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CaY2Si2S8:Ce
3+
: A novel green-emitting thiosilicate 

phosphor for white light-emitting diodes 

Szu-Ping Lee,a Chien-Hao Huang,b and Teng-Ming Chen*
,a 

A novel green-emitting Ce3+-doped CaY2Si2S8 thiosilicate phosphor was synthesized by using solid-state 

methods in a sealed silica ampoule. This compound could be excited over a broad range from UV to blue 

light (400−450 nm) and generated a broadband emission peaking at ~495 nm, with a quantum efficiency 

of ~57%, which are promising for solid-state lighting applications. Temperature-dependent optical 

measurements of CaY2Si2S8:Ce3+ from 25 to 225°C were performed. In addition, a white LED device 

was fabricated by using the green-emitting CaY2Si2S8:Ce3+ phosphor and red-emitting CaAlSiN3:Eu2+ 

commodity pumped with a 450 nm blue chip. The CRI value and CCT were measured to be 91–95 and 

3800–8600 K, respectively, showing promising potential for solid-state lighting applications. The 

preparation, spectroscopic characterization, quantum efficiency, decay lifetime, thermal stability, and 

related LED device data are also presented. 

1. Introduction    

In recent years, solid-state white-light devices have been 
championed as next-generation light sources because of their 
advantages of long operation lifetime and energy efficiency.1−5 
Moreover, they have environmental merit because they do not 
contain mercury vapor as a light source.6 White light can be 
produced by a combination of a blue LED chip with a yellow-
emitting phosphor.4,7−12 However, such white light has some 
disadvantages such as low color-rendering index (CRI) and high 
correlated color temperature (CCT) due to the deficiency of red 
emission.7,8 An alternative way to produce white with a high CRI 
may be based on a combination of a near-ultraviolet (near-UV) LED 
chip (380−420 nm) with red-, green-, and blue-emitting 
phosphors.7−10 With the aim of realizing the optical requirements for 
white light, many new phosphors have been developed to overcome 
the aforementioned drawbacks and obtain suitable luminescent 
material for phosphor-converted white light-emitting diodes (pc-
WLEDs).7−10 Ce3+ emission usually consists of a broad band due to 
the parity-allowed transition between the lowest crystal field 
components of the 5d excited state and the 4f ground states (2F7/2 and 
2F5/2), and it often extends from the UV to yellow region, 
depending on the host lattice.13–16 
    Phosphor materials including silicates and rare-earth ions 
have been studied for use in various light sources and displays. 
Up to now, silicate, silicon nitride, silicon oxynitride, and 
thiosilicate materials have been reported.17–29 In particular, 
thiosilicate phosphors have the advantage that a relatively low 
temperature is necessary for fabrication, and various 
luminescence wavelengths from blue to infrared have been 
reported.17,21–29 From these viewpoints, the fabrication of a 
visible and infrared thiosilicate phosphor is expected. In this 
research, we discovered a new Ce3+-activated CaY2Si2S8 
thiosilicate phosphor, which crystallizes in the Ce2PbSi2S8

30 
structure. For the first time, we investigated the crystal structure 
of the CaY2Si2S8:Ce3+ via synchrotron X-ray diffraction 

(SXRD) patterns and reported the luminescent properties of the 
CaY2Si2S8:Ce3+ phosphor. This new phosphor can be excited by 
light in the near-UV to blue region and shows green emission. 
In addition, the LED device using the CaY2Si2S8:Ce3+ phosphor 
with a blue LED chip was investigated to demonstrate the 
applicability of the CaY2Si2S8:Ce3+ phosphor as a color- 
conversion material in the fabrication of WLEDs. 

