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In white-light laser diodes (LD) illumination, the full width at half maximum (FWHM) of the emission spectrum
of blue LD is too narrow, leading to the cyan light deficiency, while the emitting color of the material limits the
red component of the device. Therefore, in this paper, Ca;;_,(LuXScz_ngXSi301Z:Ce34r (CLSMS:Ce®**, x = 0, 0.5, 1,
1.5, 2) phosphor samples were successfully prepared based on Ca3ScySizO12 (CSS) cyan-green fluorescent ma-
terials with different concentrations of Lu-Mg ions introduced in the matrix instead of Ca-Sc ions. And their
luminescence properties were systematically investigated. The peak of the sample was shifted from 508 nm to
590 nm as the concentration of Lu-Mg increased. The thermal stability of the series phosphors gradually dete-
riorated with increasing Lu-Mg concentration. At 423 K, the emission intensity of the samples was 98.11 %,
94.13 %, 92.18 %, 81.96 % and 77.60 % of that at 298 K, respectively. And the thermal quenching activation
energy also gradually decreases. The CLSMS:Ce>" fluorescent materials were prepared into LD devices and
tested. It was found that the series of samples showed a gradual decrease in cyan-green light and a gradual
increase in red light with increasing Lu-Mg concentration. The CSS compounded with CaLu;Mg»Si3O12 (CLMS)
obtained a white LD device with color coordinates of (0.3440, 0.3455), and the cyan and red components of the
samples were compensated. In summary, this study demonstrates that CLSMS:Ce®* is a very promising fluo-
rescent material to extend the color gamut coverage of fluorescent materials. And it has a potential reference
value for the field of white-light LD lighting.

1. Introduction

White light-emitting diode (LED) light source is one of the typical
representatives of fluorescence-converting white solid-state light source,
which has been widely used in lighting, display and other fields [1].
However, blue LED chips suffer from a severe "efficiency droop" effect,
which limits the brightness of the light source [2]. Blue laser diodes
(LDs) have no "efficiency droop" compared to LEDs in the field of high
power lighting. At the same time, it has the advantages of small size,
high brightness, and long life [3-6], which is the key development di-
rection in the field of lighting. Currently, the blue LD excited garnet type
Y3Al5012:Ce>t (YAG:Ce3™) yellow fluorescent material is the main way
to achieve white light LD lighting [7]. However, the emission spectrum
of YAG:Ce3" is mainly covered by yellow-green light, resulting in poor
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color rendering performance and high color temperature due to the
absence of red light in LD light sources [8-10]. In addition, compared
with the blue LED chip, the laser chip has a small spot and high power
density. When packaged with fluorescent materials, the LD device’s
light-emitting spectrum is a narrow band of blue light emission [11],
making the cyan component of the spectrum missing. Therefore, the
green gap effect is also a key factor affecting the improvement of light
color quality.

Garnet has a rich structure, and optimisation of the properties of the
Ce3" spectrum can be achieved by modifying the ions in the dodeca-
hedral {AOg}, octahedral [BOg] and the tetrahedral (CO4) site in the
{A}s [B]2(C)3012 garnet [12]. Therefore, garnet material meet the
application requirements of WLD [13], such as Gd3A15012:Ce3Jr [14],
LuzAls012:Ce®" (LuAG:Ce®") [15-17], CasScaGesO1z:Ce®™ [18], (Y,
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Lu)3Al4Ga0q2:Ce>" [19]. However, most garnet phosphors doped Ce>*
ions emit green-yellow light in a wavelength range of 520-550 nm,
many strategies to extend the emission range of garnet phosphors are
proposed [20-22]. Jia et al. replaced the Lu®*-AI*" ions in LuAG with
MgZ*-Si** ions to obtain Mg sLu; 5Al3.55i1.5012, which has a similar
crystal structure to that of LuAG, and blue-shifted luminescence can be
observed [23]. Jiang et al. used sr2t.si*t to replace LuAG:Ce®* syn-
chronously to obtain Lu1,58r1A5A13455i15012:Ce3+ cyan green phosphor.
The phosphor has excellent thermal stability (>60 % retention at 640 K)
and is a very promising fluorescent material [24]. Besides this, there are
other fluorescent materials, such as Lug(Al,Mg)2(Al,Si)3012: ce’t [25],
BaLuzAlzGaZSiOm: Ceg+ [26], Y3MgSiA13012: C63+ [27], MngzAlz.
Siz019: Ce3* [28], CayGdZry(AlOg)s: Ce3* [29], CagHf,SiAl,015: Ce®t
[30].

