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A new series of blue-emitting Ce3*-doped CalaGasS; thiogallate chalcogenide phosphors were syn-
thesized by a solid-state reaction method. Their luminescence properties were investigated by
photoluminescence excitation, emission spectra and lifetime. The critical dopant concentration was found
to be 0.15 mol of Ce3* (R. =15 A) and the fluorescence lifetime of Ce3* in CaLaGa3S7:0.15 Ce3* was 12.9ns.
The blue-emitting LED was fabricated by combining an InGaN chip (395nm) with a CaLaGasS;:Ce>*
phosphor. The CIE chromaticity coordinates of the blue LED were calculated to be (0.14, 0.23).

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Rare-earth-doped melilite compounds of general formula
ABC307 where A=Ca, Sr, Ba; B=La, Gd; and C=Al, Ga have been
extensively investigated over the last few decades [1-4]. Examples
of these are Cr**-doped SrXGas07 (X=La, Gd) [5], Dy3*, Pr3* and
Nd3* doped SrLaGas 05 single crystals [6], Ho3*-doped SrLaGa3 05
[7], Ce3*, Pr3* and Tb3* doped SrLaGaz O [8]. The MLaGa3S7 (M =Ca,
Sr) and Lyg;3GagS14 (L=La, Ce) thiogallates have been reported
to exhibit the same tetragonal structure of the melilite type [9].
Fouassier et al. investigated the Er3*-doped CalLaGa;S7, SrLaGasS7,
and Las;3GasSy thiogallates, and found that these melilite-type
phosphors showed the green characteristic emission from Er3* [10].

Recently, white light-emitting diodes (w-LEDs) generated by
phosphor-converted method have attracted considerable atten-
tion due to their high efficiency, environmental friendliness, and
low cost [11-13]. The w-LEDs are generally produced by blend-
ing multi-LEDs or combining a blue or near-ultraviolet (n-UV) LED
chip with phosphors. Due to the high color rendering index (Ra)
and tunable color temperature (T¢), it was estimated that w-LEDs
produced through exciting multi-phosphors by an n-UV LED chip
would dominate the market in the near future.

* Corresponding author. Tel.: +86 20 84111038; fax: +86 20 84111038.
E-mail address: ceswj@sysu.edu.cn (J. Wang).

0925-8388/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j,jallcom.2011.05.016

As an efficient activator in phosphors for n-UV LEDs, Ce3* ion
has been widely investigated because it usually has a strong exci-
tation band covering the emissions from n-UV LEDs, and an intense
emission band due to the allowed 5d-4f transitions with high oscil-
lator strength [14-16]. In general, the 5d-4f emissions of Ce3*
can vary from long-wavelength ultraviolet to red light due to its
strong dependence on the host composition, crystal structure and
lattice symmetry and all that. Chalcogenide has the smaller elec-
tronegative value element sulfur compared to oxide. The crystal
field splitting of Ce3* ions in chalcogenide hosts are expected to
be stronger than those in oxide hosts, therefore, the absorption
of the 4f-5d transitions may extend to the visible (400-500 nm)
area. Hence, the Ce3* doped chalcogenide is a very appropriate
phosphor excited by near-UV or blue-emitting diodes for solid-
state lighting, such as CaS:Ce3* [17], Ca1g(PO4)sY (Y=S, Se):Ce3*
[18] and CaAl,S4:Sn?*, Ce3* [19] phosphors. The luminescence
properties of SrLaGa3SgO:Eu?* and CaLaGasSg0:Ce3*, Tb3* phos-
phors were first reported by our group, via replacing a portion
of oxygen in (Sr, Ca)LaGa3O; by sulfur [20,21]. These are suit-
able for white LEDs as yellowish-green-emitting and blue-emitting
phosphors. Furthermore, it was reported that CaLaGazSgO:Ce3*
exhibited the optimal absorption band (~400nm) of n-UV LED
instead of BaMgAl;qO;7:Eu?* (BAM) phosphor. The integrated
emission intensity of CaLaGa3Sg0:Ce3* phosphor was 70% as strong
as that of BAM [22].

In this study, we present the luminescence properties of the
Ce3*-doped CaLaGas3S; thiogallate phosphor which also has melilite
structure. To the best of our knowledge, this is the first report of Ce3*
ions as activators in CaLaGasS7 host.
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Fig. 1. XRD patterns of prepared Cala;_yCeyGasS; phosphor (x=0.03, 0.06, 0. 10,
0.15,0.18, 0.20).

