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CCT — Correlated color temperature
CL — Cathodoluminescence
CRI - Color rendering index
CSSG — CazSc2Si3012 garnet
CYMSSG — Ca; YMgScSi301, garnet
GAGG - Gd3Al5Gaz 5012 Gadolinium Aluminium Gallium Garnet
LED — Light-emitting diode
LPE — Liquid phase epitaxy
MP — Micropowder
HDC — Horizontal directional crystallization
PC — Phosphor converter
PCLC — Planar chip level conversion
WLED — White LED
PL — Photoluminescence
RE — Rare-earth elements
RGB — Red, green, and blue
RT — Room Temperature
SC — Single crystal
SCF — Single crystalline films
SEM — Scanning Electron Microscopy
Tg — Growth temperature
Ts — Saturation temperature
VCC — Volume casting conversion
XRD — X-ray diffraction
YAG — Y3Al5012 garnet
uCT — Microcomputer tomography
uPD — Micro pulling down
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1. INTRODUCTION

Nowadays white light-emitting diode (WLED) have emerged as the dominant technology
in solid-state lighting applications due to their superior energy efficiency, extended operational
lifetime, environmental compatibility, and compact form compared to conventional
incandescent and fluorescent lighting systems [1-4]. The fundamental operating principle of
WLED:s relies on phosphor-conversion mechanisms, where blue or near-ultraviolet LED chips
are coupled with luminescent materials that partially convert the primary emission to longer
wavelengths, generating white light through spectral combination [5-7].

The phosphor-conversion method widely relies on cerium-doped yttrium aluminum garnet
(Y3Al5012:Ce*", or YAG:Ce) as the standard material, thanks to its high quantum efficiency and
impressive chemical and thermal stability [8-12]. Despite these advantages, YAG:Ce phosphor
has drawbacks that limit the WLED performance. The characteristic broad yellow emission
band of the YAG:Ce results in significant red spectral deficiency, leading to poor color
rendering capabilities and elevated correlated color temperatures [13-16]. Additionally, thermal
quenching effects at high operating temperatures limit spectral tunability and reduce efficiency
in high-power applications [17]. These limitations have motivated extensive research into
alternative phosphor-converter materials capable of addressing the spectral and thermal
constraints while maintaining or exceeding established performance standards [18-20].

The first approach involves the use of eutectic crystalline structures, particularly Ce**-
doped alumina—YAG composites ((Al20s—YAG):Ce), grown from the high-temperature melt
using Czochralski method, or Horizontal-Direct Crystallization (HDC) as wvariation of
horizontal Bridgman method. Such eutectic offers unique opportunities to combine the
advantageous properties of multiple phases while enabling novel optical behaviours through
interfacial interactions and carefully controlled microstructural features [21-26].

Among the most promising alternative strategies for next-generation WLED converters is the
development of mixed garnet systems featuring modified cation compositions and tailored crystal
structures to optimize emission characteristics. These materials aim to overcome the inherent
limitations of conventional YAG:Ce by offering superior colour rendering and improved thermal
performance. In particular, Ce** doped calcium scandium silicate garnets CasSc2SizO12:Ce
(CSSG:Ce) [27-30] and their compositionally tuned compounds, such as (Ca,Y )3(Mg,Sc)2Si:012:Ce
(CYMSSG:Ce) [31-33], demonstrate significant potential due to their improved thermal stability
and enhanced red emission components, respectively. Consequently, the present work focuses on
systematically exploring such alternative phosphor materials for advanced WLED applications.

The correlation between structural characteristics and optical performance in these

advanced phosphor materials represents a fundamental aspect that requires comprehensive
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investigation. The local coordination environment of activator ions, crystal field effects,
electron-phonon interactions, and defect structures all directly influence the luminescence
properties, including emission wavelength, quantum efficiency, thermal stability, and spectral
bandwidth [34,35]. Understanding these structure-property relationships is essential for the
rational design and optimization of phosphor-converter materials [36].

The structural diversity achieved through different synthesis approaches adds a critical
dimension to the correlation between material structure and optical behaviour. Eutectic
crystalline structures, grown by direct crystallization from high-temperature melts, offer a
unique combination of multiple phases, enabling the development of composites with novel
optical properties through interfacial interactions and precisely controlled microstructural
features. In contrast, micropowders synthesized via solid-state reactions result in
polycrystalline materials where grain boundaries and surface effects significantly influence
optical performance compared to bulk single crystals (SC). Single-crystal growth techniques,
such as the micro-pulling-down (uPD) method [37, 38], yield materials with well-defined
crystallographic orientations and low defect concentrations, providing insights into their
intrinsic optical properties. Meanwhile, single-crystalline films (SCFs) and composite epitaxial
structures grown by liquid-phase epitaxy (LPE) method [39, 40, 41] introduce additional factors
such as substrate interactions, epitaxial strain, and thickness-dependent effects, that can further
modulate luminescence characteristics.

The systematic evaluation of these diverse structural forms, from eutectic composites and
nano- or micropowders to single crystals and single crystalline films, and finally epitaxially
grown composite film-crystal converters provides a comprehensive framework for
understanding how material architecture influences phosphor performance. This understanding
is crucial for optimizing photoconversion efficiency, color quality parameters including color
coordinates, correlated color temperature, and color rendering index, which ultimately
determine the suitability of these materials for specific WLED applications.

The present research addresses the need for advanced phosphor-converter materials
through a systematic investigation of the correlation between structural and optical properties
in doped mixed garnet systems. By examining materials prepared through various synthesis
methodologies and characterized using complementary optical spectroscopy techniques, this
work aims to establish fundamental relationships that guide the development of efficient WLED
converters. The comprehensive analysis of absorption, photoluminescence (PL), and
cathodoluminescence (CL) properties, combined with detailed structural characterization,
provides the foundation for understanding how material design parameters influence the

ultimate performance in WLED applications.



This work contributes to the goal of developing phosphor-converter technologies that
overcome the limitations of current YAG:Ce phosphor while providing enhanced color quality,
improved thermal performance, and expanded spectral tunability for next-generation solid-state
lighting devices. Achieving this goal requires solving the following scientific tasks:

1. The controlled crystallization of (Al20s-YAG):Ce eutectic through the HDC method by
optimizing composition, fine-tuning growth parameters, and ensuring superior structural,
optical, and mechanical properties for advanced applications.

2. The synthesis of CSSG:Ce and CYMSSG:Ce micropowders using the solid-state phase
method to achieve controlled composition, phase purity, and optimal luminescent properties.

3. The growth of CSSG:Ce crystals using the uPD method to achieve high-quality crystal
formation with precise control over composition and structure.

4. The growth of CSSG:Ce and CYMSSG:Ce SCFs on GAGG and YAG substrates,
respectively, using the LPE method to ensure high-quality film formation with optimal
crystalline structure and luminescent properties.

5. A comprehensive analysis of the structural properties of the fabricated materials to evaluate
the crystal structure, identify defects, and gain a deeper understanding of their
crystallographic characteristics.

6. An analysis of the spectroscopic properties of the obtained materials to evaluate their
luminescent characteristics and assess their suitability for use in manufacturing phosphor
converters for LEDs.

7. The development of prototype WLEDs using the obtained materials in different crystalline
forms, as well as the evaluation of their chromaticity parameters to assess colour quality and

performance for potential lighting applications.

2. STRUCTURE OF THE DOCTORAL THESIS AND THE DOKTORAL
STUDENT CONTRIBUTION TO PUBLICATIONS

2.1. Structure of the Doctoral Thesis

The doctoral thesis "Correlation of Structural, Mechanical, and Optical Properties of
White Light-Emitting Diode Converters Based on Doped Mixed Garnets with Micro- and Nano-
Ceramic and Epitaxial Structures” is based on a review of seven articles published in peer-
reviewed scientific journals and is divided into four thematic parts.

Part I: Ce*-Doped Al:Os-YAG Eutectic: Synthesis, Structural Characterization, and
Luminescent Properties for White LED Applications
C1.1. A. Shakhno, T. Zorenko, S. Witkiewicz-Lukaszek, M. Cieszko, Z. Szczepanski, O. Vovk,

S. Nizhankovskyi, Y. Siryk, Y. Zorenko, Ce** Doped AL,O3-YAG Eutectic as an Efficient
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Light Converter for  White LEDs, Materials 16  (2023)  2701.
https://doi.org/10.3390/mal6072701.

This part of work focuses on the development, structural analysis, and luminescence
properties of Ce*"-doped Al:Os-YAG eutectic materials, highlighting their potential as
efficient light converters for WLEDs.
Part II: Ce* and Mn?>" Doped CasSc:SisOrz and Ca.YMgScSi:Or Silicate Garnet
Micropowders as Efficient Light Converters for White LEDs
C2.1.1. Levchuk, A. Osvet, C.J. Brabec, M. Batentschuk, A. Shakhno, T. Zorenko, Y. Zorenko,
Micro-powder CazSc2Si3012:Ce silicate garnets as efficient light converters for WLEDs,
Optical Materials 107 (2020) 109978. https://doi.org/10.1016/j.optmat.2020.109978 .
C2.2. A. Shakhno, A. Markovskyi, T. Zorenko, S. Witkiewicz-Lukaszek, Y. Vlasyuk, A.

Osvet, J. Elia, C.J. Brabec, M. Batentschuk, Y. Zorenko, Micropowder
Ca;YMgScSi3012:Ce Silicate Garnet as an Efficient Light Converter for White LEDs,
Materials 15 (2022) 3942. https://doi.org/10.3390/mal5113942 .

C2.3. A. Shakhno, S. Witkiewicz-Lukaszek, V. Gorbenko, T. Zorenko, Y. Zorenko,
Luminescence and photoconversion properties of micro-powder phosphors based on
the Ce** and Mn?" doped Ca,YMgScSizO1. silicate garnets, Optical Materials: X 16
(2022) 100187. https://doi.org/10.1016/j.omx.2022.100187 .

This part of dissertation explores the synthesis, structural properties, and photo-
luminescence behavior of Ce**-doped and Mn**-doped silicate garnet micropowders,
evaluating their efficiency as phosphor materials for white LED applications.
Part III: Ce*-Doped CasSc:SizO: Crystal: Luminescence and Photoconversion
Properties for White LED Applications

C3.1. A. Shakhno, W. Gieszczyk, P. Bilski, S. Witkiewicz-Lukaszek, T. Zorenko, M.

Cieszko, Z. Szczepanski, A. Kotlov, Y. Zorenko, Luminescence and photoconversion

properties of Ce-doped CazSc2Si3012 crystal, Journal of Luminescence 266 (2024)
120311. https://doi.org/10.1016/].jlumin.2023.120311.

This section investigates the luminescence and photoconversion properties of Ce**-
doped CasSc2Si3012 crystals, assessing their performance as light-converting materials in
WLED technologies.

Part IV: Single crystalline film and composite film-crystal converters on the base of the
Ce*-Doped CasSc:SizO12 and Ca:YMgScSisO12 garnets: Luminescence and Color
Conversion Properties for White LED Applications.

C4.1. A. Shakhno, S. Witkiewicz-Lukaszek, V. Gorbenko, T. Zorenko, Yu. Zorenko,
Composite color converters based on the CasSc2S13012:Ce single crystalline films,

10


https://doi.org/10.3390/ma16072701
https://doi.org/10.1016/j.optmat.2020.109978
https://doi.org/10.3390/ma15113942
https://doi.org/10.1016/j.omx.2022.100187
https://doi.org/10.1016/j.jlumin.2023.120311

Optical Materials: X 22 (2024) 100328. https://doi.org/10.1016/j.0mx.2024.100328.
C4.2. A. Shakhno, V. Gorbenko, T. Zorenko, A. Fedorov, Y. Zorenko, Optical and

Photoconversion Properties of Ce**-Doped (Ca,Y)3(Mg,Sc)2Si3012 Films Grown via
LPE Method onto YAG and YAG:Ce Substrates, Materials 18 (2025) 3590.
https://doi.org/10.3390/mal18153590.

This section examines the fabrication, luminescence behavior, and color conversion
efficiency of Ce**-doped CSSG SCFs grown onto GAGG and GAGG:Ce substrates as
well as describes the luminescence properties, and color conversion efficiency of
CSSG:Ce and CYMSSG:Ce single crystalline films, grown onto YAG and YAG:Ce

substrates.

2.2. Doctoral student’s contribution to publications

The Author made important contributions to all of the publications listed above. In C1.1, the
Author collected and analyzed the complete set of experimental results, prepared the figures and
tables, developed the WLED prototypes, measured their photoconversion properties, and
participated in drafting and revising the paper. In C2.1, the Author’s contribution focused on
analyzing the whole experimental material, preparing the publication figures, and assisting with
writing, drafting and revising the paper. For C2.2, the Author was responsible for collecting and
analyzing the data, preparing the figures and tables, taking part in photoluminescence
measurements, assembling the WLED prototypes, testing their photoconversion performance,
and contributing to the manuscript. In C2.3, the Author’s contribution included synthesizing the
micropowders, analyzing the results, preparing the figures and tables, participating in the optical
and structural studies, creating and testing the prototypes, and co-authoring the paper. In C3.1,
the Author collected and analyzed the existing literature, performed structural, optical, and
photoconversion measurements, prepared the prototype, and contributed to the manuscript. For
C4.1, the Author’s role again included analyzing experimental data, preparing the figures,
participating in the optical and photoconversion studies, developing the WLED prototypes, and
contributing to the writing. Finally, in C4.2, the Author collected and analyzed the experimental
results, prepared the publication materials, created the WLED prototypes, carried out the

structural and optical measurements, and participated in drafting and revising the paper.

3. CHARACTERISATION OF GROWTH METHODS FOR MATERIALS
PREPARATION AND EXPERIMENTAL TECHNIQUES

3.1. Materials Preparation

3.1.1. Crystallization of (AL:Os:-YAG):Ce Eutectic using the HDC Method [C1.1]

Ce-doped Al205-YAG eutectic samples were crystallized at the Institute for Single Crystals,
11
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National Academy of Sciences of Ukraine in Kharkiv, Ukraine (ISC Kharkiv), a leading
research center in Eastern Europe specializing in crystal growth technologies.

The crystallization process was performed using the HDC method using the Horizont-3M
setup (Fig.1a). For the preparation of the initial eutectic charge, an equimolar mixture of Y203 +
CeO; (5N purity) and Al,O3 (4N purity) oxides was used. These powders were thoroughly mixed
in a drum for several hours, and the resulting mixture was compressed into tablets. The tablets
were annealed at 1200 °C for several hours, and the annealed tablets served as a “green body” for
crystallization. The YAG-AlOs melt was solidified in molybdenum crucibles under a controlled
atmosphere of Ar, CO, and H: at a total pressure of 1.3 x 10° Pa. The crystallization process
took place in the setup's hot zone, where the temperature was 1835 °C, with a temperature
gradient of 30 °C/cm at the solidification front. The crucible's pulling speed varied between 1

and 8 mm/h, allowing precise control over the growth conditions.

Fig. 1. The Horizont-3M installation used for HDC crystallization (@) [42] and (Al,O3-YAG):Ce

eutectic ingot (b). Different parts of the ingot grown at different crystallization rates (Table 1).

Table 1. Modes of crystallization of (Al,O3-YAG):Ce eutectics.

Sample | Rate of crystallization, | Melt Temperature, Gradient, ALO;, YAG,
mm/h °C °C /cm Surf. % Surf. %
2 1.6 1835 30 47.1+£24 | 529+24
3 1 1835 30 46.1+13 | 54.0+13
4 2.8 1835 30 447+13 | 553+0.7
5 7.5 1835 30 452+0.7 | 54.8+0.7

The values listed as “Surf. %” represent the surface fraction percentages of the phases,
determined from SEM image analysis. Specifically, Al.Os, Surf. % corresponds to the fraction
of the sample’s surface area occupied by Al.Os, while YAG, Surf. % corresponds to the fraction
occupied by the YAG phase. Together, these values sum to ~100%, providing a quantitative
measure of the relative distribution of phases in the eutectic composite. However, small amount
of other phases, mostly YAIO3:Ce (YAP:Ce) perovskite, can be present in eutectic samples in
amount below of detectable level of SEM analysis.

During solidification, the boat-like crucible containing the melt was gradually pulled from the

hot zone through the temperature gradient into the cold zone. This movement was controlled by a
12



specialized mechanism designed to maintain a stable pulling speed. The mechanism also allowed
for abrupt adjustments in the pulling rate, which directly influenced the crystallization dynamics.

As a result of the solidification process, a composite ingot with dimensions of 240 x 75 x 35
mm? was successfully grown (Fig.1b). To analyze its morphology and microstructure, the ingot was
sectioned into pieces corresponding to different pulling rates. Samples for further investigation were
prepared from these sections in the form of rectangular plates (1x1 mm?) with a thickness of 0.5
mm. The normal vectors of the sample surfaces were oriented either perpendicular or parallel to
the ingot's growth direction. The surfaces were meticulously polished using a diamond abrasive,
gradually decreasing the grain size to achieve a smooth finish suitable for analysis.

The HDC method was chosen for the crystallization of Ce-doped Al:Os-YAG eutectic samples
due to its ability to produce high-quality, large-scale eutectic crystals with controlled
microstructures [42]. This technique allows for precise regulation of the solidification process,
enabling the formation of a well-aligned composite microstructure with minimized defects. The
use of a molybdenum crucible and a controlled atmosphere (Ar, CO, and H:) help prevent
unwanted oxidation, ensuring the purity of the crystal. Additionally, the HDC method provides a
stable temperature gradient and controlled growth rates, which are crucial for optimizing the
luminescent and structural properties of the material. These factors make HDC an effective

approach for fabricating eutectic materials for advanced optical and phosphor applications.

3.1.2. Preparation of CSSG:Ce and CYMSSG:Ce Micropowders Using the Solid-
State Phase Synthesis [C2.1, C2.2, C2.3]

The synthesis of CSSG:Ce phosphors was performed using two complementary approaches
for nano- and micro- particles (NP and MP) [C2.1]. Micro-size particle samples were produced
via a modified solid-state reaction, where stoichiometric blends of CaCO3, Sc203, and SiO; oxides
were pre-synthesized in air, then subjected to high-temperature calcination at 1300-1400 °C in a
reducing atmosphere of 95% nitrogen and 5% hydrogen. A small amount of CaF> (1 wt. %) was
added as a flux to enhance crystallinity and luminescent properties. This process yielded cubic
microparticles with sizes ranging from 3 to 10 um and a PL quantum yield of about 70%.

For CSSG:Ce NPs production, a fatty acid-assisted co-precipitation method was employed
[C2.1]. Metal nitrates of calcium, scandium, and cerium were dissolved in water and combined
with a silica source, either SiO: nanoparticles or tetraethyl orthosilicate (TEOS). Sodium oleate
was added dropwise to induce precipitation of metal oleates, which were subsequently
centrifuged, dried, and calcined sequentially—first in air at 850 °C for 3 hours, then in a reducing
N2/Hz atmosphere at 1200 °C for 2 hours. This produced NPs in size 80-300 nm with high

photoluminescence quantum yield (50-55%) and enhanced thermal stability, making them
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suitable for WLED applications. Both methods yield highly luminescent CSSG:Ce materials with
superior thermal performance compared to conventional YAG:Ce phosphors [C2.1].

CYMSSG:Ce and CYMSSG:Ce,Mn MPs, studied in the articles [C2.2, C2.3], were produced
using conventional solid-state synthesis. This method relies on a solid-state reaction, specifically
between microcrystalline grains. Diffusion plays a crucial role in the process, directly influencing
the reaction rate. The reaction progresses isothermally in this context, as the diffusion of ions and
atoms occurs very slowly. For this reason, flux components like B2Os, were used to accelerate the
solid-state reaction and increase the so-called "depth of synthesis", e.g. the ratio of the quantity of
the resulting compounds to the quantity of the initial charge. At the end of the production process,
the resulting powder is an oxide ceramic, with oxides serving as the reactants in the reaction.

Preparation of CSSG:Ce powder samples was performed using both one-step and two-step
technological methods (Fig.2). In the one-step method, after calculating the required amounts of
individual oxides according to their stoichiometric proportions, the components were mixed and
ground in an agate mortar for 20 minutes to achieve maximum powder homogeneity. The resulting
phosphor mixture was then annealed in an Al-Os crucible at a heating rate of 20 °C/min, up to

1300 °C, for 10 hours in a forming gas atmosphere (95% N2 + 5% H>) (see Fig. 2, left table).

The process The process
of single-step solid-state synthesis of two-step solid-state synthesis
1. Mixing of oxides 1. Mixing of oxides
2. The powder is ground 2. The powder is ground
for 20 minutes for 20 minutes
3. Annealing in 3. Pellet pressing
a reducing forming gas atmosphere (30 min. at 12 bar)
(10 hours at 1300 °C, 20 °C/min)
4. Annealing in air
4. The powder is ground (2 hours at 900 °C, 20 “C/min)
for 20 minutes 1,

5. The powder is ground for 20
minutes

|

6. Pellet pressing
(30 min. at 12 bar)

7. Annealing in a reducing
atmosphere
(4 hours at 1300 °C, 20 °C/min)

Fig.2. Diagram of the single-step and two-step solid-state synthesis process of micropowders.

In the second method used for synthesizing CYMSSG:Ce powder (Fig. 2, right table). The

ground powder was first pressed into pellets using a press for 30 minutes under a pressure of 12
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bar. This step increased the contact area between particles. A single-phase powder structure was
obtained during the initial annealing stage, in which the pellets were heated in air at a rate of
20 °C/min to 900 °C and held for two hours. The sample was then ground again in a mortar, re-
pressed into pellets, and annealed in a reducing atmosphere (95% N2 + 5% H: forming gas) at
1300 °C for 4 hours, with the same heating rate (20 °C/min). This two-step annealing process,
combined with intermediate grinding, promoted the formation of a highly homogeneous powder.

The annealing furnace is shown in Fig.3. It essentially consists of an Al,O3 tube surrounded
by a silicon carbide heating element. To ensure even heat distribution, the crucible with the
powder is placed inside the tube, and additional insulation surrounds the heating element. Gas
supply and exhaust flow through the Al,Os tube.