Among them, Ca?*-Si** based garnet is an important substrate for
the design of new fluorescent converters [31]. Of all the Ca?*-Si** based
garnet phosphors, CazSc,Siz012 (CSS) has received the most attention. It
contains different types of rare earth or/and transition metal ions [32,
33]. RE/transition metal CSS mixed crystals doped with Ce3* form this
new class. This is a future direction for semiconductor lighting tech-
nology [34-40].

Therefore, in this paper, based on CSS:Ce3* matrix, additional Lu®*-
Mgt ion pairs were introduced into CSS:Ce>" garnet hosts to obtain
C213.,(LuxScz_XMgXSi;;O12:Ce3+ (CLSMS:Ce3+) series fluorescent materials.
It turns out that the series of samples has almost the same structure as
yttrium aluminum garnet, offering additional possibilities for the
modification of the luminescent properties of the materials. Since the
CLSMS:Ce3" series materials all belong to the same structure, this pro-
vides a research basis for the preparation of cyan-red composite solid-
solution fluorescence conversion materials and the development of
more efficient phosphor converters. At the same time, it is also shown
that this approach can achieve more suitable emission spectrum red-
shifts and better color properties than the traditional YAG:Ce3* [41-43],
which is a potential reference for the field of white light LD illumination.

2. Experiment

Fluorescence powder preparation. The powder samples of Cas.
xLUuxSco.xMgySi30q 5:0.04Ce®" (x =0, 0.5, 1, 1.5, 2) were prepared by the
conventional high-temperature solid-state reaction method. Raw mate-
rials were LuO3 (99.99 %), MgO (A.R.), CaCOs (A.R.), Sc203 (99.99 %),
SiO5 (A.R.) and CeO3 (99.995 %) respectively. Raw materials weighed at
the required stoichiometry were mixed and thoroughly ground in an
agate mortar. Then, the mixture was transferred to a corundum crucible
and sintered at 1350 °C for 4 h in a reducing atmosphere produced by
burning the activated carbon. Finally, the samples were cooled to room
temperature and the wells were ground for subsequent measurements.

Characterizations. The crystal structure of the sample was tested
with an x-ray powder diffractometer (Rigaku, Ultima IV) with a scan
range of 10-80° and a scan rate of 5°/min. Fluorescence spectra and
decay time were measured by using an Edinburgh fluorescence/lifetime
spectrometer. Emission spectra were collected at different temperatures
using an RF-5301PC fluorescence spectrometer equipped with a JF-
976SS manually controlled heating platform. Diffuse reflectance spec-
troscopy was performed by using a UV-vis-NIR spectrophotometer. The
quantum efficiency was characterized using the C9920-02G quantum
efficiency test system, and the sample is placed in an integral ball con-
nected to the instrument, using a 150 W Xe light source. The LD device is
used the self-made laser lighting system for testing. It consists of a blue
laser diode with an optical power of 80 mW and an integrating sphere,
which is connected to the spectrometer (SL-300 photoelectric analyzer
integrating sphere produced by ZJU Trichromatic Company) to measure
the relevant parameters of the sample.
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3. Results and discussion

Fig. 1 shows the XRD pattern of Cag_XLuXScz_,(MgXSig,Ol2:0.04Ce3+ (x
=0, 0.5, 1, 1.5, 2). When x = 0, at which point no Lu-Mg is introduced,
the phosphor phase agrees well with the CSS standard card (PDF#
72-1969), indicating that the prepared sample is a pure phase and
contains no other impurities. As the value of x increases, more concen-
trations of Lu-Mg are introduced, causing the CSS phase to begin to fade
away. Conversely, the CaLupsMg»Si3O15 (CLMS) phase begins to show up
and fits well with the YAG standard card (PDF# 73-1370). However,
when the value of x is 2, there are three small diffraction peaks at 29°,
29.4° and 32.2° that matches YMgSiOs (PDF# 41-0239). Fortunately,
the intensity of this small spurious peak is weak and can be seen as
having a negligible effect on the lattice structure. Therefore, the Ce>*
ions have successfully entered the matrix lattice without being affected
by the small amount of heterogeneous phase. In addition to this, the
luminous properties of the phosphor are not affected.

