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ABSTRACT

Eu?*-activated K4CaSizOy phosphors were synthesized by conventional solid-state reaction. The phase
formation was confirmed by X-ray powder diffraction measurements. The photoluminescence excitation
and emission spectra were investigated. The phosphor presents bright yellowish-green-emitting lumi-
nescence under the excitation of UV and near UV light. The luminescence absolute quantum efficiencies
of the phosphors with different Eu?*-doping levels (1.0-5.0 mol%) were measured. The crystal structure
and the site-occupancy of Eu?* jons doped in K4CaSizOg crystal lattice were discussed. Two different
Eu2* centers were assigned according to the crystal structure and the luminescence characteristics. The
dependence of luminescence intensity on temperatures (25-150°C) was measured. The chromaticity
coordinates and activation energy (AE) for thermal quenching were reported. The phosphor shows an
excellent thermal stability on temperature quenching.

Silicate

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The absorption and emission spectra of EuZ* usually comprise
broad bands due to transitions between the 4f” ground state and the
crystal field components of the 4f65d! excited state configuration.
The emission bands of Eu?* strongly depend on the host crystal
and vary from ultraviolet to red. It has been reported that the long-
wavelength emission of Eu?* in some alkaline earth silicates with a
chain arrangement of alkaline earth ions is due to the preferential
orientation of one d orbital of Eu%* [1].

The luminescence properties of Eu-doped solids have been
intensively investigated during the past decade [2-7]. In recent
years, Eu?*-doped phosphors have been paid great attentions due
to the significant applications as phosphors in white light-emitting
diodes (W-LEDs), for example, the nitrides and oxynitrides-based
compounds have been demonstrated to be excellent for W-LEDs
application [8-11]. However, the very high firing temperatures and
high nitrogen pressures are required for their synthesis, resulting
in higher production cost.

Eu?*-doped silicate phosphors can absorb ultraviolet or blue
(380-460 nm) light from LEDs chips and emit visible light. Many
studies on Eu?*-activated silicates have been published [12-14],
e.g., SrSiO3:Eu®* [15], Sr,SiO4:Eu?* [16], M3SiOs5:Eu?* (M=Sr,
Ba) [17], MSi;0s5:Eu?* (M=Ca, Sr, Ba) [18], SrCaSiO4:Eu%* [19],
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BaZn;Si,07:Eu?* [20], BaCa,MgSi,0g:Eu?* [21], M3MgSi,0g:Eu2*
(M=Ca, Sr, Ba) [22], Li;SrSiO4:Eu?* [23], Ca3Si04Cly:Eu* [24],
CaAl,SiOg:Eu* [25], M, MgSi, 07:Eu* (M =Ca, Sr, Ba) [26], etc.

Gunawardane and Glasser [27] first reported the basic crys-
tallographic data of unit cell parameters of K4CaSi3Og. Recently,
Arroyabe et al. [28] have investigated the detailed crystal structure
of K4CaSi30g by X-ray diffraction techniques and Raman spec-
troscopy. According to the connectivity of the [SiO4]-tetrahedra,
K4CaSi3Og is assigned to the group of cyclosilicates with space
group pa3, which is isostructural with form I of K4SrSizOg with
[Si12036]-rings centered on the 3 axes. Fig. 1 is the schematic view
of the K4CaSi3Og structure along c-direction, which was modeled
using the Diamond Crystal and Molecular Structure Visualization
software on the basis of the atomic coordinate data reported by
Arroyabe et al. [28]. The distorted octahedra of CaOg form the chain
arrangements in the tunnels parallel to c axis (Fig. 1).

In this work K4CaSi3 O9:Eu?* phosphors were synthesized by the
conventional solid state reaction. The structure was investigated by
powder X-ray powder diffraction (XRD) measurements. The pho-
toluminescence excitation and emission spectra, and the decay
curves were measured. The luminescence intensity measurements
were performed as a function of temperature. The activation energy
for thermal quenching (AE) was calculated. The crystal structure
of K4CaSi30q and the site-occupations of EuZ* ions in the crystal
lattice were discussed.