In both synthesis routes, the process was carried out in a reducing forming gas atmosphere
(95% N2 + 5% H>). The annealing in the forming gas reduces Ce*" ions from CeO to Ce**. The
gas outlet entered the water reservoir, which allowed for a good estimation of the flow intensity.

The flow rate of the gas has a significant impact on calcination. For this synthesis, one or two

air bubbles within 10 seconds were sufficient.
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Fig. 3. Photo and diagram of the furnace for MP preparation.
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Fig. 4. XRD patterns of CYMSSG:Ce MPs samples sintering with different flux (a) and activator
content (b), where * is CaxCesO26Sie, + is SiO», and o0 is YBOs.
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X-ray diffraction (XRD) analysis was used to determine the phase composition of the MPs.
The XRD results (Fig.4) indicate that under optimal sintering conditions, the material primarily
consists of a nearly pure CasSc.Si:O12 (CSSG) garnet phase, which closely matches the ICSD-
27389 reference pattern. Minor amounts of unreacted SiO: and secondary phases, such as
Ca2Ces026S16 and YBO3, were also detected. The highest garnet phase content (80-82%) was
observed in samples sintered with 2.5-5 at.% B:0Os flux and 1-2.5 at.% Ce*" dopant. The
optimal composition, yielding a maximum garnet content of 82%, was achieved with 2.5 wt.%

B:20s flux and 2.5 at.% Ce** concentration (see Table 2).

Table 2. The garnet phase content of CYMSSG:Ce MPs

(depth of synthesis) sintering with dfferent flux and activator content

Nominal chemical composition Garnet content
Ca,MgYScSiz012:Ce %
1 at.% Ce + 1 wt.% B,0; 49.5
1 at.% Ce + 2.5 wt.% B,0s 80
1 at. % Ce+ 5 wt.% B,0s 80
1 at.% Ce + 2.5 wt.% B,0; 81
2.5 at.% Ce + 2.5 wt.% B:03 82
5at.% Ce +2.5 wt. % B20s 62

3.1.3 Growth of CSSG:Ce Crystals Using the MPD Method [C3.1]

The uPD method was selected for the crystallization of Ce**-doped CasSc2Si3012 garnet due
to its ability to produce small-volume, rod-shaped crystals with a diameter of 2-3 mm and a length
of up to several decimetres. This crystal form is very useful for producing WLED converters using
cutting and polishing operations. In general, the pPD method is considered a low-cost growth
technique with precise control overgrowth parameters such as pulling rate, temperature gradient,
and gas atmosphere, ensuring optimal crystal quality and consistent dopant incorporation, both
essential for producing high-quality single crystals [43]. Furthermore, the puPD technique
minimizes thermal gradients, which helps achieve uniform crystals with low defect concentrations.
All these factors make the pPD method the optimal choice for growing crystals of Ce**-doped
garnets for optical applications, including WLED converter production.

CasScaSi3012 :Ce crystals were grown from the melt using the uPD method at the Institute of
Nuclear Physics, Polish Academy of Sciences, Cracow, Poland (INP Cracow) (Fig. 5). The charge
material was prepared by thoroughly mixing stoichiometric amounts of CaO, Sc20s, and SiO: in
an agate mortar. CeO: was added as a dopant oxide to achieve a 1 mole % Ce*" concentration in
the final crystal. A 1.5 g portion of the prepared mixture was placed in a Mo crucible, which was

mounted on graphite immediately downstream of the heating zone.
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Fig. 5. Photo and diagram of the uPD equipment used for the growth of CSSG:Ce crystals [44].

To establish a stable temperature gradient suitable for crystal growth, three layers of ceramic
insulation, comprising alumina and magnesium-stabilized zirconia, were used. The uPD furnace
chamber was initially evacuated to a pressure of approximately 3.1 pbar and then filled with argon
to atmospheric pressure. Crystal growth was carried out at a constant pulling rate of 1.5 mm/min,
using an Al:Os seed crystal. Throughout the growth process, the argon gas flow rate was

maintained at approximately 20 L/min.

Table 3. The nominal composition (in oxide powders) and the actual
compositions in the CSSG:Ce crystals grown via the MPD method.

No of measurements Radial position Norr::i(r)lrell%e(;lrtystal Actual crystal content
1 Center Ca3ScSi3012:Ce Ca3.455¢137513.18012:Ce
2 Edge — Top Ca3Sc;Si3012:Ce Ca3375¢1.43513.2012:Ce
3 Edge — Bottom Ca3Sc,Si3012:Ce Ca,97S¢121S138012:Ce
4 Edge — Left Ca3Sc,Si3012:Ce Ca,.925¢1.12513.96012:Ce
5 Edge — Right Ca3Sc;Si3012:Ce Ca3.495¢125514.26012:Ce

The radial deviation of the CSSG:Ce crystal content was established using a KEYENCE
Digital Microscope VHX-7000.with a Laser-based Elemental Analyzer with +5 % deviation.
(Table 3). The analysis 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
in the center of crystal show some advance of Ca*" and Si*" cations and deficit of Sc** ions in
comparison with stochiometric content of the Ca3Sc2Si3012 garnet. For compensation of the
charge excess, the cation vacancies Vs and Cas. antisite defects can be created. However, such
an assumption needs the detailed confirmation using EPR, NMR or other sensitive methods.
Some advancement of Si** at the crystal edges can be explained by the formation of secondary

phases at the crystal—crucible interface, most likely unreacted SiO: (see XRD image in Fig.12b).
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3.1.4. Growth of CSSG:Ce and CYMSSG:Ce SCFs on GAGG and YAG Substrates
using LPE Method [C4.1, C4.2]

The SCFs and composite film-crystal samples under study were grown using the LPE method
in the Chair for Optoelectronic Materials (COM) at the Department of Physics, Kazimierz Wielki
University, Bydgoszcz (UKW Bydgoszcz) (Fig. 6). This method enables the crystallization of SCFs
of various oxide compounds with precise control of thickness and high structural and optical quality.
The process involves creating super saturation in a solution of the crystallizing material within a
molten flux, allowing film growth at relatively low temperatures (around 1000 °C), compared to

traditional melt crystallization methods that require temperatures above 2000 °C [45, 46].

Time control of
Q,2z,T8T
Growth parameters

T: crucible temperature

Q: substrate rotation
z: substrate translation

=

Substrate holder
Substrate

Meit-solution
based on
PbO+B,0,
(traditional)
or BaD+8B,0,
+BaF,

+SCF forming
oxides

T T

0000000

Substrate
Te =950-1000°C

Substrate =

*‘ =X < B
Fig. 6. Diagram (left) and photo (right) and of the equipment used for SCF growth by the LPE method.

The formation of an SCF on the substrate is primarily governed by the super cooling process
ofthe solution. To achieve this, the crucible is placed in a furnace (Fig. 6) heated to 1050-1100 °C.
At this temperature, the molten materials form an unsaturated solution, characterized by a specific
saturation temperature (Ts — temperature of solidus). When the solution cools below T; to the
growth temperature (Tg), within the range of 9501050 °C, it reaches a supercooled state, causing
the excess dissolved material to deposit onto the rotating substrate introduced into the crucible.

The substrate's dimensions should not exceed half the crucible diameter (15-20 mm). The
growth rate of the SCFs is influenced by several factors, primarily the relationship between 7,
and 7. In general, the SCF thickness is proportional to the degree of supercooling (47 = Ty -
Ts) and the square root of the substrate's rotation speed (o).

A conventional flux based on the mixture of lead oxide (PbO) and boron oxide (B20s) was
used to achieve the necessary liquid molten state of many oxide compounds, with a molar
concentration of 95-97% with respect to the total content of the melt-solution (100%). The charge
material for film growth was prepared by mixing specific molar amounts of CaO, Sc20s, Y205,
MgO, SiOz, and CeO: oxides, as film constituents, according to the stoichiometric formulas
CasSc2Si13012 and Ca2YMgScSisO12, and PbO and B:0s oxides as components of the flux. The
purity of all raw materials was required to be above 99.99%.

During the charge preparation, the Blank Nielsen coefficients (R, Rz, R3, and R4) were

calculated to ensure optimal film growth:
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where P represents the molar masses of the flux components (PbO and B»03), the SCF host
cations and the activator (Ce), which occupy the dodecahedral (dod), octahedral (oct), and
tetrahedral (tet) positions in the garnet lattice.

These coefficients influence the solubility of raw material oxides, the kinetic properties of
the melt-solution, the garnet phase formation during LPE crystallization, as well as the
luminescent (lighting) characteristics of the SCF. Namely, the coefficient Ri1=11-12, e.g., the
PbO/B-0; molar ratio, defines the kinetic characteristics of the solution and the solubility of the
oxides forming the films. The coefficient R>=0.6, e.g., the CaO + Y203 / Sc20; + MgO + SiO2
molar ratio, determines the garnet phase as the primary phase during SCF crystallization.

Meanwhile, selecting the molar ratios R3 and R4 within the ranges of 0.025—-0.035 and 0.1—
0.15, respectively, is crucial mainly for optimizing the luminescence efficiency of the films.
Indeed, the R3 “garnet/flux” coefficient directly determines the temperature range of SCF
growth (Tg) and influences the segregation coefficients of the activator (Ce ions) and flux-
related dopants (Pb* and Pb*" ions). Specifically, the Ce and Pb content increases with
decreasing T, range and vice versa, but the slopes of these dependencies are different. For this
reason, the Ce/Pb ratio increases when Rj increases up to the optimal values of 0.025-0.035
and drops at higher values due to a decrease in the total Ce concentration in the films. The
choice of a very high molar coefficient R4 =0.1-0.15, e.g., relative CeO: content in the melt-
solution, is caused by the very low Ce** segregation coefticients (usually below 0.01) at low-
temperature SCF crystallization of different garnets and other oxide compounds [47, 48].

In frame research in this work, three different sets of SCFs with nominal compositions of
Ca3Sc2Si3012:Ce (CSSG:Ce), with thicknesses ranging from 6 to 30 um, were prepared using
the LPE method [C4.1] (Table 4). The films were crystallized within a temperature range of 975—
990 °C from a supercooling melt-solution based on PbO—B>O; flux. The growth of CSSG:Ce
SCFs were performed onto undoped GAGG (2.5) substrate (serie A) and two Ce** doped
GAGG:Ce (2.5) substrates (serie B) and GAGG:Ce (3) substrates (serie C) with orientation close
to (100). The thickness of GAGG and GAGG:Ce substrates was equal to 0.9 mm. The Ce content
both in CSSG:Ce SCFs and GAGG:Ce substrates was about of 0.09—1 at. %.

The real composition of the CSSG:Ce SCF samples was determined using a Laser-based
Elemental Analyzer at Keyence VHX-7000 Digital Microscope, providing content
measurements with £5% deviation. The results showed minor variations in Ca, Sc, and Si cation
content compared to the stoichiometric formula CasSc2Si3012, with deviations of less than +0.15

formula units (Table 4).
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Table 4. The nominal composition (in melt-solution) and the real content

of LPE grown CSSG:Ce SCFs of A, B and C series [C4.1], h - SCF thickness.

Sample Nominal content Real SCF content h, um
Al Ca3Sc,Si3012:Ce Caj3.12S¢1.8513,08012:Ce 6
A2 Ca3Sc,Si3012:Ce Ca3.1S¢1.87513,07012:Ce 10
A3 Ca3Sc,Si3012:Ce Ca3.055¢1.94513.01012:Ce 30
B1 Ca3ScySi3012:Ce Cay.955¢2.13512.92012:Ce 17
B2 Ca3ScySi3012:Ce Ca,.975¢2.08512.95012:Ce 18
B3 Ca3Sc,Si3012:Ce Ca,.985¢2.06312.96012:Ce 32
C1 Ca3Sc,Si3012:Ce Ca3.015¢1.99512.98012:Ce 7
C2 Ca3Sc,Si3012:Ce Ca3.035¢1.95513.02012:Ce 19
C3 Ca3ScySi3012:Ce Ca3.055¢1.93513.02012:Ce 22

In this work, two other sets of SCFs with nominal compositions of Ca>2YMgScSi;01.:Ce
and Cai.7sY1.2sMg1.25S¢o.75513012:Ce (Series A and B, respectively), with thicknesses h ranging
from 10 pm to 67 um, were fabricated using the LPE method [C4.2] (Table 5). The films were
crystallized within a temperature range of 975-990 °C from a supercooled melt-solution using
conventional PbO:B20s flux. The CYMSSG SCFs were grown on undoped YAG substrates for
Series A and on Ce**-doped YAG substrates for Series B, with orientations close to the (111)
crystallographic plane. The YAG and YAG:Ce substrates used in these experiments had a
thickness of 0.5 mm. The nominal Ce concentration in the CYMSSG:Ce SCFs and YAG:Ce
substrates was approximately 0.05-0.15 at. % and 0.05-0.06 at.%, respectively (Table 5).

Table 5. The nominal composition (in melt-solution) and the real content of LPE grown
CYMSSG:Ce/YAG SCFs and CYMSSG:Ce/YAG:Ce SCFs (Series A and B, respectively) and YAG:Ce
substrates (Series C) [C4.2].

Sample Nominal content Real SCF content h, pm
Al Ca,YMgScSi3012:Ce Cai.88Y1.00Ce0.01Mgo.0S¢1 4251273012 19
A2 Ca,YMgScSi3012:Ce Cai.83Y1.08Ce0.03Mgo.0Sc1.51512.68012 34
A3 CaYMgScSi3012:Ce Cai81Y1.12Ce0.03Mg0.935¢1.48512.67012 49
A4 Cai.75Y125Mg1.255¢0.75513012:Ce | Cai63Y127Ce0.03Mg1.195¢127S812.72012 67
B1 Ca,YMgScSiz02:Ce Ca1.9Y1.08Ce0.020Mg0.95S¢127S12.78012 10
B2 Cai1.75Y125Mg1.255¢0.75513012:Ce | Cai65Y135Ce0.03Mg1.185¢0.6151321012 11
B3 Cai.75Y125Mg1.255¢0.75513012:Ce | Caie8Y132Ce0.03Mg1.285¢0.71513.01012 22
Cl Y;Al5012:Ce Y299Ce0.01AlsO12 500
C2 Y;Al5012:Ce Y299Ce0.01AlsO12 500
C3 Y;3Al:012:Ce Y2.085Ce0.012A15012 500
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The content of YAG:Ce substrates and CYMSSG:Ce films were analyzed using a JEOL
JSM-820 electron microscope with an IXRF 5001 EDX detector, offering +1% accuracy. This
analysis revealed slight deviations in Ca, Mg, Sc, and Si concentrations compared to the
nominal formulas, consistently under 0.2 formula units (Table 5). For consistency, the nominal

composition of the SCFs is used throughout the study to standardize comparisons.

3.2. Experimental Techniques

A variety of experimental techniques were employed to gain a deeper understanding of the
interrelation between structural and optical properties of the materials under study. These
methods were essential for characterizing the materials and obtaining the key results presented

in this work.

3.2.1. X-ray Diffraction Analysis

X-ray diffraction was primarily conducted at the ISC Kharkiv, and partly at the Institute of
Materials for Electronic and Energetic (i-MEET), Friedrich-Alexander-Universitidt (FAU)
Erlangen-Niirnberg, Germany (i-MEET Erlangen). XRD analysis was used to determine the
real phase composition of various samples, including nano- and micro-powders, eutectics,

single crystals, and SCFs.
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Fig. 7. XRD patterns of (Al:Os-YAG):Ce eutectic samples (2—5) in comparison with Al.O3

(ICSD#63,647) and YAG (ICSD #23,848) reference phases [C1.1].
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The obtained XRD patterns allowed us to identify the dominant and secondary phases present
in each material. In particular, Fig. 7 present the XRD patterns of selected eutectic samples under
study compared with standard patterns of Al.Os (ICSD #63,647) and YAG (ICSD #23, 848)

phases, providing clear insight into their crystalline structure and phase purity [C1.1].
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3.2.2. Scanning Electron Microscopy

SEM was used to analyze the surface morphology of the eutectic samples (Fig. 8) [C1.1]
and examine the structure of synthesized CSSG:Ce and CYMSSG:Ce micropowders (Fig. 9 -
Fig. 11) [C2.1, C2.2, C2.3]. SEM analysis of eutectic samples was conducted at both the
Kharkiv Institute for Single Crystals (Ukraine) using conventional SEM JEOL JSM-6390LV.
Microscopic images of the synthesized powder samples were obtained at the i-MEET Erlangen
using a Field Emission SEM (FESEM) JEOL JSM-7610F. Due to the poor conductivity of the

powder samples, they were coated with carbon.

59

8. The garnet (white) and sapphire (gray) phases distribution in SEM images of the (Al>Os-

YAG):Ce eutectics: (a) sample 2, (b) sample 3, (c) sample 4, and (d) sample 5 [C1.1].
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Fig. 9. SEM images of CSSG:Ce MPs samples with different Ce content (samples containing a
nominal Ce** concentration of 0.5 (a), 2.5 (b), 5 (¢) and 7.5 (d) at. %) [C2.1].
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Fig. 10. SEM images of CYMSSG:Ce MPs samples with different Ce content: (a) — 1 at. % Ce**, (b)

—2.5at. % Ce** (c) -5 at. % Ce* " [C2.2].
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doped with Ce** (a), Mn?* (b) and Ce*"-Mn*" (c) ions [C2.3].
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3.2.3. Micro-Computed Tomography

Micro-Computed Tomography (LCT) was used in this study due to its ability to provide
high-resolution, non-destructive 3D imaging of the internal structure of materials. This
technique is particularly valuable for analysing the morphology, density variations, and
structural integrity of synthesized samples without requiring complex sample preparation.
These investigations were performed at the Department of Mechatronics, UKW Bydgoszcz.

LCT operates on the principle of X-ray attenuation, where a focused X-ray beam passes
through the sample and a detector records the transmitted intensity at different angles. By
acquiring multiple projections, a detailed 3D reconstruction of the sample is generated using
computational algorithms. The resulting images allow for precise visualization and quantification
of internal features such as porosity, grain distribution, and defects at the micrometer scale. This
technique is especially beneficial for studying composite and crystalline materials, as it provides
insights into their homogeneity, phase distribution, and potential structural imperfections.
Moreover, the non-destructive nature of pCT enables repeated analysis of the same sample under

different conditions, making it an essential tool for material characterization.

Fig. 12. The radiograph of the CSSG:Ce crystal acquired through X-ray uCT (a) and the reconstructed

three-dimensional image of this crystal structure (b).

uCT was used to examine the internal structure of the CSSG:Ce crystal, revealing a
dominant CSSG garnet phase in the center, with a secondary phase (most likely unreacted SiO»,
Table 3) observed at the edges (Fig. 12b). This secondary phase is likely due to the specific
growth conditions of the uPD method, including thermal gradients, impurity concentration, and
segregation effects during solidification. Due to the presence of a secondary phase along the
crystal's edges, optical investigations were focused on the central part of the crystal (Table 3).

X-ray pCT analysis (Fig. 13) of the eutectic samples shows that the (Al:Os-YAG):Ce
eutectic structure exhibits a random spatial distribution of stripes corresponding to the main
garnet (white) and sapphire (gray) phases. A histogram analysis, based on the mixture model,

determined the volume fractions of both phases in the eutectic samples (Table 6).
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Table 6. The sapphire and garnet phase proportions of the eutectic samples.

Sample AlLO; Phase content, % YAG Phase Content, %
2 54.39 46.61
3 50.02 49.98
4 45.58 54.42
5 46.60 534

The gray level distribution graphs for both phases in the image of sample two,
corresponding to their content (Fig. 13, left side). The difference in the position of the observed
peaks is attributed to the varying X-ray absorption abilities of the YAG and sapphire phases.

This variation is governed by u~p*Zes*, where p is the density and Zef is the effective atomic

number, with values of 35 for YAG and 11.2 for sapphire.
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Fig. 13. Left - X-ray uCT of the (Al:O3-YAG):Ce eutectic: garnet (white) and sapphire (gray) phases
distribution for samples 2 (a), 3 (b), 4 (c), and 5 (d). Right bottom - graphs of the calculated density
function in two subsets of voxels, corresponding to YAG (white) and sapphire (gray) phases in the

puCT image presented in Fig.13a for sample 2.

3.2.4. Absorption Spectroscopy

Absorption spectroscopy was conducted at the COM, UKW Bydgoszcz. Absorption
spectra were measured using the Jasco V-760 UV-Visible/NIR spectrophotometer (Fig. 14). The
instrument employs a deuterium lamp for the UV region and a tungsten lamp for the visible/IR
range. Light is directed through a monochromator to isolate specific wavelengths, passes

through the sample, and is detected by a light detector (UV-Vis photomultiplier; IR SPb cell).
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Fig. 14. Absorption spectroscopy setup using the Jasco V-760 UV-Visible/NIR spectrophotometer.

The V-760 features a double monochromator for high resolution and extremely low stray light
(0.00008%). Its adjustable bandwidth, down to 0.1 nm, enables precise measurements across
200-1000 nm. Data acquisition and control are managed using the Spectra Manager™ software

[49]. The measurement results obtained with this equipment are presented in Fig. 28 and Fig. 31.

3.2.5. Luminescence Spectroscopy

Photoluminescence (PL), PL excitation spectra (PLE), and PL decay kinetics were measured

using an Edinburgh FSS5 spectrofluorometer (Fig. 15).
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Fig. 15. Edinburgh FS5 spectrofluorometer used for PL emission, excitation spectra, and decay

kinetics measurements.