On the right is a magnified view of the angular range at 27.2°-34.5°.
As can be seen from the graph, the diffraction peak moves towards the
higher angles as the x value increases. The reason for this phenomenon is
the difference in radius between the substituted ion and the ion being
substituted. Ca®" (ionic radius of 1.12 A, CN = 8) and Sc>* (ionic radius
of 0.745 A, CN = 6) in the matrix are replaced by high concentrations of
Lu®* (ionic radius of 0.977 A, CN = 8) and Mg2+ (ionic radius of 0.72 [o\,
CN = 6). This substitution leads to a shrinkage of the matrix lattice and a
reduction in the crystalline surface spacing. According to the Bragg
formula [44], the diffraction peaks are shifted in a large angular direc-
tion. At the same time, the substitution of Lu-Mg for Ca-Sc changes the
lattice constant of the material. It can be seen from equation (1):

2 2 2
a:/l\/h -s?k +1 o)
2sin 0
Other things being equal, the value of a is inversely proportional to the
value of sin 0, and the sin 6 is directly proportional to the @ in the range
tested. Therefore a and @ are inversely proportional. Where a is the
lattice constant, @ refers to the diffraction angle, A is the X-ray wave-
length, and h, k, I represent the Miller index. Thus, as the value of 6
increases, the lattice constant a decreases.

In order to further understand the crystal structure of the prepared
CLSMS:Ce3* phosphors and to verify the phase purity of the obtained
samples, the XRD patterns of the CLSMS:Ce3" series phosphors were
refined with Rietveld structure by GSAS software, as shown in Fig. 2(a)-
(e). The Rietveld structure parameters of the above refined samples are
summarized in Table 1, and the results show that the CLSMS:Ce>* series
phosphors are all cubic crystalline isomorphic compounds with the
space group Iad (230). The refined structure factor R and y? values are
all small, which proves that the results of structural refinement are
highly reliable. In addition, the cell volume of YAG is provided in
Table 1. By comparison, the cell volume of YAG is smaller than that of
CLSMS when x = 0-1.5, however, when x = 2, the cell volume of YAG is
larger than that of CLSMS. This result also corresponds to the XRD
standard card. The lattice constants, cell volumes, and Ca/Lu/Ce-O
coordination bond lengths of the CLSMS:Ce>" samples were obtained by
Rietveld refinements and plotted in Fig. 2(f)-(g). It demonstrates the
variation pattern of the lattice constant and cell volume of the material,
both of which decrease with the increase of Lu-Mg doping. When the
doping amount of Lu-Mg is x = 2, the lattice parameter shrinks from
12.2465 A to 11.9600 A, which is the same pattern as that calculated in
Equation (1) above. This result is also consistent with the occurrence of
(4 2 2) crystalline faces shifts at high angles in the XRD pattern in Fig. 1.

Fig. 3(a) shows the crystal structure of CLSMS:Ce>" as simulated by
the VESTA software. It can be seen that CLSMS:Ce®" is a cubic crystal
system in which the space group is I[ad. The CLSMS garnet structure is
composed of dodecahedra, octahedra and tetrahedra. In the structure,
Lu and Ca are in the dodecahedral position (24c), Mg and Sc occupy the
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Fig. 1. X-ray diffractogram of Cag.,,(LuxScz,ngxSi3012:0.04Ce3+ (x=0,0.5,1, 1.5, 2) fluorescent material (Local magnification of 27.2-34.5° is shown on the right).
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Fig. 2. Rietveld refinements for the XRD pattern of C;13,,(LuXSc2,ngxSi3O12:0.O4Ce34r (@x=0,(b)x=0.5,(c)x=1, (d) x= 1.5 (e) x = 2 and variation of (f) lattice

constant (g) cell volume.

