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ABSTRACT

This work is dedicated to investigation of the luminescent properties of the prospective photoconversion material
based on the crystal of Ge>* doped Ca3Sc,Siz012 (CSSG) garnet. The GSSG:Ce crystal was grown using the micro-
pulling-down (pPD) method. The CSSG:Ce crystal exhibited an intensive photoluminescence (PL) emission band
with two sub-bands peaked at 504 and 545 nm, corresponding to 5d-4f (2F5/2;7/2) transitions. Furthermore, we
have investigated also the formation of cerium multicenters in the GSSG:Ce crystal using analyses of the structure
of Ce>* photoluminescence emission and excitation spectra under excitation of the luminescence of this crystal
by synchrotron radiation. The formation of Ce>"-multicenters in CSSG:Ce garnet is caused by the local in-
homogeneity of the dodecahedral sites of garnet lattice due to localization of the hetero-valent Sc>* and Si**
cations in the octahedral and tetrahedral positions of the garnet host. The existence of Ce>* multicenters resulted
in a significant enhancement of the Ce®! emission band in the red range and improving the performance of
conventional YAG:Ce phosphor. The next task of our work was to evaluate the possibility of application of the
GSSG:Ce crystal as a light phosphor-converter (pc) for white light-emitting diodes (WLEDs). In the frame of this
task, we have successfully developed a prototype of WLED by employing the CSSG:Ce crystal as a phosphor-
converter (pc) with blue 450 emitting LED as well as investigated the color characteristics of this pc-WLED.

1. Introduction

phosphors [1]. Therefore, there is a growing interest in identifying and
developing alternative phosphor materials to address the above limita-

White light-emitting diodes are widely adopted for lighting appli-
cations due to their remarkable attributes, including high efficiency,
extended operational lifetime, and environmental sustainability
compared to conventional light sources. The prevalent configuration of
WLEDs involves combining blue LED chips with yellow-emitting Ce>*
doped Y3Als012:Ce (YAG:Ce) garnet phosphor converters (pc). Howev-
er, despite the good thermal stability of the Ce3" luminescence in YAG:
Ce at high temperatures, the absence of a red-emitting component in
YAG:Ce phosphor converters requires the exploration of alternative

tion in order to enhance the color rendering capabilities of pc-WLEDs.
The CagScySi3012:Ce (CSSG:Ce) silicate garnet emerges as an inter-
esting alternative phosphor to YAG:Ce [2-6]. These phosphors demon-
strate a high quantum yield what allows efficient conversion of
excitation energy into emitted light. Additionally, they possess broad-
band emission spectra, allowing for a wide range of visible light emis-
sion [7]. Moreover, silicate garnet phosphors, including CSSG:Ce,
exhibit excellent thermal stability of luminescence, making them
well-suited for applications requiring elevated temperatures. Their
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application as alternative phosphors offer promising prospects for
enhancing the performance and versatility of lighting technologies.

Practical application of the CSSG:Ce garnet holds vast potential in
various forms such as crystal, single-crystalline film (SCF), micro-
powder (MP) and nanopowder (NP). These forms enable the creation
and development also cathodoluminescent materials, scintillators, la-
sers, and pc-WLEDs. The ongoing advancements in this phosphor type
present promising opportunities within the field of semiconductor
lighting technology. Consequently, a comprehensive investigation of the
optical and structural properties of CSSG:Ce garnet is being strongly
required [2,6,8-10].

This study focuses on the growth of Ce®>*-doped CSSG:Ce crystal by
the micro-pulling-down method and investigation of their structural and
luminescent properties using conventional optical methods and
advanced luminescent spectroscopy under synchrotron radiation (SR)
excitation. Furthermore, we have also investigated the color character-
istics and phosphor conversion capabilities of WLED prototypes based
on the CSSG:Ce crystal converters with varying thickness ranging from
0.8 to 1 mm. Our objective is to gain insights into the performance and
potential of CSSG:Ce crystal as a phosphor converter for high-power
WLED applications.