2. Experimental Section 

2.1. Materials and synthesis 

The powder samples of Ca(Y1−xCex)2Si2S8 were synthesized by 
solid-state reactions using Y2S3 (Alfa, 99.9%), CaS (Alfa, 99.9%), 
Ce2S3 (Alfa, 99.99%), Si powder (Alfa, 99.999%), and S powder 
(Acros, 99.999%) as raw materials. The stoichiometric amounts of 
the starting materials were thoroughly mixed and loaded into a 
vertically positioned silica ampoule, fully evacuated to 10−3 Torr, 
and sealed off under a dynamic vacuum. The silica ampoule was 
heated at 5 °C/min to 1000 °C for 8 h in a furnace and then cooled 
down slowly to room temperature. 

2.2. Characterization  

The SXRD profiles were recorded at the BL01C2 beamline of 
National Synchrotron Radiation Research Center (NSRRC) in 
Hsinchu, Taiwan, equipped with a Mar345 imaging plate and 
using an X-ray wavelength of 0.774908 Å. X-ray absorption 
parameters and the extinction coefficient were also refined, 
moreover, the peak shapes were fitted using exponential 
pseudo-Voigt functions. The diffuse reflection (DR) spectra 
were measured with a Hitachi 3010 double-beam UV−Vis 
spectrometer (Hitachi Co., Tokyo, Japan) equipped with a ø60 
mm integrating sphere whose inner face was coated with 
BaSO4 or Spectralon and α-Al2O3 was used as a standard in the 
measurements in the range of 250−800 nm. The 
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photoluminescence (PL) and photoluminescence excitation 
(PLE) spectra were recorded with a Spex Fluorolog-3 
spectrofluorometer (Jobin Yvon Inc./specx) equipped with a 
450 W Xe lamp and analyzed by a Jobin-Yvon spectrometer 
HR460 with multichannel charge-coupled device detector. The 
absorption (Α) and quantum efficiency (QE) was measured by 
an integrating sphere whose inner face was coated with 
Spectralon equipped with a spectrofluorometer (Horiba Jobin-
Yvon Fluorolog 3−2−2). The luminescence decay lifetime were 
measured on a tunable nanosecon optical-parametric-
oscillator/Q-switch-pumped YAG:Nd3+ laser system (Ekspla). 
The thermal luminescence (TL) quenching was tested using a 
heating apparatus (THMS-600) in combination with PL 
equipment. The pc-WLEDs devices were fabricated using 
commercial blue InGaN-based LED chips (λmax = 450 nm) with 
an intimate mixture of silicone resin and phosphor blending of 
green-emitting CaY2Si2S8:Ce3+, and red emitting 
CaAlSiN3:Eu2+31 commodities (Mitsubishi-BR-102C). The 
electroluminescence (EL) spectra were recorded at different 
forward bias currents in the range of 150−850 mA and 
measured by SphereOptics integrating sphere with LED 
measurement starter packages (Onset, Inc.). The Commission 
Internationale de l’Eclairage (CIE) chromaticity coordinates 
were determined by a Laiko DT-100 color analyzer equipped 
with a CCD detector (Laiko Co., Tokyo, Japan). 

3. Results and Discussion 

3.1. Structure Characterization of the Ca(Y1−xCex)2Si2S8 

Thiosilicate Phosphor 

Figure 1 shows the SXRD patterns of the as-synthesized 
Ca(Y0.93Ce0.07)2Si2S8 sample and the ICSD_184024 standard pattern. 
The as-synthesized Ca(Y0.93Ce0.07)2Si2S8 sample was obtained as a 
single-phased compound that matches well with ICSD file No. 
184024. Ca(Y0.93Ce0.07)2Si2S8 synthesized in this study was found to 
crystalize trigonally in R-3c (No. 167) with six formula units per unit 
cell. In the crystal lattice and unit cell of Ca(Y0.93Ce0.07)2Si2S8, there 
is a single site randomly occupied by a mixture of Ca and Y atoms, 
one site occupied by the Si atoms, and two sites occupied by 
chalcogen atoms. The Si and S atom sites are fully occupied.32 
Figure 2 shows the exact crystal structure of Ca(Y0.93Ce0.07)2Si2S8 
lattice viewed along the c-axis and Ca/Y atomic site with their 
corresponding neighboring atoms from the refined results. 
Generally, the atomic framework consists of [(1/3Ca + 2/3Y)S8] 
bicapped trigonal prisms and [SiS4] tetrahedra, which are mutually 
connected by corners and edges.32 The coordination polyhedron of 
Ca/YS8 is composed of eight S and one Ca/Y atoms situated at the 
center of the bicapped trigonal prism with a coordination number 
(CN) of 8. 