octahedral position (16a) and Si is in the tetrahedral position (24d).
Each [Ca/LuOg] dodecahedron is connected to four [Sc/MgOg] octa-
hedra and two [SiO4] tetrahedra by shared edges. And O atoms connect
the [Sc/MgOg] octahedra and the [SiO4] tetrahedra. The ionic radius of
Ce®" is 1.143 A (CN = 8) and the ionic radii of Ca?* and Lu®* are 1.12 A
and 0.977 A (CN = 8), respectively. In the [Sc/MgOg] octahedral, the
ionic radii of Mg?" and Sc®* are 0.72 A and 0.745 A (CN = 6), respec-
tively. The ionic radius of Si*t in [SiO4] tetrahedral is 0.26 A (CN = 4).
Therefore, Ce>" ions are more likely to occupy the lattice position of

[Ca/LuOg], due to their similar ionic radii. Fig. 3(b) demonstrates the
variation pattern of the Ca/Lu/Ce-O coordination bond length. It can be
seen that with the increase of Lu-Mg doping, the Ca/Lu/Ce-O coordi-
nation bond length gradually decreases, which will lead to the gradual
deformation of the [Ca/Lu/CeOg] polyhedra occupied by Ce3* and
change the crystal field environment of Ce3* to some extent.

The effect of introducing different Lu-Mg concentrations on the
luminescence properties of CSS phosphors was further investigated.
Fig. 4(a) and (b) show the excitation spectra and emission spectra of
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Table 1
The Rietveld structural parameters of Cas.Lu,Scs.xMg,Sis012:0.04Ce>* and YAG [45].
Compound x=0 x=0.5 x=1 x=15 x=2 YAG
Space group la3d la3d la3d la3d Ia3d la3d
Z 8 8 8 8 8 8
a=b=c 12.2465 A 12.1926 A 12.1321 A 12.0519 A 11.9600 A 12.0052 A
a=p=y 90° 90° 90° 90° 90° 90
Cell volume 1836.68 A® 1812.53 A3 1785.70 A3 1750.54 A3 1710.78 A® 1730.27 A3
Rup 17.54 % 14.71 % 11.75% 13.26 % 1412 % 11.34
R, 13.11 % 11.35% 9.02 % 9.72 % 10.10 % 8.04
X2 1.999 1.871 1.626 2.511 2.778 2.684
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Fig. 3. (a) The crystal structure of CLSMS:Ce>" and (b) Ca/Lu/Ce-O coordination bond length with Lu-Mg concentration in CLSMS:Ce®*.
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Fig. 4. (a) Excitation spectra, (b) emission spectra, (c) normalized emission spectra of CLSMS:Ce®>" materials and (d) trend

nescence intensity with Lu-Mg value.

CLSMS:Ce®" samples doped with different Lu-Mg concentrations. The
shape of the excitation spectra of the CLSMS:Ce>" series phosphors was
observed to be essentially the same. They all consist of two broad
excitation bands, which are attributed to the transition of the 4f ground
state energy level to the 5d excited state of Ce>*. These two lower energy
levels arise from the splitting of the energy levels due to crystal field
effects. The emission spectra of CLSMS:Ce>" are influenced by the x-
value, with different emission intensities and peak positions. The
emission spectra of the phosphors show an asymmetric broadband

Concentrational of Lu-Mg / mol

of emission peak position and lumi-

between 485 nm and 760 nm under excitation at 460 nm. This arises
from the transition from the 5d lowest excited state energy level of the
Ce* ion to the energy levels of the two 4f ground states (5d1—>2F7/2, 5/2)-
The peak position shift pattern of the excitation spectra is similar to that
of the emission spectra.

Fig. 4(c) shows the normalized emission spectrum of CLSMS:Ce
can be clearly seen that when Lu-Mg is not introduced, the highest
emission peak is located at 508 nm, however when the value of x is

increased to 2, the emission peak is at 589 nm. The increase in the value

31t
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of x from O to 2 shifts the highest emission peak position of the phosphor
by 81 nm towards the red light region. The trends of the emission peak
position and the luminescence intensity of the CLSMS:Ce>" series
phosphors with the concentration of Lu-Mg introduced are plotted in
Fig. 4(d). The graph demonstrates that the emission peak position of the
phosphor gradually shifts towards larger wavelengths as the Lu-Mg
introduction concentration continues to increase.