The instrument features a cooled photomultiplier and an optimized mirror-based optical
system (flat, spherical, toroidal, and elliptical mirrors) to provide high sensitivity and resolution.
Data are automatically corrected for the spectral response of the system and changes in excitation
power using factory correction files and a reference silicon detector. A Xenon lamp is used for PL
emission and excitation measurements, while a pulsed microsecond lamp or tunable lasers are
used for decay kinetics, enabling measurements over excitation and emission ranges of 250—820
nm and 250-820 nm, respectively. The measurement results obtained with this equipment are

presented in Fig. 17, Fig. 19 - Fig. 21, Fig. 26, Fig. 32.
3.2.6. Colorimetry

Colorimetry is a branch of spectroscopy that focuses on measuring, analyzing, and
describing colors based on their wavelength, intensity, and perception. Colorimetry is essential
in LED development for analyzing and optimizing light emission to achieve the desired color
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quality and efficiency. It helps determine the exact chromaticity coordinates of LEDs, ensuring
color consistency and accuracy. By measuring the CCT, colorimetry defines whether an LED
emits warm or cool light, which is crucial for applications like indoor lighting and display
technologies. Additionally, it assesses the CRI to evaluate how accurately an LED reproduces
colors compared to natural light. In phosphor-converted LEDs, such as WLEDs using YAG:Ce
phosphors, colorimetry is used to fine-tune phosphor compositions to achieve the ideal spectral
balance, brightness, and efficiency. This process ensures that LEDs meet industry standards for
color performance and application-specific requirements.

Fig. 16 illustrates the setup for measuring the color characteristics of phosphor-converters.
The test sample is placed on a blue LED (1) as the excitation source, while an integrating sphere
(2) collects and evenly distributes the emitted light through multiple diffuse reflections. The
sphere's highly reflective inner surface (>96%) ensures uniform illumination across a broad
wavelength range (180-1200 nm). A fiber optic cable (3), positioned at a 90-degree angle to the
input port, transmits the collected light to the AvaSpec-ULS2048-LTEC spectrometer (4), which
operates across 200-1100 nm with ultra-low light scattering. To enhance performance, the
spectrometer’s CCD detector is cooled by a Peltier element, reducing thermal noise and
increasing the dynamic range. The AvaSoft software processes the spectral data, recording
intensity in absolute units (WW/cm?nm) and generating CIE chromatic diagrams to determine
dominant wavelength as well as corelated color coordinates (CCC), corelated color temperature
(CCT), and corelated rendering index (CRI). An Osram LBE 6SG blue LED (450 nm, 30 mA,
2.5V) serves as the excitation source for chromaticity measurements. A YAG:Ce crystal sample
with a known luminous efficiency (LE) of approximately 100 Im/W is used as the reference
sample. The results of measurements obtained with this equipment are presented in Figs. 18,

22,24,27, 30, and 33.

Fig.16. Standard Avaspec equipment setup for measuring the photoconversion properties of
phosphors:1-blue LED chip, 2-integrating sphere, 3-fiber optic cable, 4-the AvaSpec-ULS2048-LTEC

spectrometer, 5 - laptop.
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4. OPTICAL AND PHOTOCONVERSION PROPERTIES OF WLED CONVERTERS
BASED ON THE DIFFERENT CRYSTALLINE FORMS OF GARNET COMPOUNDS

4.1. Ce*-Doped Al:Os-YAG Eutectic: Synthesis, Structural Characterization, and
Luminescent Properties for White LED Applications [C1.1]

This part of the dissertation focuses on the detailed analysis of the optical properties of
Ce** doped Al20s-YAG Eutectics. This eutectic system is regarded as a promising material for
light conversion in WLEDs due to its outstanding luminescent characteristics, including high
quantum yield and efficient light emission. Additionally, the material's excellent thermal
stability makes it particularly well-suited for high-power WLED applications, where heat
resistance and long-term reliability are essential. The findings presented in this part of the study
represent a significant step toward optimizing materials for enhanced WLED performance and
contribute to the advancement of more efficient and durable light-conversion systems.

The structural properties of Ce**-doped Al20s—YAG eutectic samples were characterized
using a combination of SEM, XRD, and high-resolution pCT (see Chapter 4.1.1). Optical
characterization of this material included CL, PL and PLE spectra, as well as PL decay kinetics
and photoconversion measurements. The photoconversion behavior of the (ALOs—YAG):Ce
eutectic samples was evaluated under blue LED excitation, with particular attention paid to the
determination of CCC on CIE diagram, CCT, and CRI values.

The PL and PLE spectra of the Ce**-doped Al-Os—YAG eutectic, exemplified by sample 4
(Table 1), are shown in Fig. 17a and Fig. 17b, respectively. Excitation at the characteristic
maxima of the PLE spectra at 340 and 450 nm results in a dominant yellow-green PL emission
band peaking in the 547-556 nm range, corresponding to the 4f—5d transitions of Ce*" ions in
the YAG:Ce garnet phase. The spin—orbit splitting of the ground state causes the emission band
under 450 nm excitation to resolve into two components at 539 and 584 nm, related to the Ce**
5d: — ?Fs/> and 5d: — 2F-/2 transitions, respectively.

The shift in the Ce*" emission band at other excitation wavelengths is likely due to differences
in the 5di — ?Fs/> and 2F-/» transition probabilities and energy transfer processes between the
sapphire and garnet phases. Furthermore, under excitation at 265 nm, corresponding to the
sapphire phase, PL from Ce** ions in the sapphire host is observed as a band peaking at 398 nm
(Fig. 17a). This band is strongly distorted by the Ce*" absorption band at 340 nm in garnet phase,
as well as by an emission band at 363 nm, which most likely corresponds to a small amount (less
than 1 wt.%) of YAIO:; perovskite phase in the Al.Os—YAG eutectic, undetectable by XRD method.

The decay kinetics of Ce** luminescence in the (Al:Os—YAG):Ce eutectic, measured at 560

nm under 460 nm excitation (Fig.17c, curve 1), exhibit a strong single-exponential behavior
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with a decay time of 66 ns, typical for Ce*" in garnet hosts. However, under high-energy and
UV excitation (e.g., at 260 nm), effective energy transfer from Ce** ions in the Al:Os phase to
the garnet phase is observed. This is supported by the non-exponential decay kinetics of Ce**
luminescence in Al-Os:Ce (Fig.17c, curve 2), which reveals two components with decay times
of 31 and 38 ns. An average decay time of 35 ns was used to describe the overall behavior,

which is lower but consistent with the 42 ns lifetime observed in Al.Os:Ce SCF [50].
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Fig. 17. PL (a) and PLE spectra (b) of (Al,O3-YAG):Ce eutectic (sample 4) under excitation at
different wavelengths (a) and registration of Ce** luminescence in the garnet ((b), curve 1) and sapphire
phase ((b), curve 2). Decay kinetics (c) of (Al,O3-YAG):Ce eutectic (sample 4) corresponding to the
Ce*" luminescence in the YAG:Ce (1) and Al,O;:Ce (2) phases under excitation in the respective PLE
bands at 450 nm (1) and 270 nm (2).

Photoconversion prototypes of WLEDs were tested using a blue 450 nm LED chip and
(Al203-YAG):Ce eutectic photoconverters with thicknesses ranging from 0.15 to 1 mm
(Fig.18). The results were promising, as the emission spectrum of the AL.Os—YAG:Ce eutectic
converter spanned the visible range from 460 to 820 nm, producing warmer light compared to
the standard YAG:Ce photoconverter. As the eutectic thickness increased, the intensity of the
blue LED emission decreased, while the yellow emission intensity increased, peaking at a
thickness of approximately 1.0 mm, where nearly all the blue light was absorbed.

The CIE 1931 chromaticity diagram in Fig. 18b illustrates the variation in colour

coordinates (X, y) of the (Al:2Os—YAG):Ce eutectic converter as the thickness increases from
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0.15mm to 1.0 mm. The coordinates exhibit a nonlinear trend, with both x and y values

increasing as thickness grows. By adjusting the eutectic thickness between 0.15 mm and

0.4 mm, it is possible to fine-tune the CCT of the emitted white light. The CIE coordinates of

the WLED prototypes are summarized in Table 7, showing that eutectic thicknesses in this range

can produce white light hues from warm white (CCT = 3810 K) to warm/daylight white (CCT

~ 5120 K). These findings indicate that an optimal white light colour can be achieved with a

eutectic thickness of approximately 0.1-0.15 mm under 450 nm LED excitation. This optimal

thickness is notably smaller than that of the YAG:Ce crystal counterpart (0.5-0.55 mm for

1 mol% Ce) [51], owing to reduced light-guiding and reflection losses.
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Fig. 18. The spectral performance of (ALLO3-YAG):Ce eutectic samples under 450 nm blue LED

excitation (a); color coordinates of (Al,O3-YAG):Ce eutectic-based LEDs in CIE-1931 color space

chromaticity diagram (b).

Table 7. CIE coordinates, CTT and LE of a WLED lamp fabricated on the base of 450 nm LED chip

and (Al,O3;-YAG): Ce eutectic converters (sample 4) with different thicknesses.

Thiknessses of CIE Coordinates
the sample, mm i} , CCT, K CRI LE, Im/W
1 (B1) 0.4567 0.5299 3489 39.7 68

0.8 (B2) 0.4498 0.5306 3580 46.1 81
0.6 (B3) 0.4483 0.5341 3620 423 107
0.4 (B4) 0.4300 0.5165 3810 55.9 120.4
0.2 (BS) 0.4047 0.4633 4530 67.4 132
0.15 (B6) 0.3500 0.4000 5120 72.5 142.5

In conclusion, the main achievements regarding the eutectic (Al:Os—YAG):Ce converter can

be summarized as follows:

1. Successful preparation of eutectic samples using HDC method, yielding a stable and

well-structured material for WLED applications.
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2. Characterization of the structural and optical properties, including XRD and SEM
analyses, confirming the presence of Ce*" doped YAG and corundum phases, with undetectable
by XRD amount of YAP contamination.

3. PL studies of the (Al2Os—YAG):Ce converter reveal the presence of efficient Ce**
energy transfer from the sapphire to the garnet host, with dominant Ce*" luminescence in the
garnet phase within the green-yellow range. The spectral position of the Ce*" emission band in
the (AL:Os—YAG):Ce eutectic depends on the excitation wavelength and the interactions
between the sapphire and garnet phases.

4. Investigation of the photoconversion properties of WLEDs prototypes with (Al.Os—
YAG):Ce colour converter, showing the ability to adjust the emitted color of white light by
modifying the eutectic thickness, achieving white light with various CCT from 3810 to 5120 K
under 450 nm blue excitation.

5. Demonstration that an (Al20s—YAG):Ce eutectic with a thickness of 0.1-0.15 mm can
provide optimal white light colour under 450 nm LED excitation, outperforming the YAG:Ce

crystal counterpart in terms of both thickness and light conversion efficiency.

4.2. Ce* and Mn?* Doped CasSc:SizO1: and Ca:YMgScSiz:O1. Micropowders as
Efficient Light Converters for White LEDs [C2.1, C2.2, C2.3]

This part of the work is dedicated to the investigation of Ce*" and Mn*" co-doped mixed
silicate garnets, specifically Ca3Sc,Si3012 (CSSG) and Ca2YMgScSizO12 (CYMSSG), synthesized
in the NP and MP forms. These materials were prepared using different solid-state synthesis
methods, and their structural properties of these MPs were analyzed using SEM and XRD (see
Chapter 3.2), which allow for a high degree of phase formation and precise control over particle
morphology. Exploring the properties of such mixed garnets is crucial for optimizing light-
converting MP materials, as they offer broader tunability of optical properties compared to
conventional YAG:Ce phosphors. This makes them a promising alternative for the development
of WLEDs with improved colour rendering and luminous efficiency.

The luminescent properties of CSSG:Ce MP, CYMSSG:Ce and CYMSSG:Ce,Mn MP
sampless reveal distinct spectral behaviours, excitation characteristics, and decay kinetics (Fig.
19, Fig. 20, and Fig. 21, respectively), indicating differences in the site distribution of Ce*" and
Mn?* ions, as well as in the energy transfer processes from host lattices to activators ions. These
peculiarities can be utilized to tune the conversion properties of WLEDs based on the MP of
these materials (Figs. 22, Fig. 23, and Fig. 24, respectively).

The CSSG:Ce MPs exhibit a complex, non-monotonic shift in their PL spectra, initially blue-
shifting from 501.5 to 495 nm and then red-shifting to 505 nm with increasing excitation

wavelength in the 236-450 nm range (insert of Fig. 19a). This behavior suggests the presence of
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at least two distinct Ce*" centers, Cel and Ce2, which occupy different local environments within
the crystal lattice. The PLE spectra (Fig. 19b) confirms this multicenter formation, showing
multiple excitation bands at 437, 339, and 256 nm for Cel center, and 449, 311, and 256 nm for
Ce2 center. Additionally, an excitation peak at 280 nm is associated with defect-related centers,

likely F-centers, which may play a role in energy transfer processes to Cel and Ce2 centers.
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Fig. 19. Luminescent properties of CSSG:Ce:5% Ce MPs at RT. Emission (a) and excitation (b)
recorded in different parts of the respective spectra. PL decay kinetics (c) at RT recorded under blue
light (450 nm) excitation in different parts of Ce*" emission band; (d) - visualization of possible
multicenters in structures of CasSc,Si3012:Ce garnet; (e) - temperature dependence of integral
emission in 450-700 nm spectral range for CSSG:Ce MPs with different Ce** concentrations in

comparison with commercial YAG:Ce powder.

In contrast, CYMSSG:Ce MPs exhibit a significant redshift in their PL spectra (Fig. 20a),
shifting from 564 to 587 nm with increasing excitation wavelength in the 420-480 nm range. The
redshifted and slightly narrowed emission bands suggest a stronger crystal field effect and a
distinct Ce** site distribution compared to CSSG:Ce. The PLE spectra (Fig. 20b) of CYMSSG:Ce
powders include two main Ce**-related bands at 454 and 353 nm, as well as additional peaks at
306 and 274 nm, which are likely linked to defect centers or flux-related impurities, indicating
the presence of alternative excitation pathways.

The luminescence decay kinetics of both materials (Fig. 19¢ and Fig. 20c) confirm the
existence of multiple Ce*" centers and energy transfer processes between them. CSSG:Ce powder

exhibits strongly non-exponential decay, best described using a three-component exponential
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model, with decay times increasing from 4.7 ns, 27.2 ns, and 63.5 ns at 480 nm excitation to
14.6 ns, 59.1 ns, and 83.6 ns at 580 nm excitation (Fig.19¢). This variation suggests energy
transfer from higher-energy to lower-energy Ce** centers, influenced by the surrounding Sc**
and Si** cations in octahedral and tetrahedral positions. Similarly, PL decay profiles for
CYMSSG:Ce powder also follows a three-component decay model, but its redshifted emission
and slightly longer decay times indicate a different Ce*" environment, with additional

contributions from Ca?" and Y** in dodecahedral positions.
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Fig. 20. Luminescent properties of Ca;YMgScSi3012:Ce5% MPs at RT. Emission (a) and excitation (b)
recorded in different parts of the respective spectra. (¢) - PL decay kinetics at RT recorded under blue
light (450 nm) excitation in different parts of the Ce** emission band, (d) - visualization of possible
multicenters in structures of Ca,YMgScSi301,:Ce garnet.

Both CSSG:Ce and CYMSSG:Ce phosphors exhibit the formation of Ce** multicenters with
distinct local environments, as evidenced by their non-monotonic PL shifts and varying PLE
spectra. CSSG:Ce displays of Ce*" radiative transitions with PL band primarily in the green-
yellow region, while CYMSSG:Ce shows a much broader and redshifted PL emission band. The
visualization of these multicenters (two in CSSG:Ce and four in CYMSSG:Ce) and their spatial
structure is presented in Figs.19d and Fig. 20d, respectively.

While both materials exhibit Ce** multicenters behaviour and energy transfer effects, the
stronger redshift and altered PL decay dynamics of CYMSSG:Ce powder make it a promising

candidate for use as a WLED converter in applications requiring warm-white emission.
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The phosphors used as colour conversion materials in WLEDs must exhibit low thermal
quenching behaviour, at least up to 150 °C. For this reason, the temperature-dependent quenching
characteristics of GSSG:Ce and CYMGGG:Ce MPs were investigated and compared with those
of the commercial OSRAM YAG:Ce phosphor (Fig. 19¢). The PL of CSSG:Ce phosphors is less
quenched at lower Ce doping concentrations (0.5-2.5%) than that of the commercial YAG:Ce
phosphor, even at elevated temperatures (>200 °C). Therefore, this phosphor is a suitable colour
conversion material for high-power LEDs. However, at higher doping levels (5-7.5%), the
thermal quenching of PL becomes more significant. The CYMGGG:Ce MP phosphors also
exhibit lower thermal stability, with quenching of the Ce** luminescence occurring at lower

temperatures than in the YAG:Ce and CSSG:Ce samples.
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Fig. 21. (a) —normalized PL emission spectra of CYMSSG:Ce,Mn MP under excitation in the 410-490 nm
range, corresponding to the different parts of Ce** related absorption band; (b) — PL excitation spectra of
CYMSSG:Ce,Mn MP, recorded in 550-610 nm in different parts of the Ce**and Mn?* emission bands; (c) —
PL decay kinetics of CYMSSG:Ce MP, recorded in the different parts of the Ce** emission band in the
550-590 nm range under excitation at 450 nm; (d) — PL decay kinetics of CYMSSG:Ce,Mn MP, recorded

in the different parts of the Mn**,Ce** emission band in the 540-580 nm range under excitation at 450 nm.

Significant differences in the PL emission and PLE spectra of CYMSSG:Ce,Mn MP (Fig.21a)
are observed in comparison with CYMSSG:Ce MP (Fig.20). Notably, a redshift in the main

emission band from 556 nm to 597 nm is observed in the PL spectra of CYMSSG:Ce,Mn MP as
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the excitation wavelength increases from 410 to 490 nm. This emission region is substantially red-
shifted relative to that of CYMSSG:Ce MP due to the simultaneous contributions of both Ce** and
Mn?* luminescence (Fig. 21a). Specifically, compared to CYMSSG:Ce MP under the same
excitation conditions, the PL spectra of CYMSSG:Ce,Mn MP exhibit a redshift of approximately
10 nm, indicating energy transfer from Ce*" to Mn?** ions. Furthermore, differences are also
observed in the wavelength-dependent shift of the PL peak maximum between CYMSSG:Ce and
CYMSSG:Ce,Mn MPs as the excitation wavelength increases (Fig.21c¢).

In CYMSSG:Ce micropowders, the PL decay is dominated by the fast 5d—4f transition of Ce**

with lifetimes on the order of tens to hundreds of nanoseconds. When Mn is co-doped
(CYMSSG:Ce,Mn), the decay becomes multi-exponential: the fast Ce** component shortens due
to energy transfer to Mn, while a slower microsecond—millisecond component appears from Mn
emission. As a result, Ce-only samples show clean, fast decay, while Ce,Mn samples display
reduced Ce intensity and a pronounced slow tail, reflecting efficient Ce—Mn energy transfer that
enhances red emission but lowers the intrinsic speed of the Ce channel.
Ce** and Mn?*-doped silicate garnet phosphors have been successfully implemented in WLED
prototypes, as shown in Figs. 22 - 24. The emission spectra and chromaticity diagrams for each
prototype are presented in Fig.22 (WLED based on a bulb-bulk CSSG:Ce phosphor converter),
Fig.23 (WLED using a multilayered film CYMSSG:Ce converter), and Fig. 24 — WLED
incorporating a multilayered films CYMSSG:Ce,Mn converter. All studied phosphors exhibit
promising potential for various lighting applications. However, they differ significantly in their
lighting figure of merit, highlighting the importance of phosphor composition and structure in
optimizing WLED performance.

x=0,29; y=0,38 |

Fig. 22. (a) - CIE chromaticity coordinates and emission spectrum of a WLED lamp fabricated on the
base of 432 nm LED chip, operating at 130 mA and 3.5 V, and CSSG:5%Ce phosphor embedded in the
epoxy resin. In set it shows appearance of a well-packaged LED lamp in operation. (b) - demonstration

of the white LED in dark room.
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The first WLED prototype was fabricated using a conventional GaN 432 nm blue LED
chip, operating at 130 mA and 3.5 V, and coated with CSSG:Ce5% phosphor embedded in a
bulb-like epoxy resin. This prototype provides a broad emission spectrum that spans the entire
visible range (from 400 to 780 nm), with CIE coordinates of x = 0.29 and y = 0.38 (Fig. 22),
making it suitable for both indoor and outdoor lighting. This phosphor also exhibit outstanding
thermal stability of Ce** luminescence (Fig. 19e), particularly at lower (1%) Ce concentrations.

The second WLED prototype (Fig. 23), based on a multilayered CYMSSG:Ce MP converter
embedded in epoxy resin and combined with a 450 nm blue LED chip, exhibits a nearly linear
redshift in colour coordinates as the thickness of the photoconversion layer increases. Table 8
presents the changes in CIE coordinates for this WLED with CYMSSG:Ce MP at each
photoconversion layer, with a thickness of approximately 0.1-0.12 mm. Finally, the WLED
prototype based on a six-layered CYMSSG:Ce 1% MP converter produces emission close to the
standard white light, with CIE coordinates of x=0.315 and y=0.31, and a CCT of 6930 K.
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Fig. 23. Emission spectrum (a) and chromaticity diagram (b) of a WLED lamp fabricated on the base
0f 450 nm LED chip and CYMSSG:1% Ce phosphor.

Table 8. CIE chromaticity coordinates of a WLED lamp
fabricated using a 450 nm LED chip and a multilayered
CYMSSG:1%Ce phosphor embedded in epoxy resin, with each
layer having a thickness of approximately 100—-120 pum.

Unpolished samples
Samples CIE coordinates
X y
1 layer 0.195 0.112
2 layer 0.208 0.134
3 layer 0.257 0.220
4 layer 0.269 0.241
5 layer 0.296 0.282
6 layer 0.315 0.31
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Furthermore, for the third WLED prototype (Fig.24), based on a five-layered
CYMSSG:Ce,Mn MP converter, a warmer white emission was achieved, with colour
coordinates of x= 0.30 and y = 0.29, a CCT of 7607 K, and a CRI of 87, in comparison to the
WLED counterpart based on a five-layered CYMSSG:Ce MP converter, which showed
chromaticity coordinates of x =0.29 and y = 0.28, a CCT of 8699 K, and a CRI of 86.
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Fig. 24. Emission spectrum (a) and chromaticity diagram (b) of a WLED lamp fabricated on the base
of 450 nm LED chip and CYMSSG:Ce and CYMSSG:Ce,Mn MP phosphor.