2. Experimental
2.1. Sample preparation

The starting sulfide materials CaS, (-La,S3, Ga,Ss, and y-Ce,S; were pre-
prepared by a solid-state reaction method at high temperature in horizontal tube
furnaces. CaS was prepared from CaCO; (A.R.) under flowing H,S gas at 1000 °C for
2 h. Ga,S3 was prepared under flowing H, S gas at 980 °C for 3 h. B-La, S; and y-Ce;S3
were prepared with CS; reducing atmosphere at 1250°C for 3 h.

The stoichiometric amounts of source materials CaS, La,S3, Ga;S; and Ce,S3
were thoroughly mixed by grinding, and then sintered in Ar gas at 950°C for 2 h in
horizontal tube furnaces.

The chemical reaction can be expressed as follows:

950°C,Ar,2h

CaS + ((1 —x)/2)LazSs +(3/2)GazSs + (x/2)CesS; —> '~ Cala;_xCexGasS7

2.2. Characterization and optical measurements

The structure of the final products was examined by X-ray powder diffraction
using a Bruker D8 ADVANCE X-ray Diffractometer with Cu Ka radiation at 40 kV
and 40 mA. The XRD patterns were collected at a scan rate of 5°/min in the range of
10° <20 <70°.

The phosphor particle morphology and size were characterized using a scanning
electron microscope (SEM) (LEO1530VP, LEO Company). The photoluminescence
(PL) and photoluminescence excitation (PLE) spectra of CaLaGasS;:Ce3* were mea-
sured by a Fluorolog-3 spectrofluorometer (Jobin Yvon Inc/specx) equipped with a
450 W Xe lamp and double excitation monochromators.

The decay curves and temperature-dependent PL spectra of the phosphor
CaLaGasS7:Ce3* were recorded by a FLS920-Combined Fluorescence Lifetime and
Steady State Spectrometer (Edinburgh Instruments), equipped with a 450 W xenon
lamp, a 150 W nF900 nanosecond flash lamp with a pulse width of 1 ns and pulse
repetition rate of 40-100 kHz. The emission spectra of the LEDs were recorded on
an LED-1100 Spectral/Goniometric Analyzer (Labsphere Inc.) under a direct current
of 20 mA.

3. Results and discussion
3.1. Phase characterization

Fig. 1 shows the X-ray diffraction (XRD) patterns of a series of
phosphors Ce3*-doped CaLaGasS;7 (x=0.03, 0.06, 0. 10, 0.15, 0.18,
0.20). The doped Ce3* ions have no obvious influence on the struc-
ture of the host, and all the peaks can be indexed to the phases
of CaLaGasS; (JCPDS 39-0482). Considering the ionic radii of Ca%*
(112 pm),La3* (116 pm)and Ce3* (114 pm)ions (when coordination
number CN =8), it is highly suggestive that the Ce3* ions replace the
La3* ions due to the similar radius and the same valence. From the
XRD data (concentration x=0.15), the structure of CaLaGa3S; was
found to be tetragonal with space group P42;m, a=9.498 A and

Cala
Ga+3

Fig. 2. Crystal structure of CaLaGasS;.

c=6.154A (Fig. 2). This data is consistent with the unit-cell param-
eters given by the literature [23]. The structure was constructed
by five-membered rings from [GaS4]°~ tetrahedrons linked at each
corner. The Ca?* and La3* ions are situated at the centers of these
rings and they are distributed randomly in eight sulfur atom-
coordinated sites with Cs symmetry [5,12].

Table 1 lists the calculated lattice parameters of a series of
Cala;_yCexGasS; phosphors. Evidently, the unit cell shrinks with
increasing Ce3* concentrations in the range of x=0.03-0.20, sug-
gesting the replacement of the La3* ions by Ce3*.

SEM study was carried out to investigate the surface morphol-
ogy and particle sizes of the synthesized phosphor powder. Fig. 3
shows the representative SEM micrographs of two different con-
centrations of Ce3*-doped CaLaGas3Sy. Itis apparent that the particle
sizes vary from few microns to several tens of microns. The mor-
phologies of CaLaGasS; powders did not vary much for the doping
concentration from 0.03 to 0.18 mol.

