the samples. Fig. 7 presents the luminescence spectrum of euro-
pium in the Sr,Yg gEu; 2Sig026 _ 5 Sample (1ex =400 nm.) Transitions
between 4f-levels of Eu>* were noted. A rather high intensity of
transitions °Dy— ’F, shows that Eu** ions occupy the crystal-
lographic positions which do not coincide with the center of
symmetry. The wide band at A,,,x=443 nm is due to luminescence
of Eu?* ions. In the emission spectrum of Eu?*, small-intensity

Absorption

1 * I 1 ¥
800 600 400 200

Av,cm’

T
1000

Fig. 5. Infrared absorption spectra of SryYg(;_x)EugSigO26-s: x=0(1), 0.01(2),
0.03(3), 0.05(4), 0.15(5).

Table 1
IR frequencies (cm~!) for the solid solution in Sr2Yg(1 - xEussSig026 - 5.

bands 1—6 are caused by phonon-electron interaction between
the state of 4/55d Eu?* ions and the silicate crystal lattice. The wave
numbers of these bands are given in Table 2. The difference in the
wave numbers (cm~') is: 1 and 2—937, 2 and 3—323, 3 and
4—748,4 and 5—375, 5 and 6—749. As follows from analysis of the
IR spectrum (Table 1), frequency 937 cm ! can be carried to the v
mode of SiO,, frequency 323 cm~! can be carried to translations
and rotations of SiOy, Y, Sr, and frequencies 748 and 749 cm ™~ '—to
vibrations induced by oxygen vacancies. Thus, fluctuations of SiO4
and oxygen vacancies co-operate with the 4f°5d Eu* ion, which is
observed in a series of electron-vibrational transitions from an
excited Eu?*state in the ground state.

Fig. 8 shows a part of the emission spectrum for the sample
Sr,YsgEu; 5Sig0z6_5 excited by light in the interval Aldey=
250—290 nm. This phosphor has the greatest intensity of lumines-
cence among all solid solutions in this concentration series. The
spectra of other samples are similar, with only small shifts in the
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Fig. 6. Raman spectra of Sr>Ys(1 _x)Eus,Sig026_5: X=0(1), 0.1(2).

x=0 0.01 0.02 0.03 0.05 0.15 1 Assignment

935 938 935 937 938 937 923 v3 SiO4

906 sh’ 906 sh 898 sh 904 sh 891 sh - 892 V1 SiO4

- - - - - - 858 Oxygen vacancies
- - 729 717 - - 704 Oxygen vacancies
- - 692 sh 682 sh - - -

- - 655 sh 655 sh - - -

560 561 562 561 562 561 551 v4Si04

510 515 517 511.5 512.5 513 498.5 Y(Eu)-0

470 476 476 474 475 476 464 V5Si04

422 435 433 434 435 434 418

- - - - 424 sh - -

- 401 sh - 402 sh 403 sh - -

370 373 - 370 sh 372 - -

- - - - 351 sh - - Translation and rotation of SiOy4, Y, Sr
331 - - 314 sh 324 sh - 322 sh

290 - - - 302 sh - 276

- 279 280 280 281 278 254 «Eu

250 - - - 251 - -

- 230 232 227 227.5 230 -

- 218 sh - - - -

208 - - 201 sh 207 - 209

- - - - 180 - -

* Shoulder.
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Fig. 7. Luminescence spectrum of Sr,Ye gEu; 5Sig026_ s at excitation Ay=400 nm.

Table 2
Wave numbers of electron-vibrational transitions in a spectrum of luminescence
Eu?* in SryYe gEu; 2Sig026_s.

1

Number of band Wave number, cm™

1 22,626
2 21,689
3 21,366
4 20,618
5 20,243
6 19,494
160000 -
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Fig. 8. Fragment of a spectrum of a luminescence of Sr,YsgEu;3SigO26_s at
excitation in an interval Adey=250-290 nm.

bands concentration. The transition band °Dy— ’F, has an inho-
mogeneous broadening. Its expansion on the Gausslan component
allowed us to allocate two bands with peaks at 577 and 581 nm,
which confirm the occurrence of two optical centers generated by
Eu3*. Splitting of level ’F; on three Stark sublevels confirms that
crystal field symmetry of the ligands forming the optical centers is
below of trigonal symmetry [16]. Thus, the spectra presented in
Figs.7 and 8 are total emission spectra of two centers. It is necessary
to note, that luminescence spectra of two optical centers is similar.
Therefore, the microstructure of a crystal field in system “ion
Eu" +ligands” also is close for these centers. Therefore, it is
possible to assume that Eu3* ions entering in a 6h and 4f sites

changes positions of ligands. The close microstructure of nearest
oxygen environment of Eu®* jons is formed. In work [17], the
unique microstructure of a crystal field in “RE>* ion+ligands”
system was considered.