3.2. Spectroscopic Characterizations of the Ca(Y1−xCex)2Si2S8 

Thiosilicate Phosphor 

Figure 3 shows the DR spectrum of as-synthesized polycrystalline 
CaY2Si2S8 and Ca(Y0.93Ce0.07)2Si2S8. For the CaY2Si2S8 host, the DR 
spectrum shows high reflection in the wavelength ranging from 400 
to 800 nm, and decreases the reflection intensity from 250 to 450 
nm. When 7% Ce3+ is induced into the CaY2Si2S8 host lattice, the 
absorption edge extends to the longer-wavelength side and the 
absorption is enhanced. The observed results suggest two different 
absorption pathways from the UV to visible range: one is caused by 
the CaY2Si2S8 host and the other is caused by the 4f1 → 5d1 
transitions of the Ce3+ ion. A typical PLE/PL spectrum of 
Ca(Y0.93Ce0.07)2Si2S8 is indicated in Figure 3 (b). 

Figure 1 SXRD patterns of (a) as-synthesized Ca(Y0.93Ce0.07)2Si2S8 
sample and (b) ICSD_184024. 

Figure 2 (a) Schematic unit cell crystal structure of 
Ca(Y0.93Ce0.07)2Si2S8 viewed along the c-axis and (b) coordination 
environment around Ca/YS8. Green, yellow and white sphere balls 
describe Ca/Y/Ce, S and Si atoms. 

Figure 3 (a) DR spectrum of CaY2Si2S8 host. (b) DR spectrum, 
PLE/PL spectra, and the PL deconvolution (dashed line) of 
Ca(Y0.93Ce0.07)2Si2S8. The insets show photographs of the 
synthesized phosphor under room light (left) and UV light (right).  
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Figure 4 (a) PLE spectra (monitored at λem = 495 nm) and (b) PL spectra (λex = 450 nm) of Ca(Y1−xCex)2Si2S8 with different Ce3+ 
concentration x. The inset shows the correlation between log(I/x) with log(x). 

The asymmetric emission band in the PL spectrum is fitted into good 
approximation with two Gaussian curves centered at 491 nm (20,366 
cm−1) and 545 nm (18,348 cm−1), which can be ascribed to the 
transitions from the lowest 5d level to the two 2F7/2 and 2F5/2 ground 
states of the Ce3+ ions.33 Then, the energy gap between 2F7/2 and 2F5/2 
associated with spin-orbit coupling is calculated to be 2018 cm−1 
(250 meV). On the other hand, the PLE spectrum is characterized by 
two main excitation bands in the UV−Vis range: one band in the UV 
region, peaking at ~370 nm (ranging from 250 to 400 nm) and the 
other band in the visible region at ~430 nm (range from 400 to 500 
nm). The PLE and PL spectra of Ca(Y1−xCex)2Si2S8 (x = 0.01, 0.03, 
0.05, 0.07, 0.09, and 0.10) are shown in Figure 4. The relative 
intensity in both PLE and PL spectra varies with the Ce3+ dopant 
concentration, and an optimal value of x = 0.07 (ca. 7 mol %) is 
obtained for the critical concentration (xc). Because each activator 
ion is introduced solely into one site, there is one activator per V/xcN 
on average when considering the concentration quenching caused by 
energy transfer mechanisms such as exchange interaction, radiation 
reabsorption, or multipole−multipole interaction.34 The critical 
energy transfer distance (Rc) is approximately equal to twice the 
radius of a sphere with the volume:35,36 