These results confirm that double doping of the CYMSSG garnet host with Ce and Mn can
lead to the development of effective photoconverters for WLEDs, enabling tuneable white light
emission. However, both CSSG:Ce and CYMSSG:Ce,Mn-based WLEDs exhibit limited
conversion efficiency at a 1 at.% Ce** concentration, suggesting that higher Ce** concentrations
may be necessary to achieve improved performance.

To conclude, the main achievements regarding the CSSG:Ce and CYMSSG:Ce MP
converter include:

1. Both Ce**- doped MP phosphors exhibit broad emission spectra covering the visible
range, attributed to Ce** ion transitions in CSSG and CYMSSG hosts.

2. CSSG:Ce MP phosphor shows non-monotonic shifts in emission maxima with varying
excitation wavelengths, indicating multiple Ce*" centers formation. At least two centers, Cel
and Ce2, were detected CSSG:Ce phosphors, based on their PL and PLE spectra.

3. CYMSSG:Ce MP phosphor displays a more complicated redshift in Ce*" emission
maxima with increasing excitation wavelength, suggesting similar multicenter behavior with
more reach structure. Four different Ce** centers were detected in CYMSSG:Ce phosphors.

4. The effective Ce** to Mn?" energy transfer process is observed in CYMSSG:Ce,Mn
MP samples resulting in the redshift of the emission spectra to 590 nm in comparison with

CYMSSG:Ce counterpart.
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5. The decay kinetics of the Ce* emission in CSSG:Ce, CYMSSG:Ce and
CYMSSG:Ce,Mn MPs are strongly non-exponential due to the energy transfer processes from
high-energy to low energy Ce*" centers, as well as Ce** to Mn?" energy transfer. These
behaviors are linked to the unique structural environments within the garnet lattice.

6. WLEDs based on CSSG:Ce (5%) phosphor provide relatively cool and thermally
stable white emission, suitable for lighting applications, with CIE coordinates of x=0.29; y =
0.38. In contrast, the WLED prototype utilizing a six-layered CYMSSG:Ce micropowder
photoconverter with a total thickness of approximately 0.6—0.7 mm achieves a nearly standard
white emission, with chromaticity coordinates of x=0.315; y = 0.31, a CCT of 6930 K, and a
CRI of 86. Meanwhile, the WLED prototype using a five-layered CYMSSG:Ce,Mn
photoconverter with a total thickness of 0.5-0.6 mm exhibits a noticeably warmer white
emission, with CIE coordinates of x=0.30; y = 0.29, a CCT of 7607 K, and CRI of 87.

7. Tuning of the Ce and Mn content in the CSSG:Ce, CYMSSG:Ce and CYMSSG:Ce,Mn
MP phosphors, gives the possibility to fabricate WLED with “color-on demand” photoconversion

properties related to the color temperature of white light.

4.3. Ce**-Doped CasSc2SizOr: Crystal: Luminescence and Photoconversion Properties

for White LED Applications

This part of the thesis presents the main results of a comprehensive investigation of optical
properties of Ce**-doped CSSG garnet crystals grown using the p-PD method (see Section 3.1.2
for details). The structural properties of these crystals were examined using high-resolution X-
ray microtomography with 0.5 um resolution (Fig.12). The composition of the crystal samples
was determined by laser microscopy combined with elemental analysis (Table 3). The
luminescent characteristics of the crystals were studied using CL, PL, PLE spectra, and PL decay

kinetics (Figs. 25 and 26), as well as photoconversion measurements (Fig.27 and Table 9).
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Fig. 25. RT CL spectrum of the CSSG:Ce crystal sample.
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Fig. 26. Details of the luminescent properties of CSSG:Ce crystal at RT. PL (a) and PLE (b) spectra were

recorded in different parts of the respective Ce** emission/excitation bands, PL decay kinetics (c) at RT

were recorded in different parts of the complex Ce** emission band under blue light (450 nm) excitation.

The room-temperature CL spectrum of the CSSG:Ce crystal is shown in Fig. 25. The
spectrum contains two main emission bands at 508 and 539 nm, which originate from the 5d —
4f (°Fsp.71) transitions of Ce ions occupying dodecahedral sites in the garnet lattice. Compared
with the typical emission of Ce** in YAG, the Ce*" band in CSSG:Ce is shifted toward the blue
range. This shift results from the replacement of Y** and AI** ions by Ca?", Sc*" and Si** ions in
the different crystallographic sites, which modifies the local crystal field around the Ce*" centers.

Besides the Ce** emission, the spectrum also shows two broad ultraviolet bands with
maxima peaked at 355 and 388 nm. These features are commonly associated with defect-related
centers, most likely involving oxygen vacancies created during crystal growth or arising from
slight deviations in the concentrations of Ca** and Si** ions. Such defects may form F- and F*-
type centers, which contribute to the observed UV luminescence.

The PL spectrum of the CSSG:Ce crystal under 400 nm excitation (Fig. 26a) exhibits
typical double Ce*" 5d—4f emission bands, peaking at 501 and 536 nm, which correspond to
transitions from the 5d: excited level to the ?Fs/> and ?F-/> ground states. With excitation
wavelengths between 400 and 450 nm, these PL bands shift toward the red. Specifically, under
460 nm excitation, the bands peak at 507 and 542 nm. The mentioned sets of PL bands are
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associated with Cel and Ce2 centers in the CSSG host, respectively (Fig. 19d). The PLE spectra
of the CSSG:Ce crystal (Fig. 26b) reveals broad excitation bands, with strong peaks at 440 nm
and a weaker peak at 310 nm for the Cel center, peaks at 457 nm and 331 nm for the Ce2 center,
along with a peak at 361 nm that may correspond to a defect center.

The PL decay kinetics of the C1 and Ce2 centers in CSSG:Ce crystal show non-exponential
behavior (Fig. 26¢). Using a three-exponential fit, the decay times for Cel center emission (at 490
nm under 450 nm excitation) are 3.7 ns, 21.7 ns, and 64.0 ns, while for Ce2 center emission (at570
nm), the decay times are 5 ns, 44.8 ns, and 76.5 ns. The varying decay times suggest possible
energy transfer between high-energy and low-energy Ce*" centers. The differences in decay times
may also reflect the different local environments of Ce** centers in the CSSG garnet, influenced
by the localization of Sc** and Si*" ions in octahedral and tetrahedral sites, respectively.

Prototypes of WLEDs were fabricated by coupling GaN-based 432 nm blue LED chips with
CSSG:Ce crystal phosphor converters of varying thicknesses (0.8—1.0 mm). These WLED
prototypes exhibited an emission spectrum spanning the visible range from 458 to 688 nm (Fig.
27a). As the thickness of the CSSG:Ce phosphor converter increased, a noticeable reduction in
the blue LED emission intensity was observed, accompanied by a steady increase in the intensity
of the green-yellow emission band. This green-yellow emission reached its maximum at a
thickness of approximately 1.0 mm. Beyond this thickness, the emission is expected to approach
near-perfect cool white light. Increasing the converter thickness enables an optimal balance
between the blue and green-yellow components, ultimately resulting in WLEDs with high color

consistency, high CRI values, and favourable CCT, making them suitable for lighting applications.
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Fig. 27. The emission characteristics of WLED prototype based on the CSSG:Ce crystal converters
combined with GaN 432 nm blue LED (a); the color coordinates of WLEDs 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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Fig. 27b presents the CIE-1931 chromaticity diagram, illustrating the shift in color
coordinates (x, y) of the CSSG:Ce crystal converter as the thickness varies from 0.8 to 1.0 mm.
The color coordinates exhibit a non-linear trend, with both x and y values, along with CRI and
LE values, increasing as the sample thickness increases. The detailed CIE chromaticity

coordinates for the WLED prototypes are provided in Table 9.

Table 9. 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.

t::l:zﬁ::;ize;ﬁfl le Coordi';ates CCT, K CRI LE, Im/W
0.8 0.4567 | 0.5299 3489 39.7 63
0.9 0.4498 | 0.5306 3580 46.1 81
1 0.4483 | 0.5341 3620 4.3 107

Concluding, the main achievements regarding the study CSSG:Ce crystal converter include:

1. The set of CSSG:Ce single crystals was successfully grown for the first time using the
Micro-Pulling-Down (MPD) method.

2. The CSSG:Ce crystal converter exhibits high PL efficiency and excellent color stability,
making it a strong candidate for the development of energy-efficient solid-state lighting systems.

3. The PL spectra of the CSSG:Ce crystal exhibit a complex emission band, arising from
the superposition of bands peaking at 501 and 536 nm, and at 507 and 542 nm, which
correspond to emissions from two types of Ce** centers (Cel and Ce2) occupying the
dodecahedral sites of the garnet host with asymmetrical local surroundings of Sc** and Si**
cations and varying crystal field strengths. The PLE spectra reveal broad excitation bands with
strong peaks at 440 nm and 310 nm (Cel), and 457 nm and 331 nm (Ce2), which align with
Ce*" 4f-5d transitions. Additionally, a peak at 361 nm indicates the presence of defect centers.

4. The Ce*" luminescence decay the CSSG:Ce crystal exhibits non-exponential behavior,
with multiple decay components for both the Cel and Ce2 centers, suggesting possible energy-
transfer processes between the high-energy and low-energy Ce** centers.

5. The CIE chromaticity coordinates, CTT and CRI of the WLED prototypes with CSSG:Ce
crystal converters change with varying sample thickness, indicating the ability to tune the emission

properties and improve the light quality, with potential for nearly perfect cool white light emission.

4.4 Ce**-Doped CasSc:SisO12 Single Crystalline Films: Luminescence and Color
Conversion Properties for White LED Applications

This part of the thesis presents the main results of the comprehensive investigation into the
structural, luminescent, and photoconversion properties of WLED converters based on Ce**-

doped CSSG:Ce SCFs and related film—crystal composite structures.
40



The CSSG:Ce SCFs, with varying thicknesses, were grown using the LPE method onto three
types of SC substrates: (i) undoped GdsGaz.sAl2.sO12, (set A) (ii) Ce**-doped GdsGaz.sAlz.sO12
(GAGG:Ce (2.5), set B), and (iii)) GdsGasAl:O012 (GAGG:Ce (3), set C) (Chapter 4.1.4). The
composition and structural properties of these samples were investigated using several analytical
techniques (see Chapter 3.2). The luminescence properties of the three sets of SCF samples (A, B,
and C) were examined through absorption and CL spectroscopy. Furthermore, the phosphor-
conversion properties of these film and film—crystal composite converters were examined under
blue LED excitation for the first time. All spectroscopic measurements were conducted at RT.

Fig. 28 presents the absorption spectra of selected epitaxial structures containing CSSG:Ce
SCFs grown onto GAGG (2.5), GAGG:Ce (2.5), and GAGG:Ce (3.0) SC substrates (sets A, B,
and C, respectively). Representative samples A3, B2, and C3 with average SCF thicknesses of 10,
18, and 19 pum, respectively, were chosen for this investigation. The spectra exhibit several
absorption bands within the 200-500 nm range. Broad bands at 341 nm and 440 nm are attributed
to Ce*" 4f-5d transitions. Peaks at 275 and 311 nm correspond to Gd** transitions in the substrates.

Additional bands around 256 and 212 nm are linked to transitions of Pb*" flux-related impurity.

212 ——1-CSSG:Ce SCF/GAGG (2.5) SC
Il 275 = = *2-CSSG:Ce SCF/GAGG:Ce (2.5) SC|
H - =3 -CSSG:Ce SCF/GAGG:Ce (3) SC

Absorbance, a.u.

Wavelength, nm

Fig. 28. RT absorption spectra (in log scale) of CSSG:Ce SCFs grown onto GAGG (2.5) (1), GAGG:Ce
(2.5) (2) and GAGG:Ce (3.0) (3) SC substrates.

Fig. 29 shows the CL spectra of CSSG:Ce SCFs grown on GAGG-based substrates. All
samples exhibit the typical Ce* double emission bands in the 516-520 nm and 544-550 nm
ranges. A significant blue shift of more than 25 nm in the maximum Ce** emission band compared
with YAG:Ce is observed, caused by cation substitution in the garnet lattice (Y** and AI** replaced
by Ca*", Sc*, and Si*"). Minor variations in the emission band positions among different SCF
samples are attributed to differences in self-absorption, SCF thickness, and slight deviations in
film composition. A sharp peak at 311 nm is associated with Gd** impurities originating from

partial substrate dissolution during film growth.
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Fig. 29. RT CL spectra of CSSG:Ce SCFs grown onto GAGG (2.5) (a), GAGG:Ce (2.5) (b) and
GAGG:Ce (3.0) (¢) substrates.

Next goals of this part of work is to investigate the photoconversion efficiency of CSSG:Ce
SCFs grown on various GAGG-based substrates for possible use in white LED applications.
Fig. 30 presents the emission spectra and chromaticity diagram of blue LED chips combined
with CSSG:Ce SCFs grown onto GAGG (2.5), GAGG:Ce (2.5), and GAGG:Ce (3.0) substrates.

These WLED prototypes emit across the full visible range (410-780 nm), featuring blue
emission from the LED and yellow emission from Ce*" ions in the garnet film. As the film
thickness increases, the yellow component intensifies due to more effective blue light
absorption and conversion by Ce** ions, while the blue component remains nearly unchanged.
This demonstrates the potential of these structures for efficient and tunable solid-state lighting.

The photoconversion spectra in Fig. 30b show that the CSSG:Ce SCF/GAGG:Ce (2.5) SC
structure, under 450 nm LED excitation, produces the strongest yellow emission, whereas the
CSSG:Ce SCF/GAGG:Ce (3.0) SC structure exhibits only moderate intensity in this range. In
contrast, films grown on undoped GAGG (2.5) SC substrates generate weak yellow emission due

to their smaller thickness (630 pm).
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Fig. 30. Emission spectra (a, b, ¢) and chromaticity diagram (d) of a WLED lamp fabricated on the
base of 450 nm LED chip and CSSG:Ce SCFs, grown onto GAGG (2.5) (series A), GAGG:Ce (2.5)
(series B) and GAGG (3) (series C) SC substrates. The results for GAGG:Ce (2.5) (Bo) and GAGG:Ce

(3) (Co) SC substrates are presented for comparison.

A systematic variation of SCF thickness enabled the construction of trend lines in the
chromaticity diagram, providing insight into color-tuning mechanisms. Specifically, in our
experiment, the SCF thicknesses were 2-30 um for CSSG:Ce SCF/GAGG (2.5), 17-22 pm for
CSSG:Ce SCF/GAGG:Ce (2.5), and 7-22 pum for CSSG:Ce SCF/GAGG:Ce (3.0) composite
converters. Fig. 30d illustrates the trend lines of chromaticity coordinates for all three structures.

The CSSG:Ce SCF/GAGG (2.5) SC samples shift slightly toward the light-blue region due
to low yellow intensity but could reach the green region with thicker films (>30 um). These
findings provide valuable guidance for optimizing the performance of phosphor-converted white
LEDs based on epitaxial garnet converters.

Table 10 summarizes the CIE coordinates, CRI, and CCT for all fabricated WLEDs,
highlighting their capability to provide high-quality illumination. These parameters serve as
essential indicators for evaluating the devices’ color rendition, spectral characteristics, and

suitability for practical use.
43



Table 10. Comparison of the CRI, CCT and CIE coordinates of epitaxial structures based on the
CSSG:Ce SCFs grown onto GAGG (2.5), GAGG:Ce (2.5) and GAGG:Ce (3.0) substrates.

Samples SCF thickness, CIE coordinates CCTX | CRI
pm X y
‘Set A
A0 GAGG(2.5) SC 900 0.15 0.04 1620 -
Al CSSG:Ce SCF/GAGG(2.5) SC 6 0.17 0.12 3243 20
A2 CSSG:Ce SCF/GAGG(2.5) SC 10 0.15 0.05 1625 -
A3 CSSG:Ce SCF/GAGG(2.5) SC 30 0.16 0.07 1726 -
Set B
BO GAGG:Ce (2.5) SC 900 0.28 0.31 9146 80
B1 | CSSG:Ce SCF/GAGG:Ce(2.5) SC 17 0.31 0.36 6558 74
B2 | CSSG:Ce SCF/GAGG:Ce(2.5) SC 18 0.35 0.45 4975 65
B3 | CSSG:Ce SCF/GAGG:Ce(2.5) SC 22 0.36 0.45 4839 66
Set C
Co GAGG:Ce (3) SC 900 0.24 0.23 - -
Cl | CSSG:Ce SCF/GAGG:Ce(3):SC 7 0.25 0.27 9523 76
C2 | CSSG:Ce SCF/GAGG:Ce(3):SC 19 0.27 0.31 9479 75
C3 | CSSG:Ce SCF/GAGG:Ce(3):SC 22 0.30 0.37 6672 72

Concluding, the main achievements regarding the CSSG:Ce SCFs and composite
CSSG:Ce SCFs/GAGG:Ce epitaxial structures include:

1. CSSG:Ce SCFs were successfully grown on undoped and Ce**-doped GAGG substrates
using the LPE method, demonstrating precise control over film thickness and composition.

2. The photoconversion behavior of the CSSG:Ce SCFs under blue LED excitation was
demonstrated, showing efficient conversion of blue light into a broad yellow emission suitable
for solid-state lighting applications.

3. The application potential of the developed CSSG:Ce film/GAGG:Ce crystal composite
phosphors was demonstrated. In such composite phosphors for WLEDs, the mixing of
emissions from the SCF and substrate converters can be used to better tune the CIE coordinates
and color temperature of WLEDs compared with conventional YAG:Ce crystal counterparts.

4. Samples of CSSG:Ce SCF(GAGG:Ce (2.5) SC and CSSG:Ce SCF/GAGG:Ce (3) SC
composite converters with corresponding film thickness 17 and 22 pm, show the best
conversion properties from all samples under study and close to ideal white light with CCT

6558 K and 6672 K, respectively.
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4.5. Ce*-Doped Ca:YMgScSisO12 Single Crystalline Films: Luminescence and Color
Conversion Properties for White LED Applications

This part of the thesis presents the main results of the study of the structural, luminescent,
and photoconversion properties of epitaxial converters based on SCFs of Ce*-doped mixed
CazY 1:xMgiSc1Si3012:Ce  (x=0-0.25) (CYMSSG:Ce) garnet. These SCFs, with varying
contents and thicknesses, were LPE-grown onto YAG and Y AG:Ce substrates.

The content and structural properties of the SCF samples were investigated using several
methods (see part 3.1.4). The luminescent properties of the CSSG:Ce SCF and related composite
structures were examined by CL, PL and PLE spectra, PL decay kinetics, and photoconversion
analysis. The phosphor-conversion performance of these SCF and SCF—crystal composite

converters was investigated under blue LED excitation for the first time.
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Fig. 31. RT absorption spectra of CYMSSG:Ce SCF/YAG SC (a) and CYMSSG:Ce SCF/ YAG:Ce SC

(b) structures in comparison with YAG:Ce substrates (c).

The absorption spectra of the SCFs (Fig. 31a) and composite (Fig. 31b) samples show distinct
features in the 200-500 nm range, in agreement with the spectral characteristics of the YAG:Ce

substrates. Indeed, broad absorption bands around 341 nm (Ez) and 439-457 nm (E1), associated
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with Ce*" 4f—5d!? transitions, appear consistently across all samples. A peak at 230 nm (E3) also
confirms the presence of Ce*" ions in the CYMSSG films. Additionally, an absorption band below
300 nm is observed in the SCFs, attributed to 'So —>P: and 'P; transitions of Pb* flux dopant
introduced in the films during LPE growth. This band overlaps with the E3 band and reflects

interactions between trace Pb?* and Ce*" ions in the films.
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Fig. 32. RT PL (a, ¢, ) and PLE (b, d, f) spectra of CYMSSG:Ce SCF/YAG SC (a, b- A- series) and

CYMSSG:Ce SCF/YAG:Ce SC (c, d — B series) structures in comparison with YAG:Ce SC substrates
(c- series C).
Fig. 32 presents the PL and PLE spectra of Series A and B samples, along with Series C
substrates. All SCF samples exhibit strong green-yellow luminescence bands resulting from the

5di—4f transitions of Ce*" ions. These bands include multiple sub-peaks due to Ce** occupying
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non-equivalent lattice sites within the CYMSSG host. Namely, samples of A set, grown on
undoped YAG substrates, show a broader emission with peaks at 510 and 548 nm. A slight blue
shift in sample Al is linked to its lower Ce*" concentration, which reduces energy transfer
between different Ce** centers.

In contrast, samples of B set, grown on YAG:Ce substrates, exhibit a broader, red-shifted
emission with peaks at 536 and 573 nm due to spectral overlap and possible energy transfer
between the substrate and film. This red shift is also influenced by stronger Ce**-ligand bond
covalency in the CYMSSG host in comparison with YAG:Ce counterpart.

Fig. 32b, Fig. 32d, and Fig. 32f show the PLE spectra of Ce*" ions in YAG:Ce substrates
and CYMSSG:Ce SCF/YAG SC and CYMSSG:Ce SCF/YAG:Ce structures. Key excitation
peaks near 340 and 456 nm correspond to 4f — 5d transitions of Ce*" in the dodecahedral sites
of the garnet lattice, reflecting the local crystal field and energy splitting. These dual peaks
enable efficient Ce** excitation in both UV and visible ranges, enhancing these phosphors
application for lighting and display applications.

