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Abstract Blue-emitting LisSrCa(SiOy4)2:Eu®t phosphors
have been synthesized by solid-state reaction. The photolu-
minescence (PL) excitation spectrum shows broad-band ab-
sorption and matches well with the emission of a near-UV
(n-UV) chip. The PL emission spectrum exhibits a broad-
band emission peaking at 430 nm, which is the characteristic
emission of the f—d transition of the Eu?* ion. The diffuse
reflection spectra, temperature-dependent emission spec-
tra, fluorescence decay, and mechanism of concentration
quenching are also studied in detail. Li4SrCa(SiO4)2:Eu2+
is a candidate blue phosphor for n-UV excited solid-state
lighting.

PACS 78.55.-m

1 Introduction

Phosphor conversion solid-state lighting, with characteris-
tics of compact size, high efficiency, long lifetime, low
power requirement, and energy savings, can be widely used
in various applications such as liquid crystal display back-
lighting, full-color displays, cell phones, and traffic sig-
nals [1-3]. White-light-emitting diodes (LEDs), based on
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blue LED chips coated with a yellow-emitting phosphor
(YAG:Ce) [4], are expected to replace conventional incan-
descent and fluorescent lamps for general lighting applica-
tions in the near future. However, the disadvantage of this
system is that since the resulting light is typically deficient
in one of the primary colors, lamps fabricated in this manner
display a poor color rendering index. White LEDs can also
be made by coating near-UV (n-UV) emitting LEDs with
a mixture of high-efficiency red, green, and blue emitting
phosphors [5, 6]. The visible components of the white light
are generated only by phosphors, exhibiting low color point
variation against the forward-bias currents.

Silicate is a satisfactory host for rare earth doped phos-
phors, and some of them have been used widely in in-
dustry [7]. The structure of LisSrCa(SiO4)> and lumi-
nescence properties of Eu”-doped Li4SrCa(SiO4); have
been studied for the first time by Akella and Keszler [8].
In this paper, we report the luminescent properties of
Li4SrCa(SiO4)2:Eu" in detail. LisSrCa(SiO4)2:Eu®T is a
promising phosphor for n-UV chip excited solid state light-
ing.

2 Experimental

Lig(Sr; — yEu,)Ca(SiO4)> phosphors were prepared by
conventional solid-state reaction. Stoichiometric amounts
of source materials LiCOj3 (Aldrich, 99.99%), SrCO3 (Ald-
rich, 99.99%), CaCO3 (Aldrich, 99.99%), SiO, (Aldrich,
99.99%), and EuyO3 (Aldrich, 99.99%) were thoroughly
mixed and then sintered in air at 600°C for 1 h, and re-
sintered in reducing atmosphere (N;:Hp = 95:5) at 1000°C
for 12 h. The resulting powder samples were character-
ized by X-ray powder diffraction (XRD) in the range 10° <
260 <90° using a D8 Advance diffractometer (Bruker) with
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3 Results and discussion

The crystal structure of LigSrCa(SiO4)> has been refined to
be orthorhombic, space group Pbcm with a = 0.4983(2) nm,
b =0.9930(2) nm, and ¢ = 1.4057(2) nm [8]. The XRD
patterns of Lis(Sr; _ yEu,)Ca(SiO4), with x =0, 0.01, 0.04,
and 0.10 are shown in Fig. 1. In this work, we think that the
Eu?* ions occupy the Sr>* ion sites as the two ions show
similar ionic radii (r§r+ =0.126 nm, réj' = 0.125 nm) and
the same charge. All the reflections are indexed on the ba-
sis of an orthorhombic unit cell of LisSrCa(SiO4), (JCPDS
Card: 83-0763). No crystalline impurity phase could be de-
tected in any sample, indicating that the synthesized phos-
phors are single phase and the doped Eu?t ions have no
influence on the crystal structure of LisSrCa(SiOy4),.

The body color of Eu**-doped LisSrCa(SiO4), phos-
phors is greyish white. The diffuse reflection spectra of the
phosphors were measured and are shown in Fig. 2. It can
be seen that there is a distinct absorption band in the range
of 250-375 nm, and it becomes stronger gradually with in-
creasing Eu?t concentration. This band is assigned to the
4f-5d transition of Eu”* ions.
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Fig. 2 Diffuse reflection spectra of Lis(Sr; — Eu,)Ca(SiO4), with
different Eu?* concentrations