                                          

Rc ≈ 2
3V

4π xcN











1

3

                                

(1) where V represents the volume of the unit cell, xc is the critical 
dopant concentration, and N is the number of total Ce3+ sites in the 
unit cell. In this case, V = 1819.83 Å3, N = 6, and xc = 0.14 (ca. 7 
mol %). Thus, the Rc of Ce3+ was calculated to be 16.05 Å. If rapid 
migration of Ce3+ ions occurs, quenching tends to be proportional to 
the Ce3+ concentration, which is not indicated in the PL spectra. 
Since the exchange interaction generally takes place in the forbidden 
transition (Rc is typically ~5 Å), the PLE and PL spectra do not 
overlap well. Therefore, we can infer that the nonradiative 
concentration quenching between two nearest Ce3+ centers occurs 
via electric multipolar interactions based on the Dexter theory.37 For 
the emission intensity per activator concentration, the following 
equation can be described:38 

                                           
I

x
=

k

1+β(x)θ /3
                                       

(2) where I represents the quenching intensity; x represents the Ce3+ 

concentration; k and β represent constants for individual electric 
multipolar interactions; θ = 6, 8, and 10 correspond to dipole−dipole, 
dipole−quadrupole, and quadrupole−quadrupole integrations, 
respectively. As represented in Figure 4 (b), the correlation between 
log(I/x) and log(x) can be fitted linearly within the PL spectra of 
Ca(Y1−xCex)2Si2S8 (x = 0.01, 0.03, 0.05, 0.07, 0.09, and 0.10) and the 
θ value is determined to be 5.73 from the slope (θ/3). In particular, 
the calculated value for Ca(Y1−xCex)2Si2S8 is close to 6, which 
implies that the concentration quenching mechanism in Ce3+ 
emission is strongly accounted for by the dipole−dipole interaction. 
With increasing Ce3+ concentration, the wavelengths of the 
excitation and emission bands remain practically unchanged for the 
phosphor material. The full width at half-maximum (FWHM) of the 
emission band is found to be larger than 150 nm (66,667cm−1). 
These results depict that the Ce3+-doped CaY2Si2S8 thiosilicate 
phosphor may afford good color rendering when incorporated into 
pc-WLEDs. 

3.3. Quantum Efficiencies and Time-Resolved PL Properties of 

the Ca(Y1−xCex)2Si2S8 Thiosilicate Phosphor 

As seen in Figure 5, the absorption of Ce3+ increases with increasing 
Ce3+ concentration and reaches a saturation point of ~81% at about x 
≥0.05, which is in good agreement with the estimated Ce3+ solubility 
limit for Ca(Y1−xCex)2Si2S8. The external quantum efficiency (QEext) 
results show relative corresponding characteristics with the 4f1 → 
5d1 transition observed in the PLE spectra. At low Ce3+ 
concentrations, with an increase in absorption, the QEext value for 
Ca(Y1−xCex)2Si2S8 increases as expected from x = 0.01 to 0.10 and 
reaches maximum values of about 46.59% and 44.87% at x = 0.07, 
under excitation at 430 and 450 nm, respectively. When x >0.07, the 
QEext significantly decreases, mainly due to Ce3+ concentration 
quenching, which in turn results from Ce3+−Ce3+ interactions.  
    Furthermore, the decay curves of Ca(Y1−xCex)2Si2S8 (x = 0.01, 
0.03, 0.05, 0.07, and 0.10) phosphors excited at 450 nm and 
monitored at 495 nm are shown in Figure 6. The corresponding 
luminescence decay lifetimes can be calculated to be 51.83, 48.16, 
46.81, 43.41, and 39.99 ns, using the first-order exponential 
equation.39 
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(3) 

Figure 5 Absorption and external quantum efficiency (QEext) as a 
function of x in Ca(Y1−xCex)2Si2S8 under excitation at 430 and 450 
nm, respectively. 