Series A samples show peaks at 346 and 454 nm, typical of Ce** in the CYMSSG host and
suitable for UV/blue LED excitation. Series B spectra, combining signals from both film and
YAG:Ce substrate, show a peak at 343 nm and a broad blue band centered at 472 nm, composed
of multiple sub-peaks from different Ce** sites in CYMSSG matrix. An additional excitation
peak at 375 nm is linked to F* centers in YAG substrates (oxygen vacancies with trapped
electrons), suggesting that these defects also influence energy transfer and luminescent
behaviour of CYMSSG:Ce SCFs.

Phosphor-converted (pc) WLED prototypes were fabricated to evaluate how the content
and thickness of CYMSSG:Ce SCFs influence the colorimetric properties of SCF and
composite converters. The SCFs were integrated with InGaN blue chips (450 nm peak, 2.6 V,
20 mA). Fig. 33 shows the emission spectra of prototypes using SCFs grown on undoped (set
A) and Ce**-doped (set B) YAG substrates. For comparison, emission from the YAG:Ce
substrate (Fig. 33c¢) is included as well. All spectra are normalized to the peak intensity of the
blue (Fig. 33a) or yellow (Fig. 33b, Fig. 33¢) emission. The chromaticity diagram (Fig. 33d)
shows clear differences between sample series based on substrate composition. Table 11 lists
the CIE coordinates, CRI, and CCT of the developed WLEDs, demonstrating their effectiveness
in delivering desirable lighting qualities. These metrics are key to assessing the prototypes’
color accuracy, spectral balance, and application potential.

WLED protypes with SCF from set A (CYMSSG:Ce SCFs on undoped YAG substrates),
showed chromaticity coordinates in the blue region (Fig.33 a), indicating that emission is solely
due to the SCFs, as the substrates do not contribute to photoconversion. However, only the
thickest film (67 pm, sample A4) demonstrated a noticeable shift in color coordinates with

increasing thickness, while thinner films showed low conversion efficiency.
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Fig. 33. Emission spectrum (a, b, ¢) and chromaticity diagram (d) of pc-WLED prototypes fabricated
on the base of 450 nm LED chip and CYMSSG:Ce SCF converters grown onto YAG (a) and YAG:Ce

(b) SC substrates in comparison with converters based on the YAG:Ce SC substrates (c¢). The results

for YAG:Ce substrates are presented for comparison.

Table 11. Comparison of the CRI, CCT and CIE coordinates of epitaxial structures based on the

CYMSSG:Ce SCF samples grown onto YAG (Series A, Series B) and YAG:Ce (Series C) substrates.

Samples SCF thhcnlinesses, Tygfeselllr‘tl)(:;ttr};[%lfrrlgrsr?es CI:: coordlna;es CCT, K CRI
Series A
Al 19 1 0.162 0.066 - -
A2 34 1 0.155 0.043 - -
A3 49 1 0.156 0.047 - -
A4 67 1 0.189 0.146 - -
Series B
Bl 10 C1;0.5 0.346 0.428 5150 62
B2 11 C2;0.5 0.374 0.475 4612 59
B3 22 C3;0.5 0.388 0.496 4406 59
Series C
Cl - 1 0.263 0.263 - 78
C2 - 1 0.276 0.278 - 75
C3 - 1 0.305 0.338 6838 70
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In contrast, WLED protypes (CYMSSG:Ce onto YAG:Ce substrates) exhibited emission in
the green-yellow range. This red shift is primarily driven by the luminescent contribution of the
Ce**-doped substrate. Here, the emission is more influenced by substrate composition, though
SCF thickness and cation ratios still play a role in tuning photoconversion behavior.

To conclude, the main achievements regarding the CYMSSG:Ce SCFs and composite
structures of their base include:

1. CYMSSG:Ce SCFs were successfully grown on undoped and Ce*-doped YAG
substrates using the LPE method, with precise control of film composition and thickness.

2. The luminescent properties of the SCFs were characterized, confirming Ce** incorporation
and distinct emission features due to changes in SCF content and thickness, as well as substrate type.

3. The photoconversion behavior of CYMSSG:Ce SCFs under blue LED excitation was
demonstrated, showing efficient conversion of blue light to broad green-yellow emission suitable
for solid-state lighting applications.

4. The chromaticity and emission characteristics were effectively tuned by adjusting SCF
thickness and substrate composition, providing a method for color customization in phosphor-

converted white LEDs.
5. MAIN CONCLUSIONS OF THE DOCTORAL DISSERTATION

This PhD thesis is devoted to the development, structural-optical characterization, and
application of advanced Ce*"-doped garnet-based photoconverters in various material forms -
eutectics, micropowders, bulk single crystals, single crystalline films, and composite epitaxial
structures - for phosphor-converted white light-emitting diodes (WLEDs). Based on the obtained
results, the following general conclusions can be drawn.

1. Demonstration of multiple material platforms for efficient photoconversion. A
wide range of Ce**-doped photoconverter architectures was successfully developed, including
(AL:0s—YAGQG):Ce eutectics, CSSG:Ce and CYMSSG:Ce micropowders, CSSG:Ce bulk crystals,
CSSG:Ce and CYMSSG:Ce single crystalline films (SCFs), and composite SCF/substrate
structures. Each platform demonstrates efficient blue-to-visible light conversion, confirming the
versatility of garnet-based systems for solid-state lighting applications.

2. Successful implementation of advanced growth and fabrication techniques. The
HDC, MPD, solid-state synthesis, and LPE methods were effectively applied to produce high-
quality photoconverter materials with controlled composition, microstructure, and thickness. In
particular, the first successful growth of CSSG:Ce single crystals by the MPD method and the
precise fabrication of SCFs and composite epitaxial structures by LPE growth represent important

technological achievements of this work.
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3. Identification and understanding of multicenter Ce* luminescence. A key
scientific outcome of the thesis is the detailed investigation of multicenter Ce*" luminescence in
complex garnet hosts. The presence of multiple Ce*" centers with different local environments
was identified in CSSG:Ce and CYMSSG:Ce materials across different forms (micropowders,
crystals, and SCFs). These centers lead to excitation-dependent emission shifts, non-exponential
decay kinetics, and broadened emission bands, providing fundamental insight into structure—
property relationships in garnet phosphors.

4. Energy transfer processes as a tool for spectral tuning. Efficient energy transfer
processes, both between different Ce*" centers and from Ce** to Mn?* ions, were demonstrated,
particularly in CYMSSG-based systems. These processes enable controlled spectral redshifts and
emission broadening, offering an effective strategy for tailoring the emission colour and
improving colour rendering properties of WLEDs.

5. Optimization of photoconversion performance through thickness and
composition control. The emission characteristics of WLED prototypes were shown to be
strongly dependent on converter thickness, dopant concentration, and composite design. Optimal
thickness ranges were identified for eutectic, micropowder, crystal, and SCF-based converters,
enabling efficient white light generation with tuneable chiromantical coordinates, correlated
colour temperature (CCT) and high colour rendering index (CRI).

6. Advantages of composite and thin-film photoconverter architectures. Composite
structures based on SCFs grown on Ce**-doped garnet substrates demonstrated superior flexibility
in tuning chromaticity coordinates and CCT compared to conventional bulk YAG:Ce converters.
The mixing of emissions from films and substrates allows precise colour control while
maintaining high conversion efficiency and reduced converter thickness.

7. Demonstration of “color-on-demand” WLEDs. By varying garnet composition,
dopant content (Ce** and Mn**), converter thickness, and architectural design, WLED protypes
with a wide range of emission characteristics—from cool to warm white light—were realized.
This confirms the feasibility of designing “color-on-demand” WLEDs based on garnet
photoconverters developed in this thesis.

8. Overall scientific and practical impact. The results obtained significantly advance
the understanding of Ce**-activated garnet photoconverters and provide practical guidelines for
their implementation in next-generation solid-state lighting. The demonstrated material
platforms combine high photoluminescence efficiency, thermal and colour stability, and
tuneable emission properties, making them strong candidates for high-performance and
customizable WLED applications.

In summary, this dissertation establishes a comprehensive framework for the design,
growth, and optimization of garnet-based photoconverters, bridging the fundamental physics of

luminescent phosphors with practical WLED device engineering.
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Abstract: Ce** doped Al,03-YAG eutectics were successfully grown by the horizontal directional
crystallization method. The crystallization rate of eutectic growth was changed in the 1-7.5 mm/h
range at a growth temperature of 1835 °C. The microstructure of eutectic samples was investigated
using scanning electron microscopy and X-ray microtomography. The intrinsic morphology of eutectic
represents the stripe-like channel structure with a random distribution of the garnet Y3Al501, (YAG)
and Al,O3 (sapphire) phases. The content of these phases in the stripes changes in the 52.9-55.3%
and 46.1-47.1% ratios, respectively, depending on the growth rate of the crystallization of the eutectic
samples. The luminescent properties of the eutectic demonstrated the dominant Ce®* luminescence
in the garnet phase. The luminescence of the Ce* ions in Al,O3 has also been observed and the
effective energy transfer processes between Ce3* ions in the Al;O3 and YAG garnet phases were
revealed under high-energy excitation and excitation in the UV Ce3* absorption bands of sapphire.
The phosphor conversion properties and the color characteristics (Al;O3-YAG):Ce eutectic with
different thicknesses were investigated under excitation by a blue LED. We have also tested the
prototypes of white LEDs, prepared using a blue 450 nm LED chip and (Al,O3-YAG):Ce eutectic
photoconverters with 0.15 to 1 mm thicknesses. The results of the tests are promising and can be used
for the creation of photoconverters for high-power white LEDs.

Keywords: Al,O3-Y3Al501; eutectic; Ce3* dopant; luminescence; phosphor converters; white LEDs

1. Introduction

One of the most promising areas of artificial lighting sources is connected to the pro-
duction of white light-emitting diodes (WLEDs) due to their remarkable properties, such as
a long lifespan, high efficiency, compactness, thermal stability, environmental friendliness,
and low voltage operation over conventional light sources. The production of the current
WLED lighting system is an established technology that typically combines a blue chip (GaN
and InGaN) with a yellow-emitting Y3Al501,:Ce (YAG:Ce) powder phosphor converter (pc)
dispersed in silica gel or epoxide resin binder, which are used for fixation powder phosphors
onto blue LED chips [1-5]. However, the mentioned organic binders with limited thermal
conductivity and poor thermal stability are not suitable for high-power WLEDs. This brings
up some problems in the actual use of WLED, such as deterioration of the light efficiency,
chromaticity shift, and, eventually, the loss of long-term reliability.

Novel durable phosphors without resin binders have been studied by researchers
to address the issue [6-8]. Completely inorganic phosphors, such as transparent ceramic
phosphor and glass ceramic phosphor [9,10], are on track to displace the “phosphor powder”
and “organic matrix” combination as workable solutions to the degradation of the organic
resin matrix. Researchers have explored innovative durable phosphors without resins [6,11]
and found the need to increase the phosphor scattering [12] to solve these problems. In this
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frame, the composites of the (Al;O3-YAG):Ce eutectic attract large interest as an excellent
matrix of the phosphor converters due to their higher thermal conductivity in comparison
with the YAG:Ce converter [13].

In addition to the above, one of the primary criteria that characterizes low light con-
verter efficiency is the impact of total inner reflection, which transforms a light converter
with a regular shape into a waveguide that traps a significant amount of light rays inside
itself. This effect can be reduced using a variety of techniques, including adding scattering
metal-oxide particles of micron sizes to the converter material [14,15], profiling the light
converter’s emitting surface [16,17], and using a eutectic compound made up of multi-
ple phase components [10,18-21]. It has been shown in these works that their lighting
properties (Al,O3-YAG):Ce eutectic were significantly improved compared to traditional
materials. In addition, due to the thermal stability of the Ce3* emission, heavy Ce** doped
YAG-AIL, O3 eutectic has been considered as one of the prospective inorganic materials for
pc for high-power warm WLEDs [10,14].

In this work, we have investigated the properties of highly doped Ce®* doped Al,Os-
YAG eutectic samples, which were crystalized by the horizontal directional crystallization
(HDC) method [22] with different crystallization rates. Namely, the current work presents
the new systematic results of studying the morphology, structural, and luminescent prop-
erties of these materials. Furthermore, the color characteristics and phosphor conversion
capabilities of WLED prototypes with pc based on the (Al,O3-YAG):Ce eutectic samples
with various thicknesses (from 0.15 to 1 mm) were investigated.

2. Sample Preparation and Experimental Techniques

Crystallization of Ce-doped Al,O3-YAG eutectic samples was carried out using the
HDC method on the “Horizont-3M” set up in a Mo crucible under an Ar, CO, and Hj
environmental atmosphere at a total pressure of 1.3 x 10° Pa at evaluated temperature and
rate of solidification.

For the preparation of the initial eutectic charge, an equimolar mixture of Y,O3 +
CeO; (5N purity) and Al,O3 (4N purity) oxides was used. These powders were thoroughly
mixed in a drum for several hours and the resulting mixture was tableted. The tablets
were annealed at 1200 °C for several hours and the annealed tablets served as a “green
body” for crystallization. Crystallization was performed by the HDC method on standard
installations for Mo crucibles with a size of 240 x 75 x 35 mm?, according to the modes for
the YAG crystals’ growing method [22]. During crystallization, different parts of the crystal
were grown with different crystallization rates (Figure 1 and Table 1).

Figure 1. The (Al,O3-YAG):Ce eutectic ingot, different parts of the ingot grown at different crystal-
lization rates (Table 1).
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Table 1. Modes of crystallization of eutectic samples.

Rate of Melt

Sample Crystallization, Temperature, Gl;/‘if_lnt’ sAul :fO;; Sz?fc‘%
mm/h °C
2 1.6 1835 30 471 +24 529 +24
3 1 1835 30 46.1+£1.3 540+13
4 2.8 1835 30 447 +13 55.3+0.7
5 7.5 1835 30 452 +0.7 54.8 £ 0.7

The nominal CeO, content in the melt was 1 molar %. Moreover, due to the low
segregation coefficient of Ce>* ions, the actual Ce content in the Al;03 and YAG phases can
be notably less. For instance, the cerium segregation coefficient at the growth of YAG:Ce
crystals is 0.2-0.25 [23]. However, we cannot measure the actual Ce3* content in the garnet
and sapphire phases separately. Carbon dopant may also be present in small amounts in
the eutectic samples due to the carbon lining of the growth chamber being used.

The crystallized (Al,O3-YAG):Ce eutectic ingot and parts of the different crystallization
rates are demonstrated in Figure 1. The surface of the eutectic crystal is marked in Sections 1-6
which was crystallized at different growth rates (Table 1). Samples from Sections 2-5 were
investigated in this work. Samples were sliced forward perpendicular in the direction of crystal
growth. There were no inclusions or cracks visibly seen in the eutectic slices, which had the
bright yellow hue typical of Ce-doped YAG crystals.

The cooled crystal was cut into pieces that were grown at the same rate. Samples for
research were then cut out of each part. Cutting was performed with diamond circular
saws using water for cooling. The surfaces of the samples were polished with a diamond
abrasive, and the samples were glued to the polishing table with paraffin wax. This wax
was then wiped with a solvent.

The structural properties of these samples were characterized by electronic scanning
microscopy (SEM, JSM-6390LV, JEOL Ltd., Tokyo, Japan), X-ray diffractions (modified
DRON 4 spectrometer), and X-ray microtomography with a 0.5 um resolution (SkyScan
1272 spectrometer). Namely, Table 1 shows the data obtained on the basis of analyses of
the SEM surface images. In this instance, image analysis with the use of special software,
installed in our SEM, allowed us to examine SEM images and determine the area fractions
of various phases, which were distinguished by their contrast or color. The software can
be calibrated to the specific magnification and pixel resolution of the images to ensure
respective accuracy.

For characterization of the properties of the Ce>* doped Al,O3-YAG eutectic samples
under study, scanning electron microscopy (SEM), X-ray diffractions (XRD), X-ray mi-
crotomography (1uCT), cathodoluminescence (CL), photoluminescence (PL), PL excitation
spectra (PLE), PL decay kinetics, and photoconversion spectra (PC) were used. Furthermore,
the photoconversion properties of the (Al,O3-YAG):Ce eutectic samples (color chromaticity
coordinates (CIE), color correlated temperature (CTT), and color rendering index (CRI))
and luminous efficacy (LE) under blue LED excitation were investigated as well.

CL spectra were obtained by using an electron gun of a SEM JEOL JSM-820 microscope
(JEOL Ltd., Tokyo, Japan), additionally equipped with a Stellar Net spectrometer with a
cooled TE-detector CCD operating in the 200-1200 nm range. PL emission and excitation
spectra, as well as PL decay kinetics, were measured using an FS-5 spectrometer (Edinburg
Instruments Ltd., Livingston, UK). The photoconversion spectra (PC) measurements were
performed using a fiber-optic spectrophotometer, AvaSpec-ULS 2048-LTEC, and an integrat-
ing sphere, AvaSphere-50-IRRAD. The photoconverters prepared from (Al,O3-YAG):Ce
eutectics were excited by the blue LED (30 mA, 2.9V) with a wavelength of 454 nm. All
measurements were performed at room temperature (RT).

3. Structural Properties of Eutectics

SEM images of the morphology of (Al,O3-YAG):Ce eutectic samples of the different
parts are demonstrated in Figure 2. The Al,O3 phase is visible as the dark stripes, and the
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YAG phase is visible as the light stripes of the images in Figure 2 (see also [24,25]). The
obtained eutectic was grown under conditions close to equilibrium solidification. Still,
its morphology looks like the “chines script”. As for similar eutectics produced at higher
crystallization rates, which also applies to the (Al,O3-YAG):Ce eutectic system, they are far
from stable [26]. Due to their closer physical properties (the refractive index and density
of the sapphire Al,O3 (n = 1.77 and p = 3.99 g/cm3, respectively), they are a little smaller
than the ones of YAG (n = 1.83 and p = 4.56 g/cm?) and the two phases may have less
backscatter and total reflection loss at the edges. This leads to what is possible to create
homogeneous light propagation without significant scattering losses at small refraction.
Even for a thin sample, extending the optical path length results in more efficient Ce>*
excitation. As a result, the eutectic structures can produce light more effectively than
conventional particle-dispersed LEDs [27].

Figure 2. SEM images of the (AlO3-YAG):Ce eutectic: (a) sample 2, (b) sample 3, (c) sample 4, and
(d) sample 5.

For samples 2-5, the phase composition of eutectic crystals was identified. Figure 3
displays the XRD patterns of these two eutectic samples in comparison with the standard
ICSD diffraction patterns for YAG (#23,848) and «-Al,O3 (corundum) (#63,647). The
samples consist of pure YAG and corundum phase. The rate of melt solidification and the
distance from the ingot seeding point determine the form and concentration of phases. The
XRD patterns did not show (with an accuracy of the method of 0.1%) evidence of any other
crystalline phases, particularly the yttrium aluminum perovskite YAIOs (YAP) phase. Thus,
the YAP phase does not dominantly appear under the solidification conditions utilized in
this work. However, a small amount of YAP:Ce phase (below 0.1%) was detected in all the
eutectic samples under study using the more sensitive PL investigation.
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Figure 3. XRD patterns of 2-5 eutectic samples in comparison with Al,O3 (ICSD #63,647) and YAG
(ICSD #23,848) phases.

The X-ray microtomography (SkyScan 1272 spectrometer) investigations (Figure 4) of the
samples under study show that the (Al,O3-YAG):Ce eutectic structure containing a random
spatial distribution of the stripes of main garnet (white) and sapphire (gray) phases. The
reconstructed 3D image of the eutectic structure is demonstrated in [28]. Table 2 shows the data
obtained on the basis of the internal analysis of the images obtained by the microtomography
(Figure 4). A detailed description of this method is described in the reference [29]. Namely, the
analysis of the sample histogram, based on the mixture model, ref. [29] showed the volume
fractions of both phases in the eutectic samples under study (Table 2).

Figure 5 shows the determined graphs of gray level distributions of both phases in
the image of sample two, proportional to its content (Table 2). However, it should be
emphasized here that the difference in the position of both observed peaks is also related to
the difference in the X-ray absorption ability of the YAG and sapphire phases p~p *Zg*,
where p is the density and Z.g is the effective atomic number, being equal to 35 for YAG
and 11.2 for a sapphire.

Table 2. The sapphire and garnet phase proportions of the eutectic samples.

Sample Al,O3 Phase Content, % YAG Phase Content, %
2 54.39 46.61
50.02 49.98

3
4 45.58 54.42
5 46.60 53.4
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4. Luminescent Properties

4.1. Catodoluminescence Spectra

The CL spectra of the samples under study (Figure 6) show only the intensive Ce>*

emission band peaked at the 547-553 nm range, caused by the presence of the YAG:Ce
garnet phase. This result indicates also the existence of an effective energy transfer from the
Al,O3:Ce sapphire phase to the YAG:Ce garnet phase in these eutectics under high-energy
excitation. Interestingly, the maximum of the Ce>* emission band in CL spectra is notably
shifted in the red range with an increase in the crystallization rate and distance from the
seed of eutectic (Table 1). This effect can be connected with a deviation of the Ce content in
the respective eutectic samples and changing the crystal field strength in the dodecahedral
positions of the garnet host [30] due to the incorporation of relatively large Ce3* ions (ionic

radius of 1.143 16% in CN = 8) instead of Y3+ cations (1.019 z&; CN = 8). Finally, that resulted
in the observed long-wavelength shift of the Ce** emission spectra.

Al,0,-YAG:Ce
600 Sample 2 550 Y 553
= = =Sample 3
=« =Sample 4
- [ = = Sample 5
=
< 400}
>
=
[72)
[
[)
c
- 200 -
0 b 1

L | L | n
200 300 400 500 600 700 800
Wavelength (nm)

Figure 6. CL spectra of the (Al,O3-YAG):Ce eutectic samples under study.