The PL excitation and emission spectra of
Liq (Srg.96Eug.04)Ca(SiO4), are shown in Fig. 3. The ex-
citation spectrum exhibits a broad absorption from 250 to
400 nm, which is due to 4f7 — 4£05d! transitions of Eu?t
and is consistent with the diffuse reflectance spectra. Be-
cause the broad excitation matches well with InGaN chip
emission, Lisg(Sry— yEu,)Ca(SiO4); phosphors are suit-
able for n-UV chip excited solid state lighting As it has
a broad excitation, this phosphor can be excited with dif-
ferent wavelengths. It can be seen from Fig. 3a and b that
Li4q(Srg.96Eug.04)Ca(SiO4)2 phosphor shows a blue emis-
sion band peaking at 430 nm under 280- and 350-nm exci-
tations, which is assigned to the transition from 41%5d! to
4f7 of Eu?* jons. The full width at half maximum (FWHM)
of the emission spectra is 60 nm. The CIE chromaticity co-
ordinates of Lis(Srg.96Eug 04)Ca(SiO4)> phosphor are cal-
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culated in terms of the emission spectrum, and the values
are x =0.17, y = 0.60. Eu2" ions exhibit broad-band emis-
sion, which is attributed to the 4f05d!—4f7 transition, and
the wavelength positions of the emission bands depend very
much on host, changing from the n-UV to the red. Recently,
the PL properties of EuZt-activated LipMSiOs (M = Ca,
Sr, Ba) phosphors for LEDs have been studied [9—-16]. The
crystallographic data of LioMSiO4 and the emission wave-
lengths of LipMSiO4:Eu?T are summarized in Table 1. Al-
though these compounds have similar chemical composi-
tions, their crystal structures are different. The effects of
the host structure on luminescence have been explained as
arising mainly from two factors, the crystal field effect and
the nephelauxetic effect. The center of gravity of the crys-
tal field splitting is affected by the host lattice anion. If
the ligand anions share electrons with Eu>* ions, the 5d
level of Eu* shifts to lower energy. For Li;MSiO4:Eu®*
(M = Ca, Sr, Ba), only 02~ anions exist in the crystal struc-
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Fig. 3 PL excitation and emission spectra of Lis(Srg9eEug 04)
Ca(Si0y4);

ture; the shift of emission wavelength does not result from
the nephelauxetic effect of 02~ ions. Therefore, the lowest
4f5d! state of the Eu>t ion dependence is related to the
crystal field strength. In the case of Ag5Zr2(PO4)3 (A =
Ca, Sr, Ba), all of them have the NASICON structure. For
Eu?t-activated Ag sZr>(PO4)3 (A = Ca, Sr, Ba), Eu®* ions
have similar bond character to the ligand O~ ions; the crys-
tal field splitting becomes large with decreasing Eu—O bond
length, leading to a decrease in the difference between the
4f and 5d energy levels in Eu**. The emission bands of
Eu?* shift from 484 to 435 nm with changing alkaline earth
ions from Ca to Ba [17]. However, the crystal field splitting
in LizMSiO4:Eu2Jr (M = Ca, Sr, Ba) is irregular because
of different crystal structures [9]. In Li4SrCa(SiO4)2:Eu2+,
the Eu?* site asymmetry leads to strong crystal fields. But,
the Stokes shift is small (2610 cm™') [18]. The possible
mechanism is that the high concentration of Li™ ions in the
structure constrains the distortion of the emission centers [8,
19]. However, it is not clear at present.

The PL emission spectra of Li4SrCa(SiO4)2:Eu2+ phos-
phors as a function of Eu** concentration are shown in
Fig. 4. The phosphors show a deep blue emission under
350-nm light excitation, and the emission wavelength does
not shift. The emission intensity of Li4SrCa(SiO4)2:Eu2Jr
phases as a function of Eu?t concentration is shown as
an inset in Fig. 4. With increasing Eu** concentration, the
emission intensity increases to 0.04 mol of Eu*; a further
increase in the Eu?* concentration results in a decrease in
the emission intensity because of concentration quenching.

In order to investigate the concentration quenching
behavior of the 5d—4f transition emission, the fluores-
cence decay curves of the 430-nm emission band for
Liq(Srq — xEu,)Ca(SiO4), excited by a pulsed laser (Aex =
355 nm) are shown in Fig. 5. The observed decay times
significantly shortened with concentration. Moreover, for
x < 0.04, the emission decay is a perfect single-exponential
function, whereas for x > 0.04 the decay curves become

Table 1 Crystallographic data of LipMSiO4 (M = Ca, Sr, Ba) and emission wavelengths of LipMSiO4:Eu?t

LipCaSiO4 LirSrSiOy Li,BaSiO4 LigSrCa(SiOg4)2

Crystal structure Tetragonal Trigonal Hexagonal Orthorhombic
Unit cell parameters

a/nm 0.5047(5) 0.5030(3) 0.8100346 0.4983(2)

b/nm - - - 0.9930(2)

¢/nm 0.6484(6) 1.2470(5) 1.0600450 1.4057(2)
Space group 142m P3;21 Pb6scm Pbcm
Site symmetry 2m 2 m m(Sr), 2 (Ca)
Coordinate number 8 (Ca) 8 (Sr) 9 (Ba) 10 (Sr), 6 (Ca)
Emission wavelength 480 nm (Li»CaSiO4:Eu”*) 560 nm (LiSrSiO4:Eu?) 500 nm (Li;BaSiO4:Eu>*) 430 nm (LisSrCa(SiO4)s:Eu’t)
References [9, 15] [9, 13, 14, 16] [9] This work, [8]
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Fig. 4 PL emission spectra of Lis(Sr; — Eu,)Ca(SiO4); (the inset
shows the dependence of PL intensity on Eu>* concentration)
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Fig. 5 Decay curves of Lig(Sr; — yEu,)Ca(SiO4), phosphor (Aex =
355 nm, Aey, = 430 nm)

nonexponential and the nonexponential is becoming more
prominent with increasing Eu** concentration. The devia-
tion from the single-exponential behavior has been shown
to be due to the nonradiative energy transfer process in-
volving Eu®* ions and defect impurities [20]. The analysis
of these decay curves shows that energy migration among
Eu?* ions affects the energy transfer process [20, 21]. The
fit of the fluorescence decays of higher doped samples with
the migration assisted energy transfer modes from Yokota
and Tanimoto [22] and Burshtein [23] indicates that the best
agreement between experimental data and theoretical fits is
obtained with the expression corresponding to the Burshtein
model