To further investigate the cause of the red shift of the emission peaks,
the Gauss decomposition of the CLSMS:Ce®t (x = 0, 0.5, 1, 1.5, 2) series
phosphors were carried out as shown in Fig. 5 (a-e). The figure dem-
onstrates that the broad emission band of each sample can be fitted to
two Gauss curves corresponding to the transition from the 5d excited
state of the Ce>" ion to the %Fs,, and 2F; » ground states, respectively. As
the Lu-Mg concentration increases, the energy difference between 5d
and %Fs , and 2F; 5 gradually decreases. In other words, the energy gap
between the lowest excited state energy level and the ground state en-
ergy level decreases, resulting in a shift of the emission spectra towards
the lower energy side.

From the crystal field environment, the emission spectral redshift is
also related to the 5d excited state energy level of Ce>* ions subjected to
crystal field splitting effect. It was mentioned earlier that the substitu-
tion of Lu-Mg would change the crystal field environment of Ce3* to
some extent. The degree of Ce®* crystal field splitting (Dg) can be
expressed using equation (2) [46].

4

D, :éZez% @
Where Dy refers to the degree of energy level splitting, Z represents the
anion charge, e refers to the electronic charge, r is the d-wave number
radius and R is the Ce-O bond length. The equation shows that the bond
length R of Ce-O is inversely proportional to the degree of crystal field
splitting Dq. From Fig. 4(c), it can be seen that the R decreases as the
amount of Lu-Mg substitution increases, so Dy becomes larger. In other
words, the degree of crystal field splitting increases. As a result, the
spectra are red-shifted with the increase of Lu-Mg concentration.

Fig. 6(a) shows the FWHM of the CLSMS:Ce®* material. The FWHM

Journal of Luminescence 266 (2024) 120316

value increases sharply with the increase of x. This is due to the disor-
dered arrangement of Ca>"/Lu®* and Sc®*/Mg?" in the host structure
[47]. Fig. 6(b)—(c) shows the CIE chromaticity coordinates of the CLSMS:
Ce>" material. In the figure, the red shift due to the change in Lu-Mg
concentration can be clearly seen. As shown in Fig. 6(c), the X-coordi-
nate value of the sample gradually increases and the Y-coordinate value
gradually decreases as the x-value increases from 0 to 2. Overall, the
color coordinates of the sample shift from (0.3224,0.5906) to (0.5199,
0.4739), gradually moving toward the red light. The inset picture of
Fig. 6(b) shows the physical photograph of the phosphor. It can be seen
that the color of the CLSMS:Ce3* series phosphors changes from
cyan-green to orange-red.

Phosphor is subjected to a large amount of heat during the applica-
tion process, so the thermal stability performance of phosphor is an
important indicator for this application. Fig. 7 shows the relative trend
of the total emission intensity of CLSMS:Ce®* series phosphors on the
emission spectrum intensity at 298 K-523 K. As can be seen from the
figure, the emission intensity decreases with increasing temperature due
to thermal quenching. It is worth noting that the overall thermal sta-
bility of the series phosphors from Ca3ScySi3O12 to CaLusMgsSizOqa
becomes progressively worse with increasing Lu-Mg concentration, i.e.,
the thermal burst gradually increases.

This is due to the multiple interactions between electrons and pho-
nons at high temperatures. It causes a non-radiative phonon-assisted
relaxation of the excited state to the ground state, resulting in a decrease
in the intensity of the emission spectra. At 423 K, the emission intensity
of the samples decrease to 98.11 %, 94.13 %, 92.18 %, 81.96 % and
77.60 % of that at 298 K, respectively.

In general, thermal quenching is mainly due to an increase in the
nonradiative relaxation probability and enhance with increasing tem-
perature. This nonradiative relaxation is caused by phonon-electron
interactions. The excited-state luminescence center is thermally acti-
vated, and a non-radiative relaxation process occurs when the energy of
the system rises to the intersection of the ground and excited states. The
activation energy of nonradiative relaxation can be calculated using the
Arrhenius equation as follows [48]:

{(a {(b [ Ca, Lu,Sc, Mg Si,0,,:Ce*
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Fig. 5. (a)-(e) The fitted curves of Gaussian splitting peaks for CLSMS:Ce®* materials and (f) the variation of energy difference between 5d* and 2Fs 5, 2Fy,5.
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Iy

=
1+ Cexp (—%)

3)