3.2. The luminescence properties of CalaGasS7:Ce3*

The emission and excitation spectra of Ce3* in CaLaGasS; were
measured at room temperature and are presented in Fig. 4. Curve
(a) shows the two characteristic emission bands of Ce3* jons under
406 nm excitation, a broad emission band with a maximum at about
454 nm and a shoulder band around 484 nm. Curves (c) and (d) and
the fitted total emission curve (b) are the Gaussian fit peaks for
the asymmetric emission spectrum (a). The emission spectra con-
sisting of two broad bands with peaks at 450 nm (2.22 x 10*cm1)
and 485 nm (2.06 x 104 cm~1) correspond to the transitions of 5d
state to 4f 2Fs, and 2F;); of Ce3* ion. The energy difference is about
1.61 x 103 cm~. The CIE color coordinates calculated between 410
and 700 nm are x=0.14 and y=0.17. Curves (e) and (f) display the
excitation spectra of Ce3* in CaLaGasS7, monitoring at 484 nm and
454 nm, respectively. They consist of two broad bands at around
350nm and 406 nm in the range of 280-450 nm. The lowest f-d
transition absorption of Ce3* peaked at 406 nm (2.46 x 104 cm1).
Stokes shift, defined as the energy difference between positions of
the band maxima of the absorption and emission spectra, was cal-
culated to be 2.41 x 103 cm~!. Because of its broadband absorption
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Fig. 3. Representative SEM micrographs of CalLa;_,CeyGasS; phosphor (a, x=0.03;
b, x=0.18).

in the range of 280-450 nm, CaLaGas3S;:Ce3* meets the application
requirements for n-UV LEDs.

In the following equation (1), the value of the red shift (D) is
defined by Dorenbos [24] as the energy difference of the lowest
5d excited levels of lanthanide ion [E(Ln, A)] in the host A com-
pared with the free lanthanide ion [E(Ln, free)]. The energy of the
free (gaseous) Ce3* is 4.93 x 104 cm~1. So the calculation process is
described as follows:

D(Ln, A)=E(Ln, free) — E(Ln, A) (1)

Further, Dorenbos and coworkers [25-27] in an extensive
review on the position of 5d transitions of lanthanides demon-
strated that the influence of the crystal field and covalency of the
host lattice on the red shift (D) of 4f5d levels is approximately
equal for all other lanthanides in the same host lattice. It is pos-
sible to use the position of the 5d levels of Ce3* to predict those of

Table 1
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(b)—-—fitted curve
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Fig. 4. Excitation (e, Aem =484 nm; f, Aem =454 nm) and emission (a, Aex =406 nm)
spectra of CaLaGasS7:0.15 Ce3* phosphor at room temperature.

all other lanthanides. Hence, knowledge on the spectroscopic char-
acteristic of Ce3* ions in a definite host lattice is fundamental to an
understanding of the 4f5d states of other lanthanide ions in the
same host lattice. As the first report of Ce3*-activated CaLaGa3S;
phosphor, here, we calculated the red shift value (D) of Ce3* to be
2.47 x 104 cm~1 in the CaLaGasS; host.

Table 2 reveals the influence of anion types on the Ce3* emis-
sion bands and red shift (D). As can be seen, the chalcogenide
compounds of Ce3*-doped CaLaGasS; phosphor exhibit the obvi-
ous redshift compared to Ce3*-doped CaLaGas3SgO phosphor. The
redshift energy depends on the crystal environment and can be
represented by a term called the centroid shift or nephelauxetic
(covalence) effect. With the substitution of S atom for O atom, the
La-S bonds are then more covalent than the La-O ones and the
nephelauxetic effect is stronger in CaLaGa3S; than in CaLaGasSgO.
This means the covalent nature increases causing a redshift of the
emission of Ce3* [28].

The influence of the Ce3* concentration x on the emission inten-
sity of Ce3*-doped CaLaGasSy is shown in the inset of Fig. 5. The PL
intensity increases with Ce3* content increasing until a maximum
intensity is reached. Then it decreases because of concentration
quenching. As can be seen, the favorable concentration of Ce3* in
CaLaGasSy phosphoris about 15 mol% (relative to La3*). Fig. 5 shows
the luminescence performance of this new blue-emitting phosphor.
The PL spectra of CaLaGa3S7:0.15 Ce3* with optimal composition
and the commercial BaMgAl;o07:Eu?* (BAM) that is currently used
as the blue-emitting phosphor for w-LED based on n-UV InGaN chip
are compared. It is seen that the integrated emission intensity of
reference BAM is 4.64 times higher than that of the CaLaGa3S;:Ce3*
phosphor excited at 406 nm. To improve the luminescent inten-
sity of CaLaGa3S7:Ce3* phosphor, optimization in terms of starting

The calculated lattice parameters of CaLa;_,Ce,GasS; (x=0.03, 0.06, 0.10, 0.15, 0.18, 0.20).