4.2. PL and PLE Spectra

Figure 7 shows the PL and PLE spectra of the selected sample four of Ce>* doped
Al O3-YAG eutectic. The radiation transitions of the Ce®* ions in this sample were stimu-
lated at 265, 340, and 450 nm light (Figure 7a). Such excitation results in a yellow-green
PL emission band peaking at about the 547-556 nm range, corresponding to the 4f-5d
transitions of Ce®* ions in the YAG:Ce garnet phase. Namely, the spin-orbit splitting of
the ground state allows for the decomposition of the PL emission band under 450 nm
excitation into two components with centers at about 539 nm (5d! — 2Fs,,) and 584 nm
(5d! — 2F;, /2) [31,32]. It can be assumed that the observed shift of the Ce%* emission band
is connected with the different probabilities of 5d! — 2Fs /2,7/2 transitions under different
excitation wavelengths and peculiarities of the energy transfer between the sapphire and
garnet phases.
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Figure 7. PL emission spectra (a) and PLE spectra (b) of (Al;O3-YAG):Ce eutectic (sample 4) under
excitation at different wavelengths (a) and registration of Ce3* luminescence in the garnet ((b), curve 1)
and sapphire phase ((b), curve 2).

The PLE spectra of the Ce3* emission in the garnet phase in the (AlLO3-YAG):Ce
eutectic sample four are displayed in Figure 7b, curve one. The two main bands in these
spectra that peaked at 343 and 458 nm are related to the 4f-5d transitions of Ce>* ions in the
YAG:Ce garnet. The full width at a half maximum (FWHM) of the 458 nm excitation peak is
about 100 nm, which suits well with blue LED chips of various emission wavelengths [33].

The decay kinetics of the Ce>* luminescence of (Al,O3-YAG):Ce eutectic, recorded in
the vicinity of the Ce>" emission band at 560 nm under excitation in the Ce** absorption
band in the garnet phase at 460 nm, is shown in Figure 8, curve one. The decay kinetics
of the Ce®* luminescence in the garnet phase are strongly exponential and the decay
constant is equal to 66 ns, which is characteristic of Ce3* luminescence in other garnet
compounds [34].

Ex=450 nm Em=560 nm (1)

— - —Ex=270 nm Em=400 nm (2)
1=66 ns (garnet)
7,=31 ns (saphire)
7,=38 ns (saphire)

0.1

Intensity, a.u.

0.001 |

0 100 200 400 600 700

Decay time, ns

Figure 8. Decay kinetics of (Al03-YAG):Ce eutectic (sample 4) corresponding to the Ce?* lumines-
cence in the YAG:Ce (1) and Al;O3:Ce (2) phases under excitation in the respective PLE bands at
450 nm (1) and 270 nm (2).

The PL emission spectra of this (Al,O3-YAG):Ce eutectic sample four also show
the complex emission band in the UV range, peaked at 396 nm (Figure 7a, curve one),
corresponding to the Ce3* luminescence in the Al,O3:Ce phase [34]. The bands peaked at
273 and 305 nm in the PLE spectrum of this luminescence monitored at 400 nm (Figure 7b,
curve 2), which are caused by the respective 4f-5d (*E and 3ng) transitions of Ce3* ions
in the Al,O3 host [35]. Furthermore, the effective energy transfer processes are observed
between Ce>" ions in the Al,03 phase to the garnet phase under high-energy excitation
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and excitation in the corresponding UV bands. The confirmation of such transfer is also
quite nonexponential decay kinetics of the Ce>* luminescence in the Al,03:Ce phase under
excitation at 260 nm in the vicinity of the respective PLE band (Figure 8, curve two). The
approximation of the respective decay curve two in Figure 8 shows the presence of the
two components with decay times of t; = 31 ns and t; = 38 ns, respectively. Furthermore,
the 35 ns average decay time was used for the characterization of the decay profiles of
this luminescence and its value is noticeably lower, though consistent with the lifetime of
the Ce®" luminescence in the Al,O3:Ce single crystalline films, being equal to 42 ns [35].
Moreover, such nonexponential decay profiles of the Ce>* luminescence in the sapphire
phase in the eutectic samples are strongly temperature dependent. This means that the
energy transfer from the sapphire phase to the garnet phase increases with increasing
temperatures. These new results will be presented soon in a separate paper.

It is worth noting here that the presence of the small content (less than 1%) YAP:Ce
perovskite phase was also tested in the PL emission spectra of the (Al,O3-YAG):Ce eutectic
sample under 265 nm excitation (Figure 6, curve 1). Most probably, the observed bump peaked
at 365 nm in this spectrum in Figure 7a corresponds to the Ce** luminescence in the YAP host.
However, the shape of the Ce** emission band in the YAP:Ce phase is strongly affected by the
presence of the Ce®* absorption band in the garnet phase, which peaked at 343 nm.

5. WLED Prototype Creation

We have also tested the photoconversion (PC) prototypes of WLEDs, prepared using
a blue 450 nm LED chip and Ce-doped Al,O3-YAG eutectic photoconverters (pc) with
thicknesses in the 0.15-1 mm range (Figure 9). The results of the tests are quite encouraging.
The emission spectrum for these WLEDs covers the visible range from 460 to 820 nm with
warmer light, in comparison with the standard YAG:Ce photoconverter [36]. Figure 9
shows also the dependence of the PC properties of the (Al;O3-YAG):Ce eutectic on the
thickness of the samples. Namely, when the eutectic thickness grows, the blue LED’s
intensity declines while the intensity of the yellow emission band rises. The blue light is
almost entirely absorbed, and the yellow emission achieves its peak intensity at a thickness
of around 1.0 mm.

0-6 — 520' T T T T T T
AlL,O,-YAG:Ce e e — o Samples
White
0.4} 061 1
500
>
------- 0.4 - i
620
02 (a)
0.2 1 E
(b)
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000 500 600 700 200 00 01 02 03 04 05 06 07 08
Wavelength (nm) X

Figure 9. The spectral performance of (Al;O3-YAG):Ce eutectic samples under 450 nm blue LED
excitation (a); color coordinates of (Al,O3-YAG):Ce eutectic based LEDs in CIE-1931 color space
chromaticity diagram (b).

The CIE-1931 chromaticity diagram in Figure 8b also displays the changes in color co-
ordinates (x, y) of the (Al,O3-YAG):Ce eutectic with different thicknesses in the 0.15-1 mm
range. The coordinates have a nonlinear distribution, and the x and y values rise with the



Materials 2023, 16, 2701

10 of 12

eutectic thickness. We assumed that decreasing the thicknesses from 0.4 mm to 0.1 mm can be
used to create white colors with various color temperatures. The CIE chromaticity coordinates
of WLED prototypes are shown in Table 3. Namely, the combination of the (Al,O3-YAG):Ce
eutectic sample with different thicknesses in the 0.4-0.15 mm range enables tuning of the white
light shades from warm white (CCT = 3810 K) to warm/daylight white (CCT~5120 K) [37,38].
Based on the obtained results, presented in Figure 9 and Table 3, we can expect that the ideal
white color can be achieved for a eutectic convertor thickness of about 0.1-0.15 mm under
450 nm LED excitation. Due to significantly smaller lightguide losses and the small intrinsic
reflection losses, the thickness of the eutectic converter is significantly smaller than the optimal
thickness of the YAG:Ce (0.25%) crystal counterpart (0.5-0.55 mm), grown from the melt with
nominal ceriun content of 1 molar % [39].

Table 3. CIE chromaticity coordinates, CTT and luminous efficiency of a WLED lamp fabricated on
the base of 450 nm LED chip and (Al,O3-YAG): Ce eutectic (sample 4) with different thicknesses.

CIE Coordinates

Thicknesses of Sample 4 h, mm CCT, K CRI LE (Im/W)
X y

1 (B1) 0.4567 0.5299 3489 39.7 68
0.8 (B2) 0.4498 0.5306 3580 46.1 81
0.6 (B3) 0.4483 0.5341 3620 423 107
0.4 (B4) 0.4300 0.5165 3810 55.9 120.4
0.2 (B5) 0.4047 0.4633 4530 67.4 132
0.15 (B6) 0.35 0.40 5120 72.5 142.5

We have provided the results of measurements of the luminous efficiency (Lm/W)
of the WLED prototypes with a gradual reduction of the eutectic thicknesses from 1 to
0.15 mm (the last column in Table 3). As can be seen from this table, the LE value steadily
increases when the thickness of the eutectic converter decreases up to 0.15 mm. Finally,
the WLED prototype eutectic converter with a thickness of 0.15 mm shows a luminous
efficiency of above 140 Lm/W.

6. Conclusions

In this study, Ce** doped Al,03-YAG eutectic samples were crystallized using the
horizontal directional crystallization method at a growth temperature of 1835 °C, with
varying crystallization rates in the 1-7.5 mm /h range. The microstructure of the eutectic
samples was analyzed using scanning electron microscopy, X-ray diffraction, and X-ray
microtomography. The samples consisted primarily of the YAG and Al,O3 phases, with
a small amount (below 1%) of the YAP:Ce perovskite phase also observed in Al,O3-YAG
via a photoluminescence spectra. The eutectic morphology exhibited a stripe-like channel
structure with the random distribution of the garnet and sapphire phases. The content of
these phases in the stripes varied depending on the growth rate of the eutectic samples,
with ranges of 52-54% and 48—-46% for the garnet and sapphire, respectively.

The luminescent properties of the eutectic samples demonstrated the dominant Ce>*
emission band in the garnet phase and the weak Ce3* luminescence in the sapphire phase.
Furthermore, the effective energy-transfer processes between Ce3* ions in the Al,O3 and
YAG garnet phases were observed under high-energy excitation, as well as excitation in the
UV Ce®* absorption bands of sapphire.

We have investigated the photoconversion properties of (Al,O3-YAG):Ce eutectic samples
with different thicknesses, under excitation by a blue LED. We also tested prototypes of white
LEDs prepared using (AlO3-YAG):Ce eutectic photoconverters, with thicknesses ranging from
0.15 to 1 mm, and a blue 450 nm emitting LED chip. We have found that the combination of
(AlpO3-YAG):Ce eutectic with thicknesses in the 0.4-0.15 mm range and 450 nm LED excitation
enables tuning of the white light tones from warm white (CCT ~ 3800 K) to white daylight
(CCT ~ 5100 K). Furthermore, the ideal white color can be achieved for a eutectic converter
thickness in the 0.1-0.15 mm range, and the respective WLED prototype exhibits a luminous
efficiency above 140 Lm/W.
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ARTICLE INFO ABSTRACT

Keywords: A novel synthesis method of CagSc,Si3012:Ce micropowder with very bright photo-luminescence (PL) has been
WLED developed. The conventional solid-state reaction has been modified for Ca3Sc,Siz012:Ce microparticle crystal-
Converters lization. Pre-synthesis of metal and silicon oxide blends with subsequent high-temperature treatment in reducing
;E;fé;’:;iircamets (H2/N3) atmosphere enables obtaining CasSc2Si3012:Ce micropowder with a high PL quantum yield of about
Luminescence 60-70% at Ce®* content in the 2.5-5 at.% range, which is highly attractive for LED technology. Additionally, the

CasScySiz012:Ce phosphors with Ce concentration in the 0.5-2.5% range display higher thermal stability of
photoluminescence in comparison with a commercial YAG:Ce phosphor.

1. Introduction

Development of solid-state lighting devices based on a combination
of blue light-emitting diodes (LEDs) and phosphor converters is of
extremely high commercial interest due to their potentially higher ef-
ficiencies, long lifetimes, and environmental friendless in comparison
with conventional light sources. Nowadays, the white LEDs (WLEDs)
replace step-by-step the traditional light sources because their efficiency
is higher than that of fluorescent tubes. The WLEDs do not contain
mercury and other harmful elements. At present, the combination of a
blue LED chip and yellow-emitting Y3Als0;5:Ce (YAG:Ce) garnet phos-
phor is a conventional WLED device [1]. Meanwhile, the development of
phosphors is actively continuing in order to optimize their parameters
like the color correlated temperature and color rendering index of
WLEDs.

One of the most interesting alternative phosphors to YAG:Ce is
CagScaSiz012:Ce (CSSG:Ce) silicate garnet. In general, the silicate garnet
phosphors are very promising, because they show high quantum yield
with broadband emission spectra and, furthermore, a high thermal
stability of luminescence.

The synthesis and optical properties of Ce3* doped Ca3ScySisO12
silicate garnet for an application in white LEDs have been firstly re-
ported by Shimomura et al. [2]. This phosphor can be synthesized by a
conventional solid-state high-temperature reaction. It shows the

* Corresponding author.
E-mail address: zorenko@ukw.edu.pl (Y. Zorenko).
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broadband Ce3* photoluminescence (PL) with a maximum at 505 nm in
the green spectral range and the PL excitation band at 455 nm in the blue
spectral range. The CIE color coordinates of this phosphor are equal to x
= 0.30 and y = 0.59, and also shows a high thermal stability. These
properties of the GSSG:Ce phosphor are very important for high-power
WLEDS due to their large heat generation, leading to a drop of the
luminescence intensity because of thermal quenching under normal
operation conditions. Namely, in comparison with (Y,Gd,Ce)3Al50;5:Ce
garnet phosphor, the CSSG:Ce garnet shows remarkably high thermal
stability of the luminescence up to 200 °C. For example, at a temperature
of 150 °C it still shows a relative intensity of over 90% compared to
around 55% in YAG diluted with Gd.

The effect of different fluxes on the luminescent properties of the
green CSSG:Ce phosphor has been studied by using solid state synthesis
in a reducing atmosphere at 1250 °C [3-7]. It has been found that
without flux the CSSG phase cannot be synthesized. On the other hand,
by using H3BOg, LiF, CaF; and NH4CI the garnet phase can be obtained.
Most probably, the CaF; is the best flux for synthesizing the CSSG:Ce
phosphor from the viewpoint of the luminescence intensity. Based on
CSSG:Ce phosphor, a WLED prototype has been fabricated and corre-
lated color temperature of this light source is lower than that of the
commercial WLED with YAG:Ce.

The CSSG:Ce phosphor has been obtained at a lower temperature
using the gel-combustion method as compared to the conventional solid-
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Fig. 1. Influence of calcination time on morphological and structural properties of CSSG:0.5%Ce MPs, prepared using 1 wt% B,O03 as flux. (a) - SEM images of

calcinated samples for 4 h (a) and 15 h (b). (c) - XRD patterns of these samples.

state reaction method [4]. Such a phosphor has particle size of about 1
pm, which is much less than the size of particles obtained by the
solid-state reaction. Smaller particle size can reduce internal scattering
when particles are mixed with silicon and coated onto a blue LED chip.
CSSG:Ce phosphors additionally containing AIP* cations have been
synthesized as well. It has been shown that AI** alloying enhances the
photoluminescence performance as well as the quantum efficiency of
phosphor to 46.8% [7].

In this work, we present a novel synthesis method of CSSG:Ce
micropowder with outstandingly bright PL and a record high PL quan-
tum yield (PLQY) of about 70%. The samples of this garnet display also
higher thermal stability of the PL photoluminescence in comparison
with a commercial YAG:Ce phosphor.

2. Synthesis of CSSG:Ce micropowder samples and experimental
techniques

CSSG:Ce microcrystalline powders (MP) have been synthesized by

modified solid-state phase synthesis technique. In comparison with the
previous reports [2-7], additional 900 °C pre-heating treatment for the
pressed pellets of starting oxides has been used. This allows obtaining
more homogenous MP blends by taking into account the fact that ho-
mogeneity of samples strongly enhances the luminescent properties of
the phosphors. Calcination process has been performed at 1400 °C in
reducing atmosphere (N2/Hy). First of all, we have investigated the in-
fluence of annealing time on morphology, structure, and optical prop-
erties of CSSG:Ce MP samples with a nominal Ce>* concentration of 0.5
at % (Fig. 1).

In the most popular method of solid-state preparation of phosphors,
using a flux can improve the morphology of grains and enhance the PL
intensity of the material. In our preliminary experiments on CSSG:Ce
solid-state synthesis without flux, garnet compounds have not been
obtained and only gehlenite compositions have been detected by XRD
method. In opposite, by using B»Oj3 flux for improvement of the condi-
tion of solid-state reaction, garnet phase has been successfully obtained.
Fig. 1a and b demonstrate the scanning electron microscopy (SEM)
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Fig. 2. SEM images of CSSG:Ce MPs samples with different Ce content, prepared using CaF as flux. (b) XRD patterns. (c) PLE and PL spectra. (d) PL decay curves.
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Fig. 3. RT CL spectra of CSSG:Ce MP samples, sintered with different content of B,O3 flux (a) and different concentration of ce®* ions (b).

images of CSSG:0.5% Ce MPs, calcinated for 4 h and 15 h at 1400 °C.
Obviously, average size of obtained sphere-like MPs is larger for the
sample annealed for 15 h than for the case of the 4 h annealed sample
due to MP growth during the reaction. The X-ray diffraction (XRD) study
shows almost pure phases of CSSG in both cases and excellent corre-
spondence with the respective ICSD-27389 pattern. However, some
minor amounts of impurity phases of unreacted starting materials,
namely CaO, Scy0O3 and SiOs, also exist (Fig. 1c). On the other hand,
there are no diffraction peaks from the flux phase. Prolonged annealing
time has no significant influence on phase purity, nevertheless, the op-
tical properties of the annealed samples are improved (see Fig. 1).

To increase the PLQY, an alternative flux such as CaF; has been
tested to avoid possible boron incorporation into the CSS structure,
which may prevent increasing the PLQY. Following the same sample
preparation methodology, CaF; flux has been used instead of ByO3 flux
(Fig. 2). The series of the CSSG:Ce MP samples containing a nominal
Ce®* concentration of 0.5, 2.5, 5 and 7.5 at. % have been synthesized by
taking into account the optimal synthesis conditions under using CaFy
flux. The obtained samples display non-uniform morphology in SEM
(Fig. 2) and larger grainsize in comparison with the material synthesized
with B203 as flux (Fig. 1). The XRD shows an almost pure garnet phase
with a minor amount of ScoO3 and CaO as an impurity phase (Fig. 2e,
black line) as well as a complete absence of diffraction peaks from the
flux phase.

For characterization of the properties of the CSSG:Ce MPs under
study, the cathodoluminescence (CL), PL, PL excitation spectra (PLE), PL
decay kinetics, PLQY as well as photoconversion spectra (PC) were used.
The CL spectra were investigated at room temperature (RT) using a
scanning electron microscope SEM JEOL JSM-820, additionally equip-
ped with a spectrometer Stellar Net’s with a TE-cooled CCD detector
working in the 200-1200 nm range. PL emission and excitation spectra,
as well as PL decay kinetics, were measured using a FS-5 spectrometer
(Edinburg Instruments). The PC spectra and PLQY measurements were
performed by using a fiber-optic spectrophotometer AvaSpec-ULS 2048-
LTEC and the integrating sphere AvaSphere-50-IRRAD. The photo-
converter prepared from CSSG:Ce MPs was excited by the blue LED with
a wavelength of A = 464 nm.

3. Luminescent properties of CSSG:Ce MP samples

The electronic configuration of ce3t is [Xe]4f'sdC. Generally in
CSSG:Ce garnet the Ce>" ion occupies the D, symmetry Ca®" site, so that
the 5d level is initially split into a lower doublet (Eg) and a higher triplet
(T2g) by the cubic component of the crystal field and then further split by
the distortion from cubic symmetry. A first-principles study [8] has
calculated the energies of the 4f* and 5d’ levels of Ce®>" in CSSG host
with different types of charge compensation mechanisms. Therefore, the
wide absorption/PLE bands and the PL emission peaks in the MP sam-
ples under study originate from the 4f-5d transitions of Ce>* ions. The
splitting of the Ce>" energy level is induced by both the covalence effect
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Fig. 4. Influence of calcination time on RT PL and PLE spectra of CSS:0.5%Ce
MPs, prepared using 1 wt% B,O3 as a flux.

(nephelauxetic effect) and the crystal field effect.

CL spectra. The CL spectra of CSSG:Ce MPs samples, sintered with
different content of B,O3 flux and different concentration of Ce>* jons at
RT are shown in Fig. 3a and b, respectively. The dominant luminescence
band peaked at 553-555 nm range in these MP samples corresponds to
the 5d'— 4f(2F5 /2, 7/2) transitions of Ce®* jon in these garnet hosts. The
position of this band is slightly red-shifted from 553 to 555 nm in CSSG:
Ce MPs with increasing the Ce content from 1 to 5% (Fig. 3, curves 1-3).

Apart from the luminescence of Ce®* ions, other emission bands in
the UV range are also present in the CL spectra of CSSG:Ce MPs. The
main UV band peaks at 384-385 nm. The other low-intensity UV band
peaked at 325 nm is also present in the CL spectra of these MP samples.
Similar low-intensity bands in the UV range in the Ca*"-Mg?* and Si**
based garnets were attributed in works [9,10] to the luminescence of the
defects centers. In our opinion, the presence of large oxygen vacancies is
expected in the Ca2t - Mg?" - Si*" based garnets due to the possible
deviation in the content of these ions and the necessity of the local
charge compensation, as well as due to MP sintering in the reducing
(Hy/Ny) atmosphere. For this reason, the bands in the 325 nm and
384-385 nm range can correspond to the luminescence of F! and F
centers, respectively (singly and doubly charged oxygen vacancies) in
the CSSG host [10,11].

PL and PLE spectra. The PL spectra of CSSG:Ce MP samples, sin-
tered by using B2Os and CaF; fluxes (Figs. 4-6, respectively) have
typical double Ce3" 5d-4f emission bands peaked at 506 and 547 nm
corresponding to the transitions to two spin-orbit components 2F5/2’7/2
(separated by ~2000 cm™?) of the ground state. The PLE spectra show a
series of bands in 200-500 nm range, which are attributed to the ab-
sorption of the allowed transitions from the 4f ground state to the 5d
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Fig. 5. Effect of flux (BO3 and CaF5) on the luminescent properties of CSSG:0.5%Ce MPs. (a) - PLE and PL spectra; (b) - PL decay kinetics.
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Fig. 6. Investigations of PL and PLE (a) spectra and PL decay kinetics (b) of CSSG:Ce MP samples with different Ce* concentration.

levels of Ce®*.