Where Ij represents the initial emission intensity, It refers to the emis-
sion intensity at different temperatures, T is the absolute temperature, C
is a constant, AE is the activation energy, and k is the Boltzmann con-
stant (8.617 x 107> eV K™1). A higher activation energy also implies a
better thermal stability. The In (Ip/It-1) and 1/KkT for each temperature
were traced and linearly fitted, and the activation energy was obtained
from the slope of the linear fit curve. According to the calculations, as
shown in Fig. 8(a)-(e), the thermal quenching activation energies of
CLSMS:Ce3* phosphors are 0.3347 eV, 0.2195 eV, 0.3342 eV, 0.2389 eV
and 0.2368 eV, respectively. The results show that the thermal stability
decreased with the increase of Lu-Mg concentration. This phenomenon
is the thermal cross-relaxation of Ce>" ions from 5d; to 4f level, which
can be interpreted in terms of a configuration coordinate diagram, as
shown in Fig. 8 (f). When the Lu-Mg concentration increases, the
emission spectrum is red-shifted and AR3 >AR; >AR;. With the
increasing temperature, the luminous ions in the excited state make a
thermal activated transition back to the ground state at the intersection
of the ground state and the excited state, and thus the thermal quenching
activation energy of the material is reduced (AE3 <AEy <AE;), which is

consistent with the experimental results.

In addition, the thermal quenching phenomenon of Ce3* can be
explained in another way. The main band gap (Eg) is thought to play an
important role in the thermal quenching of photoluminescence. To
ensure to clarify the relationship between the thermal quenching of the
photoluminescence and the band gap width. The UV-visible diffuse
reflectance of the CLSMS series phosphors was measured in Fig. 9, and
the phosphor band gaps are approximated to be 3.01 eV, 2.92 eV, 2.90
eV, 2.85 eV and 2.78 eV. It follows that the band gap width of the host
lattice gradually becomes smaller as the Lu-Mg concentration increases.
This change will result in a decrease in the distance between the 5d
energy level of Ce" and the conduction band. As its gap gets narrower,
the quenching of photoluminescence is stronger when the temperature
rises. In other words, when the Ce®* ions transition from the 4f ground
state to the 5d energy level, the excited electrons couple to the phonons,
and the probability of the excited electrons entering the conduction
band through thermal ionization will increase. As the number of elec-
trons undergoing a nonradiative transition increases, the luminescence
intensity also decreases. However, the nonradiative relaxation caused by
the phonon-electron interaction plays a major role due to the small
change in the main band gap.

In addition to thermal stability, quantum yield (QY) is an important
parameter used to evaluate samples in practical applications. QY can be
calculated according to equation (4):

JLs

Moy = m (C))

Here, the Lg refers to the emission spectra of the test sample. Eg refers
to the spectrum of excitation light in the absence of a sample in the
integration sphere, while Eg is the spectrum of the excitation light in the
presence of the sample. The QY of CLSMS:Ce>" series samples were
tested at 450 nm as the excitation wavelength. The final phosphor QY
values are obtained with x from O to 2 corresponding to 93 %, 83 %, 73
%, 71 % and 66 %, respectively. It is confirmed that the CLSMS series
samples are a good matrix material for Ce3* ions doped phosphors.

Fig. 10 shows the luminescence decay curves of CLSMS:Ce3* series
phosphors, and the decay time of the phosphors was calculated using a
double exponential function fit. The fitting equation is as follows:

I=A exp(—t/7)+Asexp(—t/ 1) 5)
where I refers to the luminous intensity, 7 denotes the lifetime, and A
denotes the fitting parameter. In Fig. 10(a), the Ce3* fluorescence decay
time shows a downward trend, indicating that there is an easier non-
radiative escape pathway during the electron transition. This will also
limit the improvement of its luminescence intensity and thermal sta-
bility energy, and then reduce the quantum efficiency. Fig. 10(b) shows
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the decay time of the CLSMS series samples at the other monitoring
wavelengths. Comparison with Fig. 10(a) reveals that the increase of the
monitoring wavelength increases the decay time of each sample, indi-
cating that the sample has multiple luminescent centers. This is due to
the random distribution of Ce®*' around Lu®" and Ca2?' after the

Fig. 9. (a)-(e) Diffuse reflectance spectra of CLSMS:Ce>* materials (Inset is the calculated forbidden bandwidth), and (f) trend of the forbidden bandwidth.

introduction of Lu-Mg, and the difference in the surrounding crystal
field environment of Lu®** and Ca®" leads to the formation of multiple
luminescent centers of Ce3™.