Cell parameters Cala;_xCeyGasS;

x=0.03 x=0.06 x=0.10 x=0.15 x=0.18 x=0.20
alA 9.561 9.536 9.517 9.498 9.482 9.475
c/A 6.158 6.157 6.156 6.154 6.147 6.144
VA3 562.92 559.89 557.58 555.16 553.29 551.62
o?[% 0.15 0.68 1.09 1.52 1.86 215

a Standard deviations of calculated unit-cell volume parameters from the unit-cell volume parameters are provided in reference [23].
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Fig. 5. Photoluminescence (PL) of CalaGasS7:0.15 Ce3* phosphor and the com-
mercial product BAM. The inset shows the influence of Ce3* dopant concentration
on the emission intensity of CaLa;_,CeyGasS7 (x=0.03, 0.06, 0.10, 0.15, 0.18, 0.20)
(Aex =406 nm).

material, reaction temperature, time, flux, codoped ions, technical
process, etc. may be needed.

While considering the mechanism of energy transfer in phos-
phors, Blasse [29] has pointed out that if the activator is introduced
solely on Z ion sites, xc is the critical concentration, N is the num-
ber of Z ions in the unit cell and V is the volume of the unit cell,
then there is on the average one activator ion per V/xcN. The criti-
cal transfer distance (R ) is approximately equal to twice the radius
of a sphere with this volume according to:

3V )1/3 @)

Re~ 2(477ch

By taking the appropriate values of V, N and x. (573.74A3, 2,
and 0.15, respectively), the critical transfer distance of center Ce3*
in CaLaGa3S7:Ce3* phosphor was found to be 15A.

It is well known that the lifetime of phosphors applied in the
field of displays and lights should be suitable in order to avoid the
superimposition of images and signals [30]. The decay curves of
Ce3* emission for all CaLaGa3S;:x Ce3* samples at room temper-
ature are shown in Fig. 6. These curves are well fitted by a single
exponential equation, I = Iy exp(—t/t), where I; and Iy are the lumi-
nescence intensities at time t and time 0, and t is the decay time.
A representative pattern is shown in the inset of Fig. 6. The decay
times of Ce3* jons were determined to be 14.35, 13.86, 13.17, 12.90,
12.44 and 12.36ns for CaLaGasS7:x Ce3* with x=0.03, 0.06, 0.10,
0.15, 0.18 and 0.20, respectively (Table 3). The lifetime reduction
with increasing Ce3* concentration in Fig. 6 is due to an increase
in non-radiative decay rate. It can be seen that these nanosecond
lifetime values of Ce3* are suitable for LEDs [31] and reasonable for
the 5d-4f allowed transition of Ce3*.

In the solid-state lighting application, a lower-temperature
quenching effect is in favor of keeping the chromaticity and bright-
ness of white light output. Fig. 7 shows the dependence of PL spectra

Table 2
Comparison of luminescence properties of CaLaGas;S7:Ce and CaLaGas;SgO:Ce [20].

CalaGa,S,:0.15Ce™

—O—exp.
fitted

CalLaGa,S,:x ce*

Intensity(a.u.)
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Fig. 6. Decay curves of CalaGasS;:x Ce3* (x=0.03-0.20) (hex=406nm;
Aem=454nm). The inset shows a representative pattern of fitted results for
the decay curve of CaLaGa3S;:0.15 Ce3*,
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Fig.7. Dependence of PLemission of CaLaGa3S;:Ce3* (Aex =406 nm)on temperature.
The inset shows the relationship of relative intensity and temperature.

of CaLaGa3S7:0.15 Ce3* on temperature excited by 406 nm light.
An increase in temperature from 300K to 460K caused a marked
decrease of PL intensity. The thermal quenching of emission inten-
sity can be explained by a configurational coordinate diagram in
which through phonon interaction, the excited luminescence cen-
ter is thermally activated and then thermally released through the
crossing point between excited state and ground state. This non-
radiative transition probability by a thermal activation is strongly
dependent on temperature resulting in the decrease of emission
intensity [30,32]. As shownin Fig. 7 (inset), the quenching tempera-
ture (Ty,)is 360 K. After heating the sample up to 420 Kat which the
LEDs usually work, the emission intensity remains at about 20% of
that measured at room temperature. This shows that the phosphor
does not have good thermal-quenching property. The low thermal-