2. The growing technique and experimental techniques

The Ce®*-doped CSSG crystal was grown through a micro-pulling-
down method at the Institute of Nuclear Physics of Polish Academy of
Sciences in Krakow, Poland. This method allowed the growth of the
crystal from a molten state, resulting in the formation of a high-quality
garnet crystal doped with Ce3* ions. The CaO (Merck)), Sco03 (Sigma-
Aldrich), SiO2 (Merck) and CeO; (Sigma-Aldrich) raw powders with a
purity of 99.99 % were used. Stoichiometric amounts of CaO, Sco03, and
SiOy were thoroughly mixed in the agate mortar to prepare a batch
material for crystal growth experiments. To achieve Ce-doped CSSG
crystal samples, CO oxide in a concentration of 1 mol %, was employed
as an admixture.

The prepared batch material, weighing 1.5 g, was loaded into a
molybdenum crucible positioned directly on the graphite substrate
following the heating process. To establish a suitable temperature
gradient within the crystal growth area, three layers of ceramic thermal
insulations composed of alumina and magnesium-stabilized zirconium
dioxide were implemented. The closed chamber of the micro-pulling-
down (pPD) furnace underwent an initial evacuation process, reducing
the pressure to approximately 3.1 pbar. Then the chamber was filled
with an inert gas (argon) to achieve the normal pressure. The crystal
growth process occurred at a consistent pulling rate of 1.5 mm/min,
utilizing an AlyO3 crystal as a seed. Throughout the entire growth
experiment, the volumetric flow rate of argon remained at approxi-
mately 20 1/min.

To characterize the properties of the CSSG:Ce crystal under study,
various structural and spectroscopic techniques were employed. The
structural properties of these CSSG:Ce crystal samples were investigated
using X-ray microtomography with a resolution of 0.5 pm (SkyScan
1272 spectrometer). The real composition of SCF samples was deter-
mined using a KEYENCE’s Digital Microscope VHX-7000 (Mechelen,
Belgium). Cathodoluminescence (CL), photoluminescence (PL), emis-
sion and PL excitation spectra (PLE), as well as PL decay kinetics were
used for the characterization of the luminescent properties of the CSSG:
Ce crystal. The CL spectra were obtained at room temperature (RT) using
a scanning electron microscope (SEM, JSM-6390LV, JEOL Ltd., Tokyo,
Japan), which was equipped with a Stellar Net spectrometer featuring a
cooled TE-detector CCD that operated within the 200-1200 nm range.
PL emission and excitation spectra, along with PL decay kinetics, were
measured using an FS-5 spectrometer (Edinburg Instruments Ltd., Liv-
ingston, United Kingdom). Additionally, the luminescence of CSSG:Ce
crystal sample was investigated at 12 K under synchrotron radiation
excitation with energy in the 3.6-15 eV range at the Superlumi station at
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HASYLAB (DESY, Hamburg). Photoconversion spectra measurements
CSSG:Ce crystals with thickness in the 0.8-1 mm rage were performed
using an AvaSpec-ULS 2048-LTEC fiber-optic spectrophotometer and an
AvaSphere-50-IRRAD integrating sphere.

3. Structural properties

The radial deviation of the CSSG:Ce crystal content was established
using a KEYENCE Digital Microscope VHX-7000. This device was
equipped with a Laser-based Elemental Analyzer to enable instanta-
neous analysis of the material. The results of this analysis are shown in
Table 1. The analysis of encompassed measurements was taken at five
different points on the crystal sample, with ensuing averaging of the
results to enhance accuracy of the content determination. The obtained
results show some advance of Ca®* and Si** cations and deficit of Sc3*
ions in comparison with stochiometric content of the CagScySi3O12
garnet. For compensation of the charge excess, the cation vacancies Vg,
and Cag, antisite defects can be created. However, such an assumption
needs the detailed confirmation using EPR or other sensitive methods.

Furthermore, X-ray microtomography was used to investigate the
internal structure of the CagScySizO12:Ce crystal, specifically to detect
the existence of microdefects and phases different from the primary
garnet phase. Visualization of these studies is presented in Fig. 1. It can
be seen that the central part of the crystal consists of one dominant CSSG
garnet phase. However, a secondary phase can be also observed at the
edges of the crystal. The presence of the second phase at the crystal
edges can be explained by the specific conditions of the crystal growth
using the MPD method. The presence of other phases along the edges is a
typical phenomenon and can be attributed to the specific growth con-
ditions and solidification process, especially at the walls of crucible.
During the MPD process, a crystal is grown by slowly pulling a seed
crystal through a melt of the desired material. This controlled solidifi-
cation allows the crystal to be formed from the molten material as it
cools and crystallizes. However, certain factors can contribute to the
formation of secondary phases, especially along the edges of the crystal.
These factors can include thermal gradients, impurity concentration,
solidification dynamics, segregation effects and crystallographic
mismatch. In our case, we assume that the secondary phase at the edges
of the crystal is formed due to overheating the melt at crucible walls and
some segregation effects. To be more precise, differences in the density
and composition of the material lead to segregation during solidifica-
tion. Therefore, we can observe formation of the perovskite or other
phase at the edges of the crystal with higher temperature of melting than
that of the garnet. As a result of this circumstance, specifically, the ex-
istence of a secondary phase along the crystal’s edges, optical in-
vestigations of the crystal were exclusively conducted on its central part.