where I and I0 are the luminescence intensities at time t and 0, 
respectively, and τ is the decay lifetime. The lifetime of Ce3+ in 
Ca(Y1−xCex)2Si2S8 is on the order of nanoseconds, which is also  
reasonable for the 5d1 → 4f1 transitions of Ce3+ and similar to that 
usually observed.40−42 With increasing Ce3+ concentration, both the 
Ce3+−Ce3+ energy transfer rate and the probability of energy transfer 
to quenching sites increase; as a result, the lifetime shortens with 
increasing Ce3+ concentration. However, due to the longer Y−Y 
distance (~5.1 Å) in Ca(Y1−xCex)2Si2S8, a low energy transfer rate 
between Ce3+ ions may result; thus, there is no notable change in the 
lifetime with variations in the Ce3+ concentration in 
Ca(Y1−xCex)2Si2S8. Moreover, the good fitting results by exponential 
decay with a single component illustrate that the Ce3+ ions occupy 
only one site in the CaY2Si2S8 host, which is consistent with 
Ca(Y0.93Ce0.07)2Si2S8 and the PL spectra shown in Table 1 and 
Figure 4 (b), respectively. 
 

Figure 6 Decay curves of Ca(Y1−xCex)2Si2S8 (x = 0.01, 0.03, 0.05, 

0.07, and 0.10) phosphors under 450 nm excitation and monitored at 
495 nm. 

 

Figure 7 Temperature-dependent PL intensity of CaY2Si2S8:Ce3+
 

and CaS:Ce3+. The inset shows the fitted PL intensity and the 
calculated thermal activation energy (Ea) as a function of 
temperature. 

3.4. Temperature-Dependent PL Properties and Time-

Dependent PL Properties of the Ca(Y1−xCex)2Si2S8 Thiosilicate 

Phosphor 

Figure 7 shows the temperature-dependent PL intensity of 
CaY2Si2S8:Ce3+ and CaS:Ce3+ in the range of 20 to 230 °C. The PL 
intensity of both samples is diminished as compared to that observed 
at room temperature, which may be rationalized by the fact that 
increasing temperature increases the population of higher vibration 
levels, the density of phonons, and the probability of nonradiative 
transfer.43 Depending on the PL results, the intensity of thiosilicate is 
comparable to (or more stable than) that of binary sulfides. To 
investigate the origin of the temperature-dependent emission 
intensity, the activation energy (Ea) of the electrons excited from the 
4f level to the lowest 5d level of Ce3+ can be described in following 
equation:43 

                                    

I(T ) =
Io

1+ Aexp(−
Ea

kT
)
                             (4) 

where I0 and I(T) represent the PL intensity at room temperature and 
testing temperature (20−230 °C), respectively, and k is the 
Boltzmann constant. The value of Ea for CaY2Si2S8:Ce3+ was 
estimated to be 0.386 eV as shown in the inset in Figure 7. In 
addition, for application in higher-powered LEDs, chemical stability 
of the phosphor is an important parameter to be considered. Figure 8 
presents the time-dependent PL intensity of CaY2Si2S8:Ce3+ exposed 
to ambient air. The PL intensity of CaY2Si2S8:Ce3+ drops only by 
~20% upon exposure to ambient air for 5 weeks. This observation 
indicates that the CaY2Si2S8:Ce3+ thiosilicate phosphor is mostly 
stable against degradation under ambient conditions.  

3.5. Performance of LED Devices Based on the Ca(Y1−xCex)2Si2S8 

Thiosilicate Phosphor 

To demonstrate the potential of Ca(Y1−xCex)2Si2S8 for pc-WLEDs 
application, the Ca(Y0.93Ce0.07)2Si2S8 phosphor was utilized to 

I = Io exp  (
−t

τ
)
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fabricate a white LED with red-emitting CaAlSiN3:Eu2+31 
commodity and a 450 nm InGaN-based LED chip. When excited by 
a blue chip, the whole visible spectral region can be obtained from  

 
Figure 8 Time-dependent PL intensity of CaY2Si2S8:Ce3+ exposed to 
ambient air. 