2. Experimental details

The preparation of K4CaSi3Og:Eu?* was carried out by solid state synthesis. The
raw materials were high-purity K,CO3, CaCOs, SiO, and Eu;03. The doping level
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Fig. 1. The schematic views of the K4CaSi3Og structure along c-direction.

of Eu?* is 1.0-5.0 mol%. The starting materials with stoichiometric amounts were
ground together in an agate mortar. The mixture was first heated up to 800°C and
kept at this temperature for 6 h. After a second homogenization in the mortar, the
sample was heated up to 850°C and kept at this temperature for 10 h. After that, the
sample was mixed and heated at 950 °C for 10 h in crucibles along with the reducing
agent (active carbon).

The XRD pattern was collected on a Rigaku D/Max-2000 diffractometer oper-
ating at 40kV, 30 mA with Bragg-Brentano geometry by using Cu Ko radiation
(A=1.5418A). The optical excitation and emission spectra were recorded by a
Perkin-Elmer LS-50B luminescence spectrometer and a Hitachi F-4500 fluorescence
spectrophotometer. The luminescence decay curves was measured using the third
harmonic (355nm) of a pulsed Nd:YAG laser. To study thermal quenching of the
luminescence, the same spectrofluorimeter was equipped with a homemade heating
cell. The luminescence quantum efficiency (QE) was measured by an Absolute Pho-
toluminescence Quantum Yield Measurement System (C9920-02, Hamamatsu) with
an integrating sphere, which allows obtaining the absolute QE value. The excitation
was done by changing excitation wavelength of light from 150 W Xe-lamp.

3. Results
3.1. The crystal phase formation

The samples were checked by powder XRD measurements
(Fig. 2). X-ray powder diffraction patterns of the pure and Eu?*-
doped K4CaSi3Og well match the PDF2 card number 39-1427
(K4CaSi30g) in the International Center for Diffraction Data (ICDD)
database. No impurity lines were observed, and all the reflections
could be well indexed to a K4CaSi3Og single phase.
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Fig. 2. XRD patterns of pure (a) and Eu?*-doped K4CaSi3O9 compared with JCPDs
card No.39-1427.

3.2. Photoluminescence spectra and the Eu?* centers

Fig. 3(a) presents the excitation and emission spectra of
K4CaSi30g:Eu?* at room temperature. The emission spectrum has
a broad emission band (450-700 nm) with a maximum at about
530 nm, which can be ascribed to 4f®5d — 4f7 (8S;,) transition of
Eu?* jons. The excitation spectra consist of the broad absorption
bands from 250 to 450 nm attributed to 4f-5d transition of Eu%* ions
(Fig. 3(a)). This indicates that the phosphor can well match with the
light of UV-LED chips (360-400 nm), which is essential for improv-
ing the efficiency of W-LEDs. The CIE (Commission Internationale
de I'Eclairage) coordinates were calculated from the emission spec-
tra to be (x=0.319, y=0.573), which is a typical yellowish-green
emission.

The asymmetric emission spectra (ex =355 nm)in Fig. 3(a) imply
that EuZ* ions occupy more than one site in the lattice, which can
be deconvoluted into at least two Gaussian components peaked
at 530nm (referred to as Eu2) and 586 nm (referred to as Eul).
This indicates that there are two EuZ* luminescence centers in
K4CaSi3Og lattices. The different excitation spectra (Fig. 4) and
luminescence decay (lifetimes) (Fig. 5) for the two emission bands
(530 and 586 nm) testify two distinct Eu2* centers in K4CaSi3Oq
lattices.

Fig. 3(b) exhibits the crystallographic structure of Ca2* sites
in K4CaSi30g. Cal shares three O(4) and three O(5), while Ca2
shares three O(1) and three O(2). Each kind of Ca2* sites has differ-
ent average distance between the cation and ligands: Ca(1)-0(4)
2.429 A x 3 and Ca(1)-0(5) 2.393 A x 3; Ca(2)-0(1) 2.429 A x 3 and
Ca(2)-0(2) 2.444 A x 3. In K4CaSi3 09, Cal surrounded by six near-
est oxygen neighbors in form of octahedral, which is more heavily
distorted than that of Ca2 site. Usually, the crystal field strength,
presented as Dy, is inversely proportional to the 5th power of the
bond-length R [29].