4. Luminescent properties
4.1. Cathodoluminescence spectra

Fig. 2 shows the CL spectrum of the Ce3+—doped Ca3ScySiz0g2 crystal
sample. This spectrum exhibits the characteristic double emission bands
centered at 508 nm and 539 nm, corresponding to the 5 d's 4f (2F5 /2: 7/
5) transitions of Ce3* ions in dodecahedral positions of the garnet host

Table 1
The nominal composition (in oxide powders) and the actual composition (in the
crystal) of CSSG:Ce crystal grown via the MPD method.

Nominal crystal content Actual crystal content

1 CazSc,Siz012:Ce Cas 455¢1.375i3.18012:Ce
2 Ca3Sc,Siz012:Ce Cag 375¢1.43Si3,2012:Ce

3 Ca3Sc,Siz012:Ce Cay.975¢1.215i3.82012:Ce
4 Ca3Sc,Siz042:Ce Cay 925¢1.125i3.96012:Ce
5 Ca3ScySiz012:Ce Cay 495¢1.25514.26012:Ce
Average Ca3Sc,Siz012:Ce Cag,045¢1.26513.68012:Ce
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Fig. 1. The radiograph of the sample acquired through X-ray tomography is depicted in (a), while the reconstructed three-dimensional image of the CSSG:Ce crystal

structure is presented in (b).
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Fig. 2. RT CL spectrum of the CSSG:Ce crystal sample.

[4,7]. Generally, Fig. 2 illustrates the impact of substitution of Y3+ and
AP cations with Ca®", Sc*, and Si*' cations in the dodecahedral,
octahedral, and tetrahedral positions of the Y3AlsO;5 garnet host. This
causes a significant shift of the maximum of the Ce>" emission band
towards the blue range from 540 to 508 nm compared to the YAG:Ce
single crystal [11]. is observed due to substitution of Y>* cations with
Ca" ions in the dodecahedral positions, AI** cations with Sc3* cations
in the octahedral sites and AI>* cations on Si** ions in the tetrahedral
positions of the garnet host. The overall influence of such type substi-
tution results in the presence of smaller crystal field strengths in the
different dodecahedral sites of the CSSG garnet lattice, where the Ce>*
ions are located.

In addition to the luminescence emitted by Ce>" ions, there are other
high-energy emission bands are present in the CL spectrum of CSSG:Ce
crystal. Particularly, the wide bands are observed in the ultraviolet (UV)
range with maxima at 355 and 388 nm. Similar broad low-intensity
bands in the UV range are observed in Ca®"-Si** and Mg?"-Si*"-based
garnets and these bands typically have been associated with the lumi-
nescence of defect centers [12-16]. Namely, the nature these two UV
bands can be attributed to the luminescence of F- and F" centers,
respectively, due to high concentration of oxygen vacancies in the
Ca2t-Mg?"-Si*" based garnets [12-16]. The presence of these charged
vacancies may be caused by variations in the Ca®" and Si** content, as
well as by need for local charge compensation of the excess of one cat-
ions during the crystal growth in an oxygen-free atmosphere [17,18].

4.2. Photoluminescence spectra and Ce>" multicenter formation

Under excitation with 400 nm light, the PL spectrum of the CSSG:Ce
crystal (Fig. 3a) consists of the typical double Ce>* 5d-4f emission bands,
peaked at 501 and 536 nm, corresponding to the transitions from the
lowest 5d; level to the two spin-orbit components 2Fs /2,7,2 (separated by
~2000 cm’l) of the ground state (Fig. 3a). However, under excitation
with different wavelengths in the 400-450 nm range, these bands are
notably shifted to the red range and maxima of the double bands are
located at 507 and 542 nm for 460 nm excitation, primarily associated
with distinct Cel and Ce2 centers, respectively. The red shift in the
primary maxima of the PL spectra and variations in intensity at the peak
positions of CSSG:Ce crystal occur in a non-monotonic way with
increasing excitation wavelength (Fig. 3c), as opposed to the absence of
the mentioned changes for the YAG:Ce reference crystal (not presented
in Fig. 3c) [4,7].