It is important to note here that the prolongation of the annealing
time from 4 to 15 h leads to enhancement of the PLQY of CSSG:Ce MP
samples, sintered from B,0j3 flux, from 32% to 49.6% (Fig. 4). This effect
may be a consequence of improvement of the garnet crystal structure
during the sintering.

The PL and PLE spectra of CSSG:0.5% Ce MPs synthesized in the
presence of CaFy flux are identical to the ones of the sample synthesized
using B2Os (Fig. 5a), but the PLQY significantly increased from 49.6% to
60%. PL-decay measurements support this observation (Fig. 5b),
showing that the sample synthesized with B,O3 has a faster decay time
(105 ns) than that of the sample synthesized with CaF, (128 ns). In the
case of CaFo, the decay curve is closer to a single-exponential behaviour,
indicating less quenching and a higher PLQY in comparison with the
samples fabricated with ByO3 flux. The value of a PL-decay time of 128
ns for Ce3" in the CSSG sample is of the same order as that of other Ce3*
doped phosphors [12].

The influence of the Ce>* concentration in 0.5-7.7 at.% range on
PLQY of in CSSG:Ce MPs has been studied as well (Fig. 6). Under exci-
tation in the blue spectral range, all the obtained MP samples show
characteristic luminescence broad bands with maximums at 506 and
547 nm due to the Ge>* 5d-4f transitions. Furthermore, the samples have
high PLQY of 50-70% depending on the Ce3" content in the mentioned
range (Fig. 6a). It has been found that for CSSG:Ce5% MP, PLQY is 70%,
which is the highest value of the reported ones so far, to the best our
knowledge. For higher Ce®** concentration of 7.5 at. %, the PLQY drops
to 50.4% due to self-quenching of excited Ce3* ions.

The measured PL decay times fit very well to the PLQY values of the
samples (Fig. 6b). For the CSSG:0.5% Ce MP sample the PL decay time is
a bit longer than that for the CSSG:5% Ce sample, although PLQY of
CSSG:0.5% Ce is lower in the case of CSSG:5% Ce. It should be noted that
the decay time of CSSG:0.5% Ce MP deviates more from a single-
exponential curve than that of CSSG: 5% Ce MPs. Most probably, the
faster decay component in the 0-50 ns range is a result of some energy

transfer from the excited states to other Ce®>" emission centers, which
may explain the lower PLQY in the sample with lower activator
concentration.

4. Ce3** multicenter formation in CSSG:Ce phosphor

The RT PL emission spectra of CSSG:Ce 5% MPs are shown in Fig. 7a
under excitation in the maxima of the characteristic PLE bands (Fig. 7b).
The PL spectra of these samples show the intensive luminescence in the
form of wide bands peaked in the green range, which are related to the
5d1—>4f(2F5/2,7/2) transitions of Ce3* ions. Meanwhile, with increasing
the excitation wavelength from 233 to 433 nm, the PL spectra of CSSG:
Ce MPs show the blue shift from 501.5 to 495 nm firstly and then the red
shift from 495 to 505 nm (Fig. 7a, curves 1-5 and 6, respectively).
Therefore, the shift of the main maxima of the PL spectra of CSSG:Ce
MPs occurs non-monotonically with increasing the excitation wave-
length. Such a behavior of the PL emission spectra clearly indicates the
Ce®" multicenter formation in CSSG:Ce garnet (see Fig. 8).

The detailed analyses of the normalized PL spectra of CSSG:Ce MPs
(Fig. 7a) confirms the above-mentioned conclusion. Namely, the PL
spectra of CSSG:Ce MPs under excitation in the long-wavelength and
high-wavelength wings of the Ce>" related band at 344 nm and 443 nm,
demonstrate two pairs of the Ce®t emission bands peaked at 495 and
541 nm and 505 and 547 nm (Fig. 7a), related mainly to the different
Cel and Ce2 centers, respectively.

The PLE spectra of CSSG:Ce MPs at RT are shown in Fig. 5b. Several
sets of excitation bands are distinguished in the 200-500 nm spectral
range. The strongest bands E; (437 nm), Ep (339 nm) and Eg (256 nm)
can be attributed to the 4f—5d (°F and Tog) transitions of the first Cel
center, in accordance with previous studies [11,13]. The other sets of
excitation bands E,” (449 nm), E5” (311 nm), and E3” (256 nm) can be
attributed to the 4f'>5d! transitions of the second Ce2 centers with a
different local environment in comparison with the Cel center [13]. The
excitation band peaked at 280 nm can be related to a defect center, most
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Fig. 8. Visualization of possible Cel and Ce2 centers in structure of CazSco.
Si30q,:Ce garnet.

probably to the F center [11]. The emission of these centers in CSSG:Ce
host can excite the luminescence of Ce3* ions as well [11].

The decay kinetics of the Ce3" luminescence, recorded in the
different parts of Ce3* emission spectrum is shown in Fig. 7a. Similarly
to other Ca?"-Si*" based garnets [9,10,13,14], the decay kinetics of the
Ce®" emission in CSSG:Ce MPs is strongly non-exponential, and a
three-component fit of the decay curves I = XA;*exp(-t/1;) was used for

emission band. (For interpretation of the references to color in this figure

Table 1
Parameters of three exponention approximation of the decay kurves presented in
Fig. 7c.

Emission wavelength ty, s Ay tg, NS Ay ts, ns As

480 nm 4.7 0.13 27.2 0.17 63.5 0.26
500 nm 12.45 0.33 37.6 0.31 67.3 0.31
540 nm 14.0 0.07 51.1 0.37 74.9 0.44
580 nm 14.6 0.08 59.1 0.42 83.6 0.39

the qualitative description of the luminescence timing properties (see
also [15]). Although such a three-exponential approximation does not
describe correctly the luminescence decay behavior in the case of
quenching due to the energy transfer, the decay time values can be
considered as an estimation of the luminescence decay times of the
respective Ce>* multicenters (Table 1). Namely, the decay luminescence
in CSSG:Ce MPs can be presented by the three components tj, i = 3 with
different decay times, related to the different Ce>" centers. The decay
kinetics of the luminescence in the CSSG:Ce 5% MP sample at registra-
tion in the different parts of the Ce3" emission bands (Fig. 5¢) confirms
this conclusion. Namely, the values of 71, T2 and t3 decay times of the
Ce3" luminescence in CSSG:Ce MPs, registered at 480 and 580 nm under
excitation at 450 nm, increase from 4.7 ns; 27.2 ns and 63.5 ns—14.6 ns;
59.1 ns and 83.6 ns, respectively (Table 1).

Such a behavior of the decay curves in CSSG:Ce MPs can also indicate
the possible energy transfer from high-energy to low-energy Ce>*
emitting centers in this garnet [11,13-16]. The different decay times in
CSSG:Ce MPs can correspond to the different Ce>* centers in the
dodecahedral positions of the garnet lattice with various local sur-
roundings by oxygen and cations (Sc>* and Si** ions in the octahedral
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ison with commercial YAG:Ce powder.

and tetrahedral positions, respectively, Fig. 6).
5. Temperature-quenching characteristics of CSSG:Ce phosphor

It is well known that the temperature of LED package rises because of
heat generation by the LED itself. The phosphors used for color con-
version material in WLED must have low thermal quenching behavior at
least up to 150 °C. For this reason, we have performed the measurements
of temperature-quenching characteristics of the developed phosphors
[2], e. g. the measurements of the temperature dependence for the
luminescence intensity of CSSG:Ce MP samples (Fig. 9). The data of
commercial OSRAM YAG:Ce phosphor are also shown in Fig. 9 as a
reference. As can see from Fig. 9, the PL of CSSG:Ce phosphors is less
quenched at lower Ce doping concentration (0.5-2.5%) than that of a
commercially available YAG:Ce phosphor, even at higher temperature
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(>200 °C). Therefore, this phosphor is a very suitable color-conversion
material for the LEDs. However, at higher doping levels (5-7.5%), the
thermal quenching of PL is more enhanced.

6. WLED prototype creation

To demonstrate application possibility of the developed of CSSG:Ce
phosphor, a WLED has been fabricated by coating the CSSG:Ce phosphor
in epoxy resin on the GaN 432 nm blue LED chip driven by 130 mA and
3.5V (Fig. 10a). The emission spectrum of this WLED is quite broad and
covers the entire visible range (from 400 to 780 nm). Fig. 10a shows the
emission spectrum of such white LED having the CIE chromaticity co-
ordinates equal to x = 0.29 and y = 0.38.

The fabricated device with bright light characteristics demonstrates
that the WLEDs based on CSSG:Ce MPs are very promising and can be
applicable for indoor and outdoor lighting systems. Meanwhile, the
application potential of CSSG:Ce phosphor can be realized mainly in the
high power WLEDS due to better temperature dependence of the emis-
sion (see Fig. 9).

7. Conclusions

A novel synthesis method of CazScySiz012:Ce (CSSG:Ce) micropar-
ticle powder is developed by modified solid-state phase synthesis tech-
nique using BoO3 and CaF5 fluxes. This method allows one to synthesize
CSSG:Ce phosphors having very bright photoluminescence with a high
PLQY of about 60-70% at a Ce concentration of 2.5-5 at %. We have
confirmed that CSSG:Ce phosphors with Ce>* content in the 0.5-2.5%
at. % range display also higher thermal stability of photoluminescence
in comparison to a commercial YAG:Ce phosphor.

We have also observed the formation at least two Ce>" centers in the
CagScoSiz012:Ce garnet in the emission and excitation spectra of the MPs
under study, as well as in the decay kinetics of the Ce>* luminescence.
Such Ce®* centers possess different spectral behaviours (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 environments

Fig. 10. (a) - CIE chromaticity coordinates and emission spectrum of a WLED lamp fabricated on the base of 432 nm LED chip and CSSG:5%Ce phosphor. Inset shows
appearance of a well-packaged LED lamp in operation. (b) - demonstration of the white LED in dark room.
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of the respective dodecahedral positions of the garnet host. Such an
inhomogeneity of the local environments of the dodecahedral positions
of the garnet host arrises at substitution of the octahedral positions by
heterovalence Mg?* and Sc®* ions and the tetrahedral positions by Si**
ions.

The efficient protype of WLED lamp has been fabricated using CSSG:
Ce phosphor and GaN 432 nm blue LED chip for demonstration of the
application possibility of the developed of CSSG:Ce phosphor. Such a
lamp emits the white light with the CIE chromaticity coordinates x =
0.29 and y = 0.38.
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Abstract: This work is dedicated to the crystallization and luminescent properties of a prospective
Cay YMgScSizO1y:Ce (CYMSSG:Ce) micropowder (MP) phosphor converter (pc) for a white light—
emitting LED (WLED). The set of MP samples was obtained by conventional solid-phase synthesis
using different amounts of B,Oj3 flux in the 1-5 mole percentage range. The luminescent properties of
the CYMSSG:Ce MPs were investigated at different Ce3* concentrations in the 1-5 atomic percentage
range. The formation of several Ce3* multicenters in the CYMSSG:Ce MPs was detected in the
emission and excitation spectra as well as the decay kinetics of the Ce>* luminescence. The creation
of the Ce®* multicenters in CYMSSG:Ce garnet results from: (i) the substitution by the Ce®* ions
of the heterovalent Ca** and Y3* cations in the dodecahedral position of the garnet host; (ii) the
inhomogeneous local environment of the Ce>* ions when the octahedral positions of the garnet
are replaced by heterovalent Mg2+ and Sc3* cations and the tetrahedral positions are replaced by
Si** cations. The presence of Ce>* multicenters significantly enhances the Ce* emission band in
the red range in comparison with conventional YAG:Ce phosphor. Prototypes of the WLEDs were
also created in this work by using CYMSSG:Ce MP films as phosphor converters. Furthermore, the
dependence of the photoconversion properties on the layer thickness of the CYMSSG:Ce MP was
studied as well. The changes in the MP layer thickness enable the tuning of the white light thons
from cold white/daylight to neutral white. The obtained results are encouraging and can be useful
for the development of a novel generation of pcs for WLEDs.

Keywords: WLED; phosphor converters; Ca2+—Mg2+—Si4+—based garnets; micropowder; luminescence;
Ce3* multicenters

1. Introduction

With development of blue-emitting light-emitting diodes (LEDs) based on AllInGaN
semiconductor chips, the lighting industry is in a technical breakthrough. In the past few
years, these LEDs, in combination with blue-to-yellow light converters emitting white light
(WLEDs), have caused quite a stir in the lighting industry. With their long service life,
low production costs, and high efficiency, WLEDs are a suitable environmentally friendly
alternative to conventional light bulbs and fluorescent lamps. They are also competitive
thanks to their low energy consumption and resource-saving production. As a result,
these diodes are significantly more ecological in terms of production and application than
conventional light sources. They also have a useful color rendering index (CRI) and an
easily adjustable correlated color temperature (CCT) [1-5]. LED technology can be found in
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the industry in many application areas, for example, in the automotive industry, in medical
technology, and in lighting and sensor technology [6—10].

Development and spectroscopic investigation of Ca?*-Si**-based garnets are very con-
ducive for designing novel generations of phosphor converters (pc) in so-called planar-type
technology for high-power WLED [11,12] and new materials for luminescent thermometry as
well [13]. Nowadays, the development of such types of phosphors is a prospective direction
in semiconductor lighting technology [12-19]. Currently, for the production of high-power
WLEDs, YAG:Ce garnets in crystal or ceramic form are mainly used in combination with
blue LED [11,20-23].

Of all the Ca-Si-based garnet phosphors, the most well-known is CazSc;SizO1, (CSSG)
garnet, doped with different types of rare-earth or/and transition metal ions [11,20,24].
The simultaneous localization of Ce®* ions and other rare-earth and transition metal ions in
the different valence states in the dodecahedral sites enables the creation of a wide class
of novel silicate-based garnet phosphors. Furthermore, additional Y3*-Mg?* pair-alloying
into the Ca3Sc;Si301,:Ce garnet host opens additional possibilities for the modification of
luminescent properties and the development of more efficient types of pc for WLED [13,25].
Namely, such an approach allows achieving the more suitable redshift of the emission
spectra and better color properties of pc-WLEDs in comparison with conventional YAG:Ce
pc [13,25].

The current work aims to study the characteristics of the luminescent properties of
Ce3*-doped CayYMgScSi3Oq2 (CYMSSG:Ce) microcrystalline powder (MP) phosphors
prepared using conventional solid-state synthesis, which can be used as an efficient pc for
the creation of high-power WLEDs. Prototypes of pc-WLEDs based on CYMSSG:Ce MP
planar layers of different thicknesses were fabricated in this work and their pc properties
were investigated as well. The development of this type of phosphor is nowadays a hot
topic in lighting technology, especially given that currently only phosphors based on
YAG:Ce crystal or ceramic garnet are available for the production of power WLEDs with
the excitation of blue LEDs.

2. Synthesis of CYMSSG:Ce Micropowder Samples and Their Structural Qualities

CYMSSG:Ce MP were synthesized by conventional solid synthesis as an effective
production method based on a solid-solid reactions, and in this case, between the micro-
crystalline grains of the raw components. During the synthesis of MPs from CaO, Y,0s3,
MgO, Scp03, and SiO, raw oxides with 4N purity, they were first weighed and then ground
in agate solution for 20 min to obtain the greatest homogeneity of the powder. It is necessary
to note here that the homogeneity of the samples significantly enhances the luminescent
properties of the phosphors. The final phosphor mass was baked in an Al,O3 crucible at a
heating rate of 20 °C/min to 1300 °C for 10 h in a reducing atmosphere (95% N + 5% Hj).

In the solid-state method, the preparation of phosphors using flux can substantially
support the formation of the garnet phase and enables the obtaining of microparticles with
high quantum yield. The application of flux can also significantly improve the morphology
of the grains and, in this way, additionally enhance the material PL intensity. For this
reason, the synthesis of CYMSSG:Ce MP samples was performed using B,Oj3 flux with
concentration in the 1-5 wt.% range with respect to the total weight of the garnet charge. By
using B,O3 flux to improve the condition of the solid-state reaction, the Ca; YMgScSizO12
garnet phase in the MP samples under study was successfully obtained (Figures 1 and 2).

Figure 1 demonstrates the SEM images of the CYMSSG:Ce MP samples synthesized
from the charge containing 1 wt.%, 2.5 wt.%, and 5 wt.% B,Oj3 flux agent. Overall, the
structure of the garnet is visible in all MP samples under study. From Figure 1, the influence
of the flux and its concentration on the formation of the cubic particles with a garnet
structure can also be observed. Cubic grains corresponding to the garnet structure are
present in small amounts in the MP sample synthesized at a concentration of 1 wt.% B,O3
(Figure 1a). Furthermore, strong grain agglomeration is visible for this MP sample. On
the contrary, the MP samples synthesized from compounds with a higher B,O3 content
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(Figure 1b,c) have a more homogeneous garnet structures, especially for the sample with
the highest (5 wt.%) flux concentration (Figure 1c). That means that increasing the flux
content leads to a uniformity of the grain distribution and some increase in the average
grain size, up to 5-8 um for a Ba,O3 concentration of 5 wt.%.

1% wag. B20:

(b) (c)

Figure 1. SEM images of CYMSSG: 2.5%Ce MPs, prepared using different amounts of B,O3 flux
agent: (a) 1 wt.%, (b) 2.5 wt.%, and (c) 5 wt.%.

A\19% at.Ce*

7

(b) (c)

Figure 2. SEM images of CYMSSG:Ce MPs samples with different Ce3* concentrations, prepared
using 2.5 wt.% B,Os flux agent: (a) 1 at.%, (b) 2.5 at.%, and (c) 5 at.%.

SEM images of CYMSSG:Ce MPs synthesized with an activator concentration in the
1-5% range are shown in Figure 2. Generally, garnet grains are visible in all samples.
However, the strong grain agglomeration is observed for samples with the lowest Ce3*
content of 1%. Furthermore, the quantity of agglomerates is significantly lower in the
samples with Ce>* contents of 2.5 and 5 at.%, especially in the last one (Figure 2c). For the
last sample, the most uniform distributions of the grain are observed, with their average
size in the 3-5 pm range.

The X-ray diffraction (XRD) of MP samples sintered with different B,Oj3 flux amounts
(Figure 3a) and different Ce3* concentrations shows almost pure phases of Ca3ScySizO1
garnet (CSSG) in both cases and excellent correspondence with the respective ICSD-27389
pattern. However, some minor amounts of unreacted starting materials, (5i0,) as well as the
secondary phases (CayCegO04Sis, YBO3), are also observed in the XRD patterns (Figure 3).
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Figure 3. XRD patterns of CYMSSG:Ce MPs with different flux and activator amounts: (a) x wt.%
B,03 and (b) x at.% CeO,, where * is CapCegOy4Sig, + is SiO,, and o is YBOs.

From the XRD data, a garnet phase with maxima corresponding mostly to Ca3Sc;Si3O12
was detected. The main peak of the garnet at about 32.7° (26), which belongs to the {024}
family of lattice planes, is very well defined in these compositions. However, additional
peaks, which cannot be precisely identified, can be seen in Figure 3.

It is noticeable here that the peaks are shifted by several 20. The incorporation of Mg?*
ions into the crystal lattice is a probable reason for the discernible shift to the right. The
Mg2+ ions take the lattice sites of the Sc3* ions. Due to the smaller ionic radius, the lattice
spacing increases, which means that 26 increases accordingly. As a result of the substitution
with Y3* and Mg?*, a newly modified silicate garnet structure that is not yet known in the
database has probably emerged.

Furthermore, the increase in B,O3 achieves better single-phase character. This is
illustrated by the peaks at around 32° (20) and between 51 and 52° (20) (Figure 3a). The
proportion of the Ca;CegOy4Sig foreign phase and the intensity of the corresponding peak
decreases with the increasing B,O3 concentration.

As expected, a garnet phase similar to that of CazScySi3O1, could also be detected
in a series of measurements with different concentrations of Ce ions using XRD analysis
(Figure 3b). The main peaks of the silicate garnet phase are consistent with those of
synthesized samples. However, as already mentioned, these are shifted. By increasing the
CeO; concentration, the intensity of the peak at 33° increases, and the proportion of the
CayCegOy4Sig foreign phase increases as well.

3. Photoluminescence Quantum Yield of CYMSSG:Ce MPs

The photoluminescence quantum yield (PLQY) of the CYMSSG:Ce MPs depending
on the synthesis conditions is given in Table 1. The PLOY values ranges lie between 42.1
and 63.6%, depending mainly on the content of the garnet phase in the MP samples under
study. The highest quantum efficiency has the MP sample with an activator concentration
of 2.5 at.% and a B,Oj3 flux agent content of 2.5 wt.%. Correspondingly, the garnet content
in these MP samples is highest as well and equal to 82% (Table 1). It is necessary to note
that second phases do not influence the emission properties in the Ce>* emission spectral
region and serve as light scattering centers and, probably, as emission centers in the UV
region in the samples investigated in this work (see results below).
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Table 1. The garnet/secondary phase proportions and PLQY of the CYMSSG:Ce MPs sintered with
different flux and activator contents.

Nominal Chemical Composition

Ca;MgYScSizOpp:Ce Garnet Content, % Secondary Phases Content, (%) PLQY, %
1 at.% Ce3* + 1 wt.% B,O5 49.5 5283(}%%285 g;_'g; 421
1 at.% Ce3* + 2.5 wt.% B,O3 80 CapCegOy¢Sig (11); SiO, (7); CaOs (2) 54.5
1 at.% Ce3* + 5 wt.% B,O3 80 CayCegOq6Sig (9) Si0,(4); Cer O3 (5); YBO3 (2) 479
1at.% C63+ + 2.5 wt.% 3203 81 CazCeSO%Sié (9), SIOZ (1), Ce203 (2), MgO (2), Ca (5) 48.5
2.5 at.% Ce3*+ 2.5 wt.% B,03 82 Ca,CegSigOag (14); Cez 03 (2); Si0, (2); 63.6
5 at.% Ce3* + 2.5 wt.% B,O;3 62 CayCegO94Sig (13); SiO, (17) CaO, (2); MgO (6) 443

The largest garnet phase content, in the 80-82% range, is observed for the MP samples
sintered with a BayOs flux content in the 2.5-5 at.% range and the activator concentration
in the 1-2.5% range. The most optimal condition is the sintering with a flux content of
2.5 wt.% B,O3 and a Ce®* concentration of 2.5 at.%, enabling 82% garnet content in the MP
sample (Table 1).