 
Figure 9 Variation in CIE chromaticity coordinates as a function of 
phosphor/resin under 350 mA driving current. The insets show 
CaY2Si2S8:Ce3+ (up) and CaAlSiN3:Eu2+ (down) phosphor 
photographs recorded under 365 nm excitation. 

blue emission at 450 nm corresponding to the InGaN-based LED 
chip, broad green emission at 495 nm corresponding to the 
Ca(Y0.93Ce0.07)2Si2S8 phosphor, and red emission at 630 nm 
corresponding to the CaAlSiN3:Eu2+31 commodity. With increasing 
ratio of the silicone resin content, the color tone and CIE color 
coordinates of the trichromatic LED devices could be tuned from 
orange (point (1), (0.3985, 0.4347)) through white (point (5), 
(0.3175, 0.3384)), and eventually cool white (point  (8), (0.2758, 
0.2847)), as shown in Figure 9 and Table 1, respectively. The inset 

of Figure 9 shows photographs of the LED packaging turned on 
under a forward bias of 350 mA.  
    Figure 10 shows the EL spectra of InGaN-based white LED 
device under different driving currents in the range 150–850 mA and 

 Figure 10 (a) EL spectra of the device using CaY2Si2S8:Ce3+ + red 
phosphor + 430 nm LED chip and (b) variation in CIE chromaticity 
coordinates of WLED operated under different currents (150−850 
mA). The inset shows the corresponding LED device photograph. 

Table 2 summarizes the optical properties of the 
Ca(Y0.93Ce0.07)2Si2S8-based white LED device. The EL intensity of 
the blue, green, and red bands of the white LED device increased 
while increasing the forward-biased current from 150 to 850 mA, 
and the saturation phenomenon was not observed even at a high 
forward current of 850 mA. As shown in the inset of Figure 10, with 
an increase in the driving current, the CIE chromaticity coordinates 
shifted slightly from (0.3176, 0.3363) to (0.3116, 0.3217). The 
results demonstrated the excellent color stability of the 
Ca(Y0.93Ce0.07)2Si2S8 thiosilicate phosphor with different driving 
currents. In addition, the CCT and CRI values increased from 6207 
K to 6629 K and from 94.28 to 92.62, respectively, with an increase 
in driving current from 150 to 850 mA. 
    Compared with the white LED lamp using a conventional 
Y3Al5O12:Ce3+ phosphor having poor CRI values in the range from 
70 to 75 and a high color temperature of >8000 K,1,44–46 the 
generated white light in this work possesses rather improved 
properties, higher CRI, and lower color temperature. Given that the 
overall device performance depends on numerous factors starting 
with the phosphor manufacturing issues, efficiency of the LED chip, 
fabrication processes, etc., we believe that the performance of the 
white LED device can be further enhanced by optimization of the 
device structure and operation parameters.  

4. Conclusions 

In summary, a new green-emitting thiosilicate phosphor with 
the chemical composition Ca(Y1-xCex)2Si2S8 (x = 0.01, 0.03, 
0.05, 0.07, 0.09, and 0.10) was synthesized and studied. The 
detailed crystal structure, overall luminescence performance 
(i.e., PL/PLE intensity, QE), decay lifetime, thermal 
luminescence quenching behavior, chemical stability, and its 
application in LED fabrication were investigated. Preliminary 
studies show that this novel green phosphor is a potential 
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candidate for white LED, especially for the generation of warm 
white light.     
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Graphical Abstract 

 

The luminescence of a green-emitting CaY2Si2S8:Ce
3+ 
phosphor and its 

applicability in fabrication of white-LEDs with high CRI and varied CCTs were 
explored. 
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