The PLE spectra of CSSG:Ce crystal are illustrated in Fig. 3b. The PLE
spectra of luminescence show a set of broad bands located in the blue-
green range. Within the wavelength range of 250-550 nm, multiple
sets of excitation bands are observed. Notably, the strongest E1 (440 nm)
and E2 (310 nm) bands, can be attributed to the 4f—5d (Eg and Tag)
transitions of the primary Cel center, agreeing with the results of prior
research [4,19,20]. Similarly, additional sets of excitation bands, E1’
(457 nm) and E2’ (331 nm), can be associated with the 4f;—5d; tran-
sitions of the secondary Ce2 centers. These centers exhibit distinct local
environments when compared to the Cel center. Additionally, the
excitation band peaking at 361 nm possibly corresponds to a defect
center, most probably the F' center [4].

The decay kinetic profiles of the Ce>* luminescence in the CSSG:Ce
crystal, registered at the range 490-570 nm under excitation at 450 nm,
are shown in Fig. 3d. Similar to other Cat-si*t garnets based [21-23],
the decay kinetics of Ce>" emission in CSSG:Ce crystals exhibit a strong
non-exponential behavior. Due to this, a three-exponential fit of the
decay curves, given by equation I = XA;*exp(-t/1;), was used to quali-
tatively desertions of the luminescence timing profiles. In spite of the
fact that a three-exponential approximation does not fully describe the
luminescence decay in cases of quenching via energy transfer, the decay
time values can be considered as estimations for the luminescence decay
times of respective Ce>" multicenters (Table 2). Specifically, the lumi-
nescence decay kinetics of the CSSG:Ce crystal, measured at the
appropriate wavelengths (namely, at 490 nm and 570 nm), are man-
ifested by three components t;, where i = 3, each with a unique decay
time associated with distinct Cel and Ce2 centers. In particular, the
decay times (71, t2 and t3) of the Cel center emission in the CSSG:Ce
crystal, recorded at 490 nm under excitation at 450 nm, are equal to 3.7
ns, 21.7 ns and 64.0 ns when the luminescence decay times of Ce2
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Fig. 3. Details of the luminescent properties of CSSG:Ce crystal at RT. Emission (a) and excitation (b) spectra were recorded in different parts of the respective Ce>*
emission/excitation bands. (c) - dependences of the maxima in the peak positions of Ce3>* emission bands on the excitation wavelength in CSSG:Ce crystal. (d) PL
decay kinetics at RT were recorded under blue light (450 nm) excitation in different parts of the Ce>* emission band.

Table 2
Parameters of three exponential approximation of the decay curves presented in
Fig. 3d.

Table 3
Spectral characteristics of the different Ce3* multicenters in CasSc,Siz0q2:Ce
garnet.

Emission wavelength, ty, ns Ay tg, NS Ay tz,ns  Ag

nm

490 3.7 148.7 21.7 426.4 64.0 1762.4
500 3.7 144.2 21.7 423.3 64.0 1760.8
510 4.9 1125.7  37.0 1212.1  69.9 2130.8
520 4.8 828.8 27.4 862.8 65.9 2759.4
530 5.8 662.2 31.5 854.6 67.0 2866.9
540 4.4 1005.8 31.8 1169.4  69.1 2828.5
550 3.5 596.4 26.3 820.6 67.4 2865.8
560 2.3 543.9 20.9 382.1 66.9 1569.4
570 5.0 754.7 44.8 1757.8  76.5 1942.3

center, recorded at 570 nm under the same excitation, is significantly
large and amounts to 5.0 ns, 44.8 ns and 76.5 ns (see Table 2).

This behavior of the decay curves in CSSG:Ce crystal may also
indicate a possible energy transfer from high-energy to low-energy Ce>*
centers in this garnet [19,20,24]. Different decay times can correspond
to different Ce>* centers in the dodecahedral sites of CasScySiz012
garnet host with various local environments with oxygen ions cations
due to the local inhomogeneity at localization of Sc* and Si** ions in
octahedral and tetrahedral sites, respectively [7].