Phosphor Symmetry Emission band (nm) The lowest 5d state of Ce3* (nm) Stokes shift (cm~1) D (red shift) (cm~1)
CalaGasS7:Ce Orthorhombic 454, 484 406 (2.46 x 104cm™1) 2.41x 103 2.47 x 104
CaLaGa3Sg0:Ce Tetragonal 438, 480 398 (2.51 x 104 cm™) 2.29x 103 2.42 x 10*
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Table 3

The lifetimes of Ce3* in CaLa;_,Ce,GasS; at different concentrations (Aex =406 nm, Ay =454 nm) (x=0.03, 0.06, 0. 10, 0.15, 0.18, 0.20).

Concentration

0.03 0.06 0.10

0.15 0.18 0.20

7 (ns) 14.35 13.86 13.1

7 12.90 12.44 12.36

quenching property may be attributed to the soft host lattice that is
built up on the [LaSg] octahedral network. The electrons in the soft
structure easily vibrated as the energy was provided, especially at a
high temperature, compared to those in the stiff structure, such as
[SiO4] and [PO4] tetrahedral network [33]. The energy of the elec-
trons in the excited state could be easily released by generating
lattice vibration, which results in the large Stokes shift and the low
quenching temperature of CaLaGa3S;:Ce3* phosphor [34].

3.3. Fabricated LEDs with CaLaGasS7:Ce3* phosphor

As shown in Fig. 4, the broad excitation band of the
CaLaGa3S;:Ce3* phosphor matches well with the n-UV light emit-
ted by the InGaN LED, indicating a potential application of the
phosphor in an n-UV LED chip. To investigate the optical proper-
ties of the phosphor in a device combined with an n-UV Ga(In)N
chip, a blue LED was fabricated by pre-coating CaLaGazS7:0.15 Ce3*
phosphor onto a 395 nm-emitting InGaN chip. The emission spec-
trum of the LED under a forward bias of 20 mA is shown in Fig. 8
(left panel). A strong broad emitting band, with a peak at 452 nm
and plateau out at about 495 nm, appeared due to the excitation
by NUV InGaN chip, although the 395 nm emitting peak from the
chip itself is still evident. Bright blue light from the LED can be
observed with the naked eye and the CIE chromaticity coordinates
of the blue LED were calculated to be (0.14, 0.23), indicated by
a red star in the CIE 1931 chromaticity diagram in Fig. 8 (right
panel). It is important that the remaining NUV bands are still inten-

sive, and thus a yellow phosphor can also be excited by co-coating
with the present blue CalLaGasS7:Ce3* phosphor onto the same
chip to create white light. The results suggest that the synthe-
sized CaLaGa3S7:Ce3* phosphors are suitable as a blue component
in NUV InGaN-based LED fabrication, and co-coating of this phos-
phor with a suitable yellow-emitting phosphor is a potential path
to fabricating white LEDs.

4. Conclusions

In the present work, the phosphor CaLaGa3S7:Ce3* has been syn-
thesized successfully. The excitation and emission spectra of these
phosphors show that all are broadband, which can be viewed as
the typical emission of Ce3* ascribed to the 4f-5d transitions. All
of the phosphors exhibit blue luminescence for both UV and visi-
ble excitation in the range of 280-450 nm. The critical quenching
concentration of Ce3* in CaLaGasS7:Ce3* phosphor is determined as
15%, and the critical transfer distance is calculated as 15 A. The flu-
orescence lifetime of Ce3* in CaLaGa3S7:0.15 Ce3* can be well fitted
by single exponential equation and the decay time is 12.9 ns. The
quenching temperature for CaLaGasS7:0.15 Ce3* is 360 K. Because
of their broadband absorption in the region 280-450 nm, these
phosphors meet the application requirements for GaN-based LEDs.
The intensive blue LEDs were also fabricated by combining the
synthesized phosphor (CaLaGasS;:Ce3*) with near-UV InGaN chips
(Aem =395 nm). These are believed to be a good phosphor candidate
for white LEDs application.
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