Dq « 1/R> (1)

When the crystal environments are analogous, a shorter bond
distance implies stronger crystal field strength. Accordingly, the
decrease of the barycenter of excitation band is much higher with
nephelauxetic effect and crystal field on the 4f55d! — 4f’ transi-
tion of Eu* [26]. Thus, the high-energy emission 530 nm (Eu2)
originates from the Eu?* ions which occupy loose crystal circum-
stance with larger Ca-0 bond length (Ca2 site); and the low-energy
emission 586 nm (Ca1 site) are ascribed to the Eu2* jons occupying
compact crystal circumstance with shorter Ca-0 bond length (Ca1).
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Fig. 3. (a) The emission spectra of the K4CaSi30g:Eu?* (Aex =355 nm) and the excitation spectra by monitoring the emission wavelength at Aem =530 nm and 586 nm. (b) The

comparison of the coordination geometries around the Cal and Ca2.

Although the environment of Eul is not so big different from
that of Eu2, the distortion of octahedral gives an intense influence
on the excited energy states of EuZ*, which leads to the emission
energy difference of about 0.22 eV (i.e., the 586 nm (2.116eV) Eul
emission of Eul with largely distorted octahedral for the 530 nm
(2.339eV) emission of Eu2 with less-distorted octahedral).
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Fig. 4. The decay curves of emission bands at 530 nm and 586 nm under the excita-
tion of 355 nm.
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When K4CaSi30g:Eu?* is laid up in air atmosphere, it presents a
little bit sensitivity to moisture. Certainly this is a drawback for its
application. It has been reported that surface coatings with silica
nano-particles on Eu?*-doped silicate phosphors [30] or the addi-
tion of a flux [31] can improve its stability of moisture-resistance.
New experiments will be conducted to enhance its stability with
respect to water.

The photoluminescence QEs of K;CaSizOg:Eu2* with doping
concentrations of 1.0, 3.0, 4.0, and 5.0 mol% were measured and
listed in Table 1. By taking into account the results of excitation
spectra in Fig. 3(a), the excitation wavelength for QEs measure-
ments was selected at 320 nm because of the good overlapping
between the excitation spectra of the 586nm (Eul emission)
and the 530 nm bands (Eu2 emission). The QE of K4CaSiz0g:Eu?*
3.0 mol% was measured to be 39.9% at the excitation of 320 nm light

Table 1

The quantum efficiencies at RT of K4CaSi30g:Eu?*.
Doping level Excitation (nm) QE (%) Measured
(mol%) range (nm)
1.0 320 33.7 385-800
3.0 320 39.9 400-800
4.0 320 14.5 400-800
5.0 320 11.8 400-800
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Fig. 5. (a) The emission spectra of K4CaSi3Og:Eu?* at the selected temperatures
from 25 to 150°C under excitation of 365 nm; the insert is the integrated emission
intensity normalized with respect to the value at 25°C; (b) the activation energies
of the thermal quenching fitted in Eq. (2).

at 300K. The luminescence presents quenching as increasing the
doping level of Eu2*. It is noted that the QE value of K4CaSizOg:Eu2*
is not so high and lower than the reported commercial phosphors.
However, this could be further enhanced by improving the synthe-
sis conditions to reduce the number of defects and impurities.

3.3. Dependence of luminescence on temperature

The temperature-dependent luminescence spectra of
K4CaSi30g9:Eu?* under the excitation of 365nm are shown in
Fig. 5(a). The intense broad peak is originated from 5d-4f tran-
sition of Eu?* jons. With increase in temperature the thermal
quenching is observed. The temperature dependent emission
intensities normalized to the intensity at 25°C are shown in
inset in Fig. 5(a). The emission intensity is decreased to 80%
of the initial value at 25°C. It has been reported that with
increasing temperature at 150°C YAG:Ce3* (yellow phosphor
560nm) is 94%, (Sr17Bag2Eug1)SiO4 (yellow phosphor 575 nm)
is 49%, (Baj.1Srg7Eug,)SiO4 (green phosphor 528 nm) is 77% and
(Srog2Bag.15Eug 03 )2SisNg (red phosphor 632 nm) is 87% of its 25°C
values, respectively [29]. The results in this experiment show
that K4CaSi30q:Eu?* has a good thermal stability on temperature
quenching effect.