Spectral characteristics of the different Ce>* multicenters in CSSG:Ce
crystal are summarized in Table 3.

Type of Maximum of Position of E2 and AE = Stokes

centers dominant emission E1 excitation bands, Ex-Eq, shift, eV
bands, nm nm ev

Cel 501; 536 312; 434 1.117 0.382

Ce2 506; 542 309; 446 1.233 0.330

5. Low-temperature luminescence under synchrotron radiation

The luminescent properties of the Ca3ScySi30i2:Ce crystal were
investigated also at 12 K under excitation by SR with an energy in the
3.7-20.6 eV range at the new Superlumi station located at P66 beamline
at PETRA storage ring at DESY (Hamburg, Germany) [25]. The PL
emission and excitation spectra as well as the PL decay kinetics were
measured in time gate between SR pulses with a repetition time of 16 ns
and a duration of 0.127 ns.

The emission spectra of CazScySiz012:Ce crystal are shown in Fig. 4.
The dominant double luminescence bands peaked in the green-yellow
range are related to the 5 dl—4f (2F5/2,7/2) transitions of Ce>t ion in
this garnet host. Meanwhile, with increasing the excitation wavelength
from 20.64 eV (60 nm) to 4.13 eV (300 nm), the position of emission
band of the CSSG:Ce crystal shows the red shift from 493 to 502 nm
firstly and then the blue shift from 502 nm to 498 nm (Fig. 4, Table 4).
Therefore, the shift of the main maxima of the PL spectra of the CSSG:Ce
crystal occurs non-monotonically with increasing the excitation
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Fig. 4. Luminescence spectra of CSSG:Ce crystal at 12 K under excitation by SR
in the interband transition range at 20.63 eV (60 nm) (1), exciton range at 7.74
eV (2) and 6.62 eV (187 nm) (3) as well as in the range of defect band at 5.895
eV (210 nm) (4) and Ce®" absorption band at 5.27 eV (235 nm) (5) and 4.13 eV
(300 nm) (6).

Table 4

Spectral characteristics of the different Ce>* multicenters in CSSG:Ce crystal.

Excitation energy, eV Position of emission bands, nm Additional bands, nm

20.63 493 580 580
7.74 502 554

6.62 498 549

5.89 499 548 579
5.27 500 548.5

4.13 498 548

wavelength. Furthermore, the additional peaks at 579-580 nm are well
resolved under excitation at 20.64 eV (60 nm) in the range of interband
transitions and defect-related band at 5.895 eV (210 nm). Such a
behavior of the PL emission spectra clearly indicates the Ce>* multi-
center formation in CSSG:Ce garnet. Therefore, the emission spectra of
the CSSG:Ce crystal under excitation at the different wavelengths,
demonstrate overlapped two pairs of the Ce>t emission bands peaked
mainly at 493-502 nm and 548-554 nm ranges (Fig. 4), related to the
different Cel and Ce2 centers [4,7,26].

Apart from the luminescence of Ce>* ions, other emission bands in
the UV range are also present in the emission spectra of CSSG:Ce crystal.
The main UV band are peaked at 390 nm in CSSG:Ce crystal. However,
the high-energy wing of this band is notably elongated due to the
presence of another high-energy emission band of F* centers peaked at
355 nm. Taking into account published data on the luminescence of
charged oxygen vacancies in the different oxide compounds [4,7,27],
the complex UV emission bands with sub-bands peaked in the 388-390
nm and 355-360 nm ranges can correspond to the luminescence of F*
and F centers (one and two charged oxygen vacancies, respectively) in
the garnet hosts. Another low intensity luminescence band peaking at
590 nm on the low-energy wind of Ce®>* emission band and well resolved
band peaked at 754 nm can be related to the different dimmer or more
complicated centers, based on the couples of F' and F centers in CSSG
host (Fig. 4) [28].