1(l)=IoeXP<—é—V\/;—WZ), (1)

@ Springer
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Fig. 6 Experimental emission decay curves of Lis(Srgg9Eug.10)
Ca(SiOy4); and the calculated fit with (1) (solid line)

where tR is the intrinsic lifetime of the donor ions, y
characterizes the direct energy transfer, and W represents
the migration parameter. In the case of dipole-dipole in-
teraction, y is given by the expression y = ‘3—%3/ N Clljf ,
where N is the concentration and Cpy is the energy trans-
fer microparameter. Figure 6 shows the fit for the sample
Li4 (Srg.90Eug.10)Ca(SiO4)2 phosphor.

The result indicates that the electronic mechanism of en-
ergy transfer is a dipole—dipole interaction between Eu’*
ions. For the Lis(Srg.90Eug.10)Ca(SiO4)2 phosphor, the
Eu?* concentration N = 5.75 x 10%° cm™3. The y value
is determined to be 5947. So, the calculated Cps = 1.94 x
10736 ¢m®/s. The critical distance Ry calculated by RS =
TRCpa is 9.95 A, which is smaller than 20 A that is usu-
ally observed in other phosphors, and is consistent with the
concentration quenching occurring at low doping levels in
LisSrCa(SiOg4)2:Eu?t.

Thermal quenching is one of the important technolog-
ical parameters for phosphors used in solid-state lighting.
The temperature dependence of PL emission spectra of
Li45r0_96Ca(SiO4)2:0.04Eu2+ excited by 365-nm UV light
is illustrated in Fig. 7. With increasing temperature, the
emission intensity decreases markedly. When the tempera-
ture is 150°C at which the solid-state lighting usually works,
the emission intensity remains only 55% of that at room tem-
perature, which can be explained by the thermal quenching
at the configurational coordinate diagram. Through phonon
interaction, the excited luminescent center is thermally acti-
vated and then released through the crossing point between
the excited state and the ground state in the configurational
coordinate diagram [7, 24], which quenches the lumines-
cence. In addition, a slight blue shift from 430 to 425 nm
is observed with increasing temperature from 25 to 200°C.
This blue shift can be explained in terms of the thermally ac-
tive phonon assisted excitation from a lower energy sublevel
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Fig. 7 Dependence of PL 25
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Fig. 8 Activation energy for thermal quenching of LisSrgoe
Ca(Si04)7:0.04Eu?*+

to a higher energy sublevel in the excited state of Eu>t [7].
This temperature-induced blue shift phenomenon has been
reported by many authors [25-28].

In order to better understand the relationship between
temperature and photoluminescence and to determine the
activation energy for thermal quenching, the Arrhenius
equation was fitted to the thermal quenching data [25, 29]:

Iy

I(T)= —————,
1+ cexp(;—f)

@)

where [ is the initial intensity, /(7') is the intensity at a
given temperature 7, ¢ is a constant, E is the activation en-
ergy for thermal quenching, and k is Boltzmann’s constant.
Figure 8 plots In[(lp/I) — 1] vs. 1/ T. When performing lin-
ear regression, the activation energy for thermal quenching
is found to be 0.35 eV.

T T T T
450 500 550
Wavelength / nm

4 Conclusions

Single-phase Li;;SrCat(SiOA;)zzEu2+ phosphors have been
synthesized by solid-state reaction. The absorption band in
the range of 250-375 nm in the diffuse reflection spectra is
assigned to the 4f—5d transition of the Eu** ion. The PL
excitation spectrum shows broad-band absorption extend-
ing to the n-UV region and is consistent with the diffuse
reflectance spectra. The PL emission spectrum exhibits a
broad-band emission peaking at 430 nm, which is the char-
acteristic emission of the f—d transition of the Eu>* ion. The
optimum Eu?* doping concentration is 4 mol%. The con-
centration quenching is made evident by the change from
exponential to nonexponential decays of the Eu>t d—f tran-
sition emission with increasing doping concentration. The
study of decay curves indicates that the electronic mecha-
nism of energy transfer is a dipole—dipole interaction be-
tween Eu?" ions. The emission intensity decreases with
temperature increasing, and the emission intensity at 150°C
remains at 55% of that at room temperature. Because the PL
excitation of Li4SrC::1(SiO4)2:Eu2Jr phosphors matches well
with the emission of an n-UV chip, Li4SrCa(SiO4)2:Eu2+
phosphor is a promising blue component for n-UV excited
solid-state lighting.
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