The thermal activation energy (AE) for the thermal quenching
of the Eu%* emission was determined by measuring the tempera-
ture dependence of the Eu?* emission intensity. The temperature

£°5d
2 knr
5 4’ AE
ky
’ R

Fig. 6. The schematic configuration coordinate diagram for the excited state level
4f55d and the ground state 4f7 of Eu?* ion.

dependence of the luminescence intensity is described by a modi-
fied Arrhenius equation as follows [7]:

Io

fr 1+ cexp(—£E) @)
where Iy is the initial emission intensity, It is the intensity at
different temperatures, AE is the activation energy of thermal
quenching, c is a constant for a certain host, and k is the Boltz-
mann constant (8.629 x 10 eV). The activation energy is the energy
required to raise the electron from the relaxed excited level into the
host lattice conduction band.

Fig. 5(b) plots of In[(Ip/IT) — 1] vs. 1000/T, which is linear with
a slope of —1.86. According to Eq. (2), the activation energy AE
was calculated to be 0.161 eV. This mechanism can be illustrated
by Fig. 6, in which the schematic configuration coordinate diagram
for the excited state level 4f65d and the ground state 4f7 of Eu2*
ion is presented. AE is the activation energy, and R means the
Eu?*-ligand distance. This illustrates the radiative transition k; and
non-radiative (i.e., thermal phonon-assisted) transition knr from
the excited state.

Fig. 7 displays the temperature dependence of the full wave-
length at half maximum (FWHMs) and emission positions of Eu%* in
K4CaSi3Og. It can be observed that as the temperature is increased
the emission band (FWHM) is broadened, and the emission peaks
show blue-shift from 530 to 505nm. This is not advantageous
because this could change the color chromaticity.

The blue-shifted emission spectra of Eu2* with increasing tem-
perature have been well described in the host where Eu?* ions
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Fig. 7. The temperature dependence of the central emission positions and FWHMs
in the emission of K4CaSi3Og:Eu?* in Fig. 5(a).



148 B. Yuan et al. / Journal of Alloys and Compounds 512 (2012) 144-148

09+

298 K
323K
348 K
368 K
393K
423 K

® +t & ponm

orange

& e
OMﬂplish red

Y color coordination

0.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
X color coordination

Fig. 8. CIE chromaticity coordinates of K,CaSi3Og:Eu?* at various temperatures in
Fig. 5(a).

occupy two kinds of luminescence centers, e.g., (Sr, Ca);Si04:Eu2*
[32], (Sro.82Bag.15Eug,03)2SisNg and (Srq.7Bag2Eug.1)Si04 [29], etc.
The thermal phonon-assisted tunneling model has been applied to
elucidate this phenomenon. The thermally active phonon-assisted
tunneling from the excited states of low-energy (Cal) emission
band to the excited states of high-energy (Ca2) emission band in
the configuration coordinate diagram increases with an increase
of temperature. The energy transfers from the Cal site to Ca2 site
through the phonon-assisted tunneling by overcoming an energy
barrier and finally reverts to the ground state to give a shorter
wavelength emission.

The CIE coordinates were calculated from emission spectra at
different temperature in Fig. 8. With increasing of temperature, the
CIE coordinates slightly shift from (0.319, 0.573) to (0.226, 0.514),
which is consistent with the blue-shift of emission spectra. This is
a shortcoming of K4CaSizOg:Eu?* for the possible application as a
LEDs phosphor at higher temperature.

4. Conclusions

The phosphors of Eu2*-doped K4CaSizO9 were synthesized by
high temperature solid state reaction method. The photolumines-
cence excitation spectrum shows a very broad band extending from
250 to 450nm.K4CaSizOq:Eu?* presents yellowish-green color
with CIE coordinates of (x=0.319, y=0.573) under the excitation
of near UV light. There are two kinds of Eu?* luminescence cen-
ters at 530 nm (Eu2) and 586 nm (Eu1), which occupy Ca2 and Cal
sites, respectively, in K4CaSi3Og lattices. The results of tempera-
ture dependent luminescence spectra show that K4CaSi30q:Eu2*
has an excellent thermal stability on the temperature quench-
ing. The activation energy AE was calculated to be 0.161 eV. With

increasing of temperature, the emission bands show the blue-shift
with increasing bandwidth. This blue-shift was described in terms
of the thermal phonon-assisted tunneling model.
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