The excitation spectra of Ce>* and defect luminescence in CSSG:Ce
crystal in the 60-334 nm (20.7-3.7 eV) range at 12 K, are shown in
Fig. 5. Several sets of excitation bands are distinguished in the 3.5-10 eV
range. The broad absorption band centered at 5.22 eV (238 nm) is due to
4f—5dg3 absorption transition of Ce3" ions. The strong bands in the
exciton range correspond to creation of excitons bound with different
Ce" centers. Furthermore, some difference in the positions of these

Journal of Luminescence 266 (2024) 120311

Photon energy, eV
12.4 8.3 6.2 5.0 4.1

" ex(Cel) —— Em=375 nm (F*)
6.58__ 6.605 ex(F) — —Em=480 nm (Ce1)
ex(F*) §07° — . .Em=535 nm (Ce1)
10000 |- 6.755 : —— Em=600 nm (Ce2)
3 \ Ce*
© ex(Ce2) 522 F*
= 6.555
=
7
c
[}
il
=
1000 |
[ Ca,Sc,Si;0,,:Ce  T=12K
1 I L L

100 150 200 250 300
Wavelength, nm

Fig. 5. Excitation spectra of Ce®*-centers in CSSG:Ce crystal at 12 K in the 334-
60 nm range (20.66-3.71 eV), monitored at 375 nm (1), 480 nm (2), 535 nm (3)
and 600 nm (4).

excitation bands at registration of the Ce>* luminescence at 480-530 nm
range and at 600 nm enables the correct determination of the energy
creation of excitons bound with Cel and Ce2 centers which is equal to
6.605 eV and 6.555 eV, respectively. The notable increase of the in-
tensity of Ce®" luminescence and other emission centers as well in
12-20.6 eV range (Fig. 5b) is caused by the multiplication of the elec-
tronic excitations in this energy range [27-31].

The excitation band for luminescence of defect centers, recorded at
375 nm in CSSG:Ce crystal, is mostly associated with intrinsic transitions
of F* centers in the bands peaked at 323 nm (3.83 eV) and 256 nm (4.83
eV), respectively. Additionally, the prominent band peaked at 183 nm
(6.755 eV) in the exciton range aligns with the energy of creation of an
excitons bound to this center followed by the electron-hole recombina-
tion on these defects [32-34]. However, the strong band peaked at
205.5 nm (6.02 eV) in this excitation spectrum is rather correspond to
the F center luminescence and most probably is related to the creation of
an exciton bound with F centers. The support of this conclusion is con-
nected with substantial differences in the decay kinetics of the lumi-
nescence at 375 nm under excitation in 205.5 nm (6.02 eV) band in
comparison with the decay kinetics under excitation in the 323 nm
(3.83 eV) and 256 nm (4.83 eV) bands of F' centers.

The decay kinetic profiles corresponding to the F and F* center
luminescence in the CSSG:Ce crystal, recorded at 375 nm, are shown in
Fig. 6. Similarly to other Ca?"-Si*" based garnets, the non-exponential
decay kinetics of the F' center emission most probably is caused by
the energy transfer to Ce>* ions. Namely, the values of decay times of the
F' luminescence in CSSG:Ce crystal, registered at 375 nm under exci-
tation in the 301 nm (4.11 eV) and 323 nm (3.83 eV) bands, are equal to
Ty = 7.2 ns and t3 = 4.9 ns, respectively. Such a behavior of the decay
curves of the F" center luminescence in the CSSG:Ce crystal can also
indicate the possible energy transfer both to high-energy or low-energy
Ce>" emitting centers in this garnet. The different decay times of the F*
center luminescence in the CSSG:Ce crystal can correspond to the exci-
tation of different Ce>" centers in the dodecahedral positions of the
garnet lattice with various local surroundings by oxygen and cations
(Sc®* and Si** ions in the octahedral and tetrahedral positions, respec-
tively) [7]. However, the decay profiles of the dominant F center
luminescence (Fig. 6) present the fast component with a decay time of 71
= 2.21 ns, related to the allowed transitions from singlet excited level
and the second slow component corresponding to the partly allowed
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Fig. 6. Decay kinetics of F™ and F centers luminescence in CSSG:Ce crystal at
12 K under excitation by SR with different wavelengths in the characteristic
points of excitation spectra in Fig. 5.

transition in this center from the triplet relaxed level [7,12-16].
6. Photoconversion properties