The performance of the CLSMS:Ce>" based LD device (Aex = 450 nm)
is shown in Fig. 11. Fig. 11(a) shows the electroluminescence (EL)
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Fig. 11. (a) The measured EL spectra and (b) the corresponding of color coordinates of CLSMS:Ce>" series materials.

spectra of the CLSMS:Ce>" series material, with the corresponding
chromaticity coordinates obtained by tracing the points, as shown in
Fig. 11(b). It can be observed that the yellow and red components of the
samples gradually increase and the cyan-green component gradually
decreases as the concentration of Lu-Mg increases. The corresponding
CIE coordinates also shift from (0.2911, 0.4805) to (0.3805,0.3035). In
addition to this, as shown in Fig. 12, there is a significant decreasing
trend in the CCT of the samples as the Lu-Mg concentration increased
from O to 2. At the same time, the luminous flux and luminous efficacy of
CLSMS:Ce>" series samples under different input powers were
measured, as shown in Fig. 12(c) and (d). It is clearly seen in the figure
that with the increase of power in this power range, the overall luminous
flux and luminous efficacy of the samples generally increased. Under the
excitation of maximum input powers, the luminous efficacy of CLSMS:
Ce®" decreased with the increase of Lu-Mg concentration (Fig. 12(b)). In
contrast, there is a moderate increase in color rendering index (CRI).
The two materials CSS:Ce®t (x = 0) and CLMS:Ce>" (x = 2) were
compounded. The WLD properties of the composites are shown in
Fig. 13, with detailed EL, CCT, CRI and CIE color coordinate parameters
shown in Fig. 13(b). As can be observed by the EL, the color coordinates
of the samples are close to standard white light and there is a moderate
increase in CRI compared to the EL spectrum of YAG:Ce3* in Fig. 13 (a).
This is due to the fact that both the cyan spectral canyon and the red
component of the sample are compensated for. Photographs of the WLD
devices based on CSS:Ce>", CLMS:Ce>" and composites are also shown

in Fig. 13(c). It can be observed that the hues of the LD devices are cyan-
green, orange-red and white respectively. In summary, CLSMS:Ce3" is a
promising fluorescent material for applications in LD lighting. It is
potentially informative for the complement of cyan-green and red light.

4. Conclusion

In this paper, CLSMS:Ce3* (x = 0, 0.5, 1, 1.5, 2) were successfully
prepared by high temperature solid state reaction method and their
luminescence properties were systematically investigated. On the basis
of CSS:Ce®, different concentrations of Lu-Mg ions pairs were intro-
duced in the matrix to replace Ca-Sc ions. By XRD analysis, the intro-
duction of Lu-Mg ions caused the diffraction peaks of the samples to
change gradually from the CSS phase to the YAG phase. The increase in
Lu-Mg concentration leaded to a lower center of gravity of the 5d energy
level and a decrease in the energy level difference. As a result, the
highest emission peak position of the sample was red-shifted by 81 nm
with increasing Lu-Mg concentration. In addition to this, the thermal
stability of the phosphor gradually deteriorated with increasing Lu-Mg
concentration from CSS to CLMS. At 423 K, the emission intensity of the
samples decreased to 98.11 %, 94.13 %, 92.18 %, 81.96 % and 77.60 %
of that at 298 K, respectively. The activation energy of the CLSMS:Ce>*
phosphor was calculated and the activation energy was reduced. And the
color coordinates of the samples were calculated. The CLSMS:Ce>™ series
of fluorescent materials and composites were LD encapsulated and the
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color coordinates of the series of samples were found to gradually shift
towards red light. The color coordinates of the composite prepared de-
vices were (0.3440, 0.3455), close to the standard white light. The cyan
spectral canyon and red light components of the samples were also
compensated for. In conclusion, this study demonstrates that CLSMS:
Ce3" is a very promising fluorescent material. It is of potential reference
value for the field of white LD lighting for complementing the cyan-
green and red light components.
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