Some excitation spectra of the centers are given in Fig. 9. The
spectrum of each center contains several narrow bands and one
wide band. Peaks in the range 364-395 nm are caused by transi-
tions “Fo— °Le, °L,. Excitation wavelengths corresponding to these
transitions have almost identical values for both centers. Wide
bands are due to the transition to the charge transfer state. It is seen
that the maximum values of the excitation wavelengths are
different for both centers: 1; =285 and A,=237 nm. This distinc-
tion of charge transfer band maximum wavelength occurs because
nearest oxygen 02~ ions possess the different stability. Similar
influence on a charge transfer band is described in [16]. Ion Eu3* in
a 4f site is surrounded by 9 oxygen ions belonging SiO4. As to 6h
position site Eu>* ion is surrounded by 7 oxygen ions. And 6 of them
belong SiO4, the seventh called as "free” [18] locates into 2a
position. Due to Y (Eu)-0 bonds, RE3* ions, being in 6h site, forms
stable triangles oxygen tunnels (Fig. 2). "Free” oxygen ions can
migrate in these tunnels [19,20].

The oxygen ions coordinating Eu>* ions, are stabilized, mainly,
by Si** ions. The oxygen ions stability, enclosing Eu>* ions in a 4f
site, is above, than in 6h site. It seems, "free” 0®~ ion in a 2a site is
less stabilized by surrounding positive ions, than other oxygen ions
and consequently it is required to less energy for removal the
electron from this ion [16].

The oxygen ions surrounding Eu®" in the 6h position possess
greater mobility than the europium environment in the 4f crystal-
lographic position. Therefore it is possible to expect that the charge
transfer band for the 6h position will be shifted to the long
wavelength region of the spectrum. Note that these charge transfer
bands have an ill-defined structure formed as a result of electronic-
vibrational interactions of the charge transfer state with silicate
lattice vibrations.

The excitation spectrum of Sr,Ygs gEu; SigO26_ s shown in Fig. 10
was recorded at signals detected at various wavelengths. Wide bands
in the range A.~300—400 nm (Fig. 10a) are caused by Eu®" ion
transition from the ground 4f” (55;,,) state to the excited 4/°5d state.
There are sharp peaks on these bands. The first peak located at
Zex=323 nm is likely to be due to absorption of radiation by oxygen
vacancies, which ensure nonradiative transition of excitation energy
to europium ions. Wide lines in the range A.,=260-360 nm are
responsible for excitation of the charge transfer state in the two
optical centers. It is noteworthy that Eu?* excitation spectra and
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Fig. 9. Spectra of excitation of two optical centers generated Eu**: 1-2¢,,=577,
2-581 nm.
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Fig. 11. The scheme of nonradiative transfer over of energy of excitation from
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charge transfer bands exhibit also a series of electron-vibrational
transitions (Figs. 9 and 10). Fig. 10b displays a number of sharp peaks
with decreasing intensity, which are also brought about by absorption
of radiation by oxygen vacancies. As the wavelength of detected
signals increases, the luminescence maxima of the peaks are displaced
to the long-wave region of the spectrum. A similar displacement of
lines in excitation spectra is described in work [21]. This displacement
reflects an inhomogeneous character of oxygen vacancies distribution
in the silicate matrix as in aluminum oxides [22].

On the basis of excitation spectra analysis, it is possible to
allocate two states in electronic vacancies structure. The first is in
an interval /..4~395 —500 nm, and the second is at l.x~323—370
nm. As mentioned above at x < 0.03 the europium substitutes the
yttrium in 6h site. In this case the Eu?* ions can be formed in 6h site.
Due to the vacancies occurs in short range ordering of Eu?* ions.
Hypothetically, the vacancies occur in 2a site. In addition this
vacancy has inhomogeneous distribution. At x > 0.03 the mechan-
ism of oxygen vacancies formation is similar.

Fig. 11 demonstrates a diagram of assumed nonradiative
transfer of excitation energy from oxygen vacancies to Eu?* and
Eu®" ions. Figured arrows indicate transfer to 4/°5d (Eu®*) and °Lg,

5D, (Eu®*) states and between °Lg and °D; states. Transitions
induced by excitation of oxygen vacancies or by luminescence of
Eu?* and Eu3" are denoted with ordinary arrows.

4. Conclusions

On the basis of analysis of spectral-luminescent characteristics
of SrYs(1 ) EugkSig026_ s phosphors with the apatite structure it
was established that Eu®* ions form two types of optical centers.
Besides, luminescence of Eu?* ions was found. Reduction Eu®* —
Eu?" in the crystals is caused by the formation of Vi, vacancy in the
4f crystallographic position and by transfer of negative charge by
this vacancy to two Eu,3,+ ions. Thus, there exist oxygen-deficient
centers, which are inhomogeneously distributed in the silicate
lattice. As the wavelength of the detected signals increases, the
luminescence maxima of the peaks are displaced to the long-wave
region of the spectrum. The oxygen-deficient centers are respon-
sible for nonradiative transfer of excitation energy to Eu>* and Eu?*
ions. In the Eu?* luminescence spectrum, a series of the lines is
detected, which are due to the interaction of the 4f°5d state of
Eu?*ion with silicate lattice vibrations.
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