In order to show the potential applications of the CSSG:Ce crystal
phosphor, prototypes of cool white light-emitting diodes (WLEDs) were
developed. These WLED prototypes utilized CSSG:Ce crystal phosphor-
converters (pc) with varying thickness ranging from 1 to 0.8 mm.
These phosphor-converters were coupled with GaN 432 nm blue emit-
ting LED chips. The emission spectrum of these WLEDs covers the visible
range, producing cool white light spanning from 458 to 688 nm. Addi-
tionally, Fig. 7 illustrates the connection between the photoconverter
properties of the CSSG:Ce crystal and the sample’s thickness. Notably, as
the pc-thickness increases, there is a reduction in the intensity of the
blue LED emission, accompanied by a raising in the intensity of the
green-yellow emission band. This green-yellow emission reaches its
maximum intensity at an approximate thickness of 1.0 mm. We assume
that at further increasing the sample thickness beyond 1 mm, it becomes
possible to obtain emissions much closer to white light. This has the
potential to lead to the achievement of a nearly perfect cool white light
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emission with large CCC and CRI values.

In Fig. 7b, the CIE-1931 chromaticity diagram shows the shift in
color coordinates (%, y) of the CSSG:Ce crystal across various thicknesses
ranging from 0.8 to 1.0 mm. Notably, these coordinates follow a non-
linear pattern, with both x and y values as well as CRI and LE values
increasing as the thickness of the sample grows. The CIE chromaticity
coordinates of the WLED prototypes are detailed in Table 5.

7. Conclusions

The CazSc,Siz012 crystal doped with Ce®t was grown using the pPD
method. The actual content of the grown crystal was probed through
EDS analysis. Additionally, X-ray microtomography was employed to
examine the internal structure of the crystal, specifically targeting the
identification of secondary phases distinct from the primary garnet
phase.

The luminescence characteristics of the Ca3Sc,Si3012:Ce crystal were
explored using conventional cathodoluminescence and photo-
luminescence as well as luminescent spectroscopy under excitation by
synchrotron radiation with energy in the 3.7-20 eV range. The 5d - 4f
transitions of Ce®' ions were identified in the form of the dominant
emission band both in cathodoluminescence and photoluminescence
spectra. The luminescence of F" and F center is also observed in the CL
and PL spectra in the UV range.

We have also observed the formation of at least two Ce>! centers
(Cel and Ce2) in the emission and excitation spectra as well as in the
decay kinetics of the Ce3* luminescence of CasScySiz0q2:Ce crystal.
Such Ce3* centers possess different spectral behaviors (the positions of
the emission and excitation bands as well as the PL decay kinetics) due to
the different local surroundings and crystal field strength of the
respective dodecahedral positions of the garnet host. Such an in-
homogeneity of local environment of the dodecahedral positions of the
garnet host is caused by the substitution of the octahedral positions by

Table 5

CIE chromaticity coordinates, CTT and luminous efficiency of a WLED lamp
fabricated on the base of 450 nm LED chip and CSGG:Ce crystals with different
thicknesses.

Thicknesses of the sample, CIE Coordinates CCT,K CRI LE, Im/
mm - w
X y
0.8 0.4567 0.5299 3489 39.7 68
0.9 0.4498  0.5306 3580 46.1 81
1 0.4483  0.5341 3620 42.3 107
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Fig. 7. The spectral characteristics of CSSG:Ce crystals combined with GaN 432 nm blue LED (a); the color coordinates of LEDs based on CSSG:Ce crystals with
different thickness in the 0.8-1 mm range within the CIE-1931 color space chromaticity diagram (b).
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heterovalent Sc>* ions and the tetrahedral positions by Si** ions.

Based on the results of optical luminescence investigations, the
characteristics of Cel and Ce2 center were estimated: the positions of
dominant emission bands (501; 536 nm and 506; 542 nm at RT) and
excitation bands (312; 434 nm and 309; 446 nm at RT), the Stokes shift
(0.382 and 0.330 eV at RT), as well as the energy of creation of an ex-
citons bound with Cel and Ce2 centers (6.605 eV and 6.555 eV at 12K),
respectively. We have also determined the luminescent characteristics
and energetic structure of F™ and F centers in the CSSG host, including
the energy of creation of excitons bound with F and F' centers being
equal to 6.07 eV and 6.755 eV at 12K, respectively.

Finally, we have investigated the photoconversion properties of
CagScoSiz012:Ce crystals with different thicknesses ranging from 1.0 to
0.8 mm, combined with GaN 432 nm blue LED chip. We suggest that
extending the sample thickness above 1 mm may result in emission that
exhibits greater proximity to white light characteristics. This can ensure
effective matching of different shades of white light devices.
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