Some ways of improving the PLQY were investigated. For instance, an efficiency
of more than 71% was achieved by the synthesis of CYMSSG:Ce in pellets by a two-step
synthesis process. This was a case in which only 68% of the main phase was detected by
XRD analysis.

4. Luminescent and Photoconversion Properties of CYMSSG:Ce MP Samples

For characterization of the optical properties of the CYMSSG:Ce MPs under study, the
cathodoluminescence (CL), photoluminescence emission (PE) and excitation spectra (PLE),
PL decay kinetics, and PLQY and photoconversion spectra (PC) measurements were used.
The CL spectra were investigated using the e-beam from a scanning electron microscope
SEM ]JEOL JSM-820 (JEOL, Warsaw, Poland) additionally equipped with a Stellar Net
spectrometer with a TE-cooled CCD detector working in the 200-1200 nm range. PL and
PLE spectra and PL decay kinetics were measured using an FS-5 spectrometer (Edinburgh
Instruments, Livingston, UK). An EPL-450 picosecond pulsed diode laser was used to
measure of the decay kinetics, and the typical average power of this laser is 0.15 mW
(Edinburgh Instruments). The PC spectra and PLQY measurements were performed
using a fiber-optic spectrophotometer AvaSpec-ULS 2048-LTEC (Avantes, Apeldoorn, The
Netherlands), and an integrating sphere AvaSphere-50-IRRAD. The photoconverter (pc)
prepared from CYMSSG:Ce MP films of different thicknesses was excited by the blue LED
at a wavelength of A = 450 nm. All luminescence measurements were performed at room
temperature (RT).

4.1. Cathodoluminescence Spectra

The normalized CL spectra of the CYMSSG:Ce MPs samples sintered with different
amounts of B,Oj3 flux and different concentrations of Ce3* ions are shown in Figure 4a,b,
respectively. The dominant luminescence band with a peak in the 550-555 nm range in
all MP CYMSSG:Ce samples corresponds to the 5d! — 4f (2Fs, 7/,) transitions of Ce* in
these garnet compounds. The position of the Ce®* band is slightly red-shifted from 551
to 555 nm in the MP samples with an increase of the flux contents from 1 wt.% to 5 wt.%
(Figure 4a) and Ce®* content from 1 to 5% (Figure 4b).

Apart from the luminescence of the Ce>" ions in the garnet structure in the visible
range, the other emission bands in the UV range peaked in the 380-392 nm range are
also observed in the CL spectra for the CYMSSG:Ce MPs. Furthermore, the lowest UV
luminescence efficiency is observed in the CL spectra of the CYMSSG:Ce MP sample
sintered with flux and activator contents of 2.5 wt.% and 5 at.%, respectively (Figure 4b).
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Figure 4. Normalized CL spectra of CYMSSG:Ce MPs sintered with different amounts of B,O3 flux
(a) and different concentrations of Ce3* ions (b).

It is important to note here that the low intensity bands in the UV range of Ca?*-Mg?*-
Si** -based garnets usually are assigned to defect luminescence [26,27]. According to the
authors [26,27], the presence of a high concentration of oxygen vacancies in these gannets
is expected due to possible deviations in the concentration of heterovalent Ca?*, Mg?*, and
Si** cations and the demands for local charge compensation. For this reason, the bands
peaked at 317 nm and the 380-392 nm range may correspond to the luminescence of the F*
and F centers (single- and double-charged oxygen vacancies, respectively) in the CYMSSG
host [27,28]. However, it is also worth mentioning here that, due to the relatively large
contents of the secondary phases in the tested MP samples, the luminescence spectra in
the UV range may also partly correspond to the Ce>* luminescence in these compounds.
However, a visible correlation between the contents of the secondary phases and the
intensity of the UV luminescence was not observed for the tested CYMSSG:Ce MP samples.

4.2. PL and PLE Spectra

The PL spectra of the CYMSSG:Ce (1 at.%) MPs (Figure 5a) sintered with different B,Os
flux amounts show wide bands peaked in the 565-575 nm range, which corresponds to the
Ce®* radiation transitions from the lowest 5d level of the excited state to the 4f(°Fs /2.7/2)
levels of the ground state. Increasing the concentration of B,Os leads to a shift in the emission
spectra of the Ce®* ions to the long-wavelength spectral range (Figure 5a) [11,27-29].

The PLE spectra of these MP samples (Figure 5b) show several bands in the 250-550 nm
region. The main band E; peaked in the 460—465 nm range is explained by the absorption
of the allowed transitions from the 4f ground state to the lowest 5d" levels of the Ce3* ions.
Moreover, two MP samples, synthesized with a higher concentration of boron oxide, have a
E; band peaked at 356 nm, which also corresponds to the 4f (5d?) excitation band of the Ce3*
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ions. The low intensity of the E; band in comparison with conventional YAG:Ce garnets
(Figure 4b) is characteristic of Ca?* (or Mg?*) -Si**-based garnets (see also [27,30,31]).

—1wt.% B,0; Em=570 nm CYMSCG:Ce MPs
- o TTT25WL%B,O, Ex=450 nm 4, 575 1at.% Ce™
460 465 565 75 == 5% wt.% B,0, 10L- 461464 . 572580 === 2.5 at.% Ce®
L

 —-=5at.%Ce*
. === YAG:Ce5%

(b)
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o
(3.
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Figure 5. PL spectra and PLE spectra of CYMSSG:Ce (1 at.%) MPs sintered with different amounts of
B,Oj3 flux (a) and PL spectra and PLE spectra of CYMSSG:Ce MPs samples with different concentra-
tions of Ce3* ions sintered with a B,Oj3 flux content of 2.5 wt.% (b).

Figure 5b demonstrates the PL and PLE spectra of the CYMSSG:Ce MPs with variable
Ce®* ion concentrations in the range 1-5 at.% synthesized with a flux B,O3 concentration of
2.5 wt.%. Increasing the Ce* concentration in these MP samples leads to the increases of the
crystal field strength in the dodecahedron position of the garnet compounds, which results
in a long-wavelength shift in the Ce®* emission spectrum (Figure 5b). Moreover, the PL
emission and excitation spectra of all CYMSSG:Ce MP samples is considerably broadened
in comparison with the conventional CSSG:Ce and YAG:Ce phosphors (Figure 5b). Namely,
the PL emission spectrum in CYMSSG:Ce MPs shifted with respect to YAG:Ce spectrum by
more than 40 nm into the red range, extending up to even 800 nm. The respective FWHM
of the Ce®* emission bands increases from 124.5 nm in the YAG:Ce 5% to 139.5 nm in the
CYMSSG:Ce5% MPs. The FWHM of the main Ce3* excitation band in the PLE excitation
spectrum of the CYMSSG:Ce MPs is also significantly larger in the CYMSSG:Ce5% MPs
(104 nm) in comparison with the YAG:Ce5% sample (56 nm) (Figure 5b). Such results,
without any doubt, indicate the existence of different Ce>* centers in the CYMSSG garnets
(see also [27,30-33] for details).

It is also worth noting that the PLE spectra of these MP samples (Figure 5a) also
contain a band in the UV range peaked at 308 nm, which can correspond to the excitation of
the defect luminescence in the CYMSSG host in the bands peaked in the 380-393 nm range
(Figure 2). Such emission bands are overlapped with the E; and E, excitation bands of the
Ce3* luminescence in the garnets. That results in the excitation of the Ce>* luminescence
via the luminescence of the defects centers. Thus, energy transfer between the defect and
Ce>* centers is observed in all CYMSSG:Ce MP samples under study.

Figure 6 shows the PL decay kinetics of the MP CSSG: Ce samples with different
concentrations of B,Oj3 flux (a) and Ce3* activator (b). The approximation parameters of
the respective decay curves are given in Tables 2 and 3, respectively.

Similarly to other Ca?*-Si**-based garnets [26,32,33], the decay kinetics of the Ce3*
emission in Ca;YMgScSizOq2:Ce MPs is non-exponential. For this reason, the three-
exponential fit of the decay curves was used for the quantitative description of the lumines-
cence timing properties (Tables 1 and 2). Although such a three-exponential approximation
does not describe the luminescence decay behavior correctly at quenching due to the energy
transfer, the decay time values can be considered as estimations of the luminescence decay
times of the respective Ce>* multicenters.
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Figure 6. PL decay kinetics at RT recorded at 570 nm under blue light excitation (450 nm) in MPs
sintered with different amounts of B,O; flux (a) and different concentrations of Ce>* ions (b).

Table 2. Parameters of three exponential approximations of the decay curves presented in Figure 6a
(Em =570 nm, Ex = 450 nm).

x% wag. B,O3 t1, ns Aq ty, ns A, t3, ns Az
1 4.44 21.59 42.1 21.58 66.88 21.78
2.5 5.31 8.12 54.5 29.46 68.17 29.75
5 3.93 53.17 47.9 48.64 58.62 55.74

Table 3. Parameters of three exponential approximations of the decay curves presented in Figure 6b
(Em =570 nm, Ex = 450 nm).

x% at. Ce3* t1, ns Aq tp, ns A, t3, ns Az
1 8.49 26.79 51.65 65.93 80.18 57.11
2.5 6.90 26.87 72.03 34.59 73.13 32.18
5 11.54 29.05 72.79 33.99 79.74 42.03

5. Ce** Multicenter Formation in CYMSSG:Ce Phosphor

The RT PL emission spectra of the CYMSSG:5%Ce MPs are shown in Figure 7a under
excitation in the characteristic PLE bands (Figure 7b). The PL spectra of these samples
show the intensive luminescence in the form of wide bands peaked in the green range
related to the 5d' —4f(*Fs /2,7/2) transitions of the Ce3* jons. Moreover, by increasing the
excitation wavelength from 420 to 480 nm, the PL spectra of the CYMSSG:Ce MPs are
significantly red-shifted from 564 to 587 nm and slightly narrowed (Figure 7a). (Figure 7a,
curves 1-9, respectively). Furthermore, the shift in the main maxima of the PL spectra of the
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CYMSSG:Ce MPs and the intensity in the peak positions occurs non-monotonically with the
increasing excitation wavelength (Figure 8a,b) in comparison with the similar dependencies
for the YAG:Ce SCF sample (not shown in Figure 8). Behavior such as that shown in the PL
emission spectra indicates the Ce®>* multicenter formation in the CYMSSG:Ce garnet.
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~ -~ Ex=440 nm (3)
N Ex=445 nm (4)
\ Ex=450 nm (5)
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\\.\ ~ - =~ Ex=480 nm (9)
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Figure 7. Detailed luminescent properties of Ca; YMgScSizO12:Ce5% MPs at RT. Emission (a) and
excitation (b) recorded in different parts of the respective spectra. PL decay kinetics (c) at RT recorded
under blue light (450 nm) excitation in different parts of the Ce?* emission band.
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Figure 8. Dependencies of the maxima (a) and intensities (b) in the peak positions of Ce* emission
bands on excitation wavelength in Ca; YMgScSi3O15:Ce MPs (see Figure 7a,b).

The normalized excitation spectra of the Ce3* luminescence in the CapyYMgScSizO1,:Ce
MP samples are shown in Figure 7b. In these spectra, the most intensive excitation bands,
E; and E;, peaked in the 454 nm (E;) and 353 nm (E;) ranges, are attributed to the intrinsic
transitions from the 4f(*Fs /2) level of the ground state to the 5d (E;) excited level of the Ce3*
ions (Table 4). The excitation bands peaked at 306 nm (B; band) and 274 nm (B, band) are
also observed in the excitation spectra of the Cap YMgScSizO1,:Ce MPs (Figure 7a,b). These
excitation bands are not related to the intrinsic transitions of the Ce®" ions and probably
correspond to the Ce®* luminescence excitation by the emission of the defect centers or the
emission of flux-related impurities [30,31].

Table 4. Spectral characteristics of the different Ce?* multicenters in CapYMgScSizO1,:Ce garnet.

Type of Centers

Maximum of Dominant Position of E; and E;

Emission Band, nm Excitation Bands, nm AE=E; — Eq, eV Stokes Shift, eV

Cel
Ce2
Ce3

569 349,446 0.773 0.601
573 358,458 0.756 0.542
586 354;461 0.813 0.574

The decay kinetics of the Ce>* luminescence in the Ca; YMgScSizO12:Ce MPs registered
at 520-580 nm under excitation at 450 nm are shown in Figure 7c. Due to the strong non-
exponentiality of the decay kinetics, the three-exponential fit of the decay curves was used
for the quantitative description of the luminescence timing properties (Table 5).

Table 5. Parameters of three exponential approximations of the decay curves presented in Figure 7c.

Emission
Wavelength t1, ns A1 t), ns A2 t3, ns A3
520 nm 6.38 0.05 36.32 0.39 77.64 0.48
540 nm 15.47 0.12 66.76 0.61 79.04 0.51
560 nm 2.54 0.85 37.34 0.29 90.71 0.25
580 nm 5.31 0.14 44.72 0.34 85.19 0.49

Behavior such as that shown in the decay curves of the Ca, YMgScSiz;O1,:Ce MPs
can also indicate possible energy transfer from high-energy to low-energy Ce3* emitting
centers in these garnets [32,33]. The different decay times in the Ca3Sc;Si3O1,:Ce SCF can
correspond to the 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
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and tetrahedral positions, respectively, and Ca?* and Y3* cations in the dodecahedral
positions of the garnet host; Figure 9).

Ce1l
Ced4 ?

Ce3

Figure 9. Visualization of possible Ce3* multicenter formation in the structure of CayYMgScSi3-
O17:Ce garnet.

6. WLED Prototype Creation

To demonstrate the application possibility of the development of CYMSSG:Ce phos-
phor, WLED prototypes were fabricated by coating a blue LED with an emission wavelength
of 450 nm with several films containing CYMSSG:Ce phosphor embedded in epoxy resin
(Figure 10a). PC measurements of the WLED prototypes were performed after each suc-
cessive PC layer of a thickness of approximately 100-120 um. The emission spectra of
these WLEDs are quite broad and cover the entire visible range from 400 to 780 nm. The
emission spectra of the WLED prototypes also show a significant decrease in the intensity
of the blue component and a respective continuous increase in the intensity of the yellow
emission by increasing the total film thickness (Figure 10a). As can be seen from Figure 10b,
the color coordinates move to the diagram’s center by increasing the total thickness of the
PC film. Finally, the WLED prototypes, based on six films of CYMSSG:Ce MP PC, give
quite cold white emissions with the correlated color coordinates (CCC) x = 0.315; y = 0.31
and a correlated color temperature (CCT) of 6930 K. Furthermore, as the thickness of the
photoconverter film increases, the color coordinates move to the center of the diagram,
including the warm white color pattern. However, these trends of the photoconverting
properties of the developed WLED prototypes are quite limited by the conversion efficiency
of the CYMSSG:Ce MP phosphor with a Ce3* concentration of 1 at.%. To obtain a precise
tuning of the photoconversion properties (CCC and CCT), the CYMSSG:Ce MP phosphor
with Ce®* concentration above 1% can be used as well.

The fabricated device with bright-light characteristics demonstrates that the WLEDs
based on the CYMSSG:Ce MPs are very promising and can be applied to lighting systems
(Figure 10a, insert). The CIE chromaticity coordinates of the prototype WLEDs are shown
in Table 6.
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Figure 10. Emission spectrum (a) and chromaticity diagram (b) of a WLED lamp fabricated on the
base of 450 nm LED chip and CYMSSG:1%Ce phosphor.

Table 6. CIE chromaticity coordinates of a WLED lamp fabricated on the base of 450 nm LED chip
and CYMSSG:1%Ce phosphor.

Unpolished Samples (h =1 mm)

Samples CIE Coordinates
X y

1 layer 0.195 0.112
2 layers 0.208 0.134
3 layers 0.257 0.220
4 layers 0.279 0.241
5 layers 0.296 0.282
6 layers 0.315 0.31

7. Conclusions

Microcrystalline powder (MP) samples of Ca; YMgScSizO1,:Ce garnet with Ce3* con-
centrations in the range of 1-5 at.% were obtained using solid-state synthesis by adding
B,O3 flux in the 1-5 wt. % concentration of the total charge content. To determine the
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luminescent properties of the CYMSSG:Ce MPs, the cathodoluminescence (CL) spectra,
photoluminescence (PL) emission and excitation spectra, PL decay kinetics, and the PL
quantum yields (PL QY) were measured.

The obtained results confirm the Ce** multicenter formation in the MP of the CYMSSG:Ce
garnet. It is mainly caused by the location of the Ce®* ions in the dodecahedral positions of
the Ca?* and Y3* cations, and the different local surroundings of these centers. Namely, Ce3*
multicenters such as those in the mentioned dodecahedral positions of the garnet host possess
additional local asymmetry and crystal field strength due to inhomogeneity in the local
environment of these positions during the substitutions at the octahedral sites by heterovalent
Mg?* and Sc®* ions and the at the tetrahedral sites by Si** ions. Based on the results of the
optical investigations, the luminescent characteristics of different Ce>*-based multicenters
were estimated.

The application potential of the developed CYMSSG:Ce MP phosphor was demon-
strated. Planar WLED prototypes were fabricated by coating GaN 450 nm blue LED chips
with several 100-120 um thick layers of CYMSSG:Ce MP phosphor mixed with epoxy
resin. Furthermore, the WLED prototypes, based on five CYMSSG:Ce MP photoconverters,
give emissions close to white light with the coordinates x = 0.315; y = 0.31 and a color
temperature of 6930 K.
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ARTICLE INFO ABSTRACT

Keywords: This work is dedicated to study the synthesis processes and luminescence properties of micro-crystalline powder
WLED phosphors of Ce>" and Mn?t doped Ca;YMgScSizO;5 garnets (CYMSSG:Ce and CYMSSG:Ce,Mn) The photo-
Phgiphorziom{sfers luminescence emission spectra and decay kinetics confirm the formation of Ce>* multicenters in the CYMSSG:Ce
Ca™- Mg™- Si"-based garnets powder phosphor due to local inhomogeneity of the different dodecahedral positions and presence of the energy

Micropowders . s . . .
Soli d-ftate synthesis transfer between high-energy and low energy Ce>* emission centers in this garnet. The effective Ce®>* to Mn?*
Luminescence energy transfer process is observed in CYMSSG:Ce, Mn phosphors resulting in the redshift of the emission spectra

in comparison with CYMSSG:Ce counterpart. We have shown that CYMSSG:Ce and CYMSSG:Ce, Mn powder
phosphors can be used as an efficient photoconverter (PC) for creation of the high-power white LEDs (WLEDs).
The prototypes of PC-WLEDs, based on 450 nm emitting blue LED and planar layers of CYMSSG:Ce and CYMSSG:
Ce, Mn microcrystalline powder phosphors, embedded in the epoxy resin, were prepared and their photo-

conversion properties were investigated as well.

1. Introduction

The research of WLEDs is today one of the most promising fields in
artificial lighting technology due to their exceptional qualities such as
extended life, high efficiency, and environmental friendliness when
compared to incandescent bulbs. Moreover, they have a good color
rendering index (CRI) and an effortlessly movable correlated color
temperature (CCT). These WLEDs are widely used in the car industry,
lighting, sensor innovation and therapeutic technique. Currently, the
conventional WLED structure is a blue LED chip combined with a yellow
light-emitting YAG:Ce photoconverter (PC) [1]. Although YAG:Ce
garnet has thermal stability of the luminescence at high temperatures,
an alternative is still being sought today due to the lack of red-light
emission, especially for headlights.

Among all the Ca-Si based garnet phosphors, the CasScSizO12
(CSSG) garnet is the well-known analog that can be doped with different
types of rare earth and/or transition metals ions [2-4]. The simulta-
neous localization of Ce>" ions and other rare-earth and transition metal
ions in different valence states in the dodecahedral sites allows for the

generation of a large new class of silicate-based phosphors garnets.
Furthermore, the additional alloying of Y3*- Mg?" pairs in the CasScy.
Siz012:Ce garnet host opens additional possibilities for modifying the
luminescence properties and developing the more efficient PC species
for WLEDs [3,4]. In particular, such an approach gives rise to the proper
redshift of the emission spectrum and better color characteristics of
PC-WLEDs as compared with the conventional YAG:Ce PCs [3-5].

However, since the white light obtained in this way has a low pro-
portion of red light, the CRI is low and the CCT is high (cold white light).
To eliminate these drawbacks, the yellow phosphorescent components
(YAG:Ce, etc.) are mixed with the red phosphorescent components such
as CaAlSiNg:Eu®*, (Sr,Ca)Si:Eu®", and (Ba,Sr,Ca),SisNg:Eu®t [6-8].
However, this method can cause some variation during WLED
manufacturing. As a rule, using a single orange or green/red phospho-
rescent component instead of a mixture of phosphorescent components
may help to partially reduce this variation.

Mn?" ions are known to emit the 500-800 nm light depending on the
host [9-11,25-29]. In a tetrahedral environment, the luminescence is
usually green. In an octahedral structure with a stronger crystal field, the
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luminescence shifts from orange to red. The main drawback of the Mn?*
activator is difficulty in blue LED pumping because its d-d absorption
transition prohibits parity. For this reason, to use Mn?* as an emitting
ion, its emission must be sensitized by the energy transfer (ET) from
another ion whose absorption transition is allowed by the selection rule.
Ce>" jons have already been proven to be highly effective sensitizing
ions for the Mn?" luminescence [12-14]. Keeping in mind that both
Ce**ions produce their luminescence, co-doping one of them with Mn?*
and the matrix will probably allow the formation of phosphors whose
luminescence covers the spectral range from blue to red.

The paper presents new systematic results of comparative studies of
the luminescence properties of silicate garnets microcrystalline powder
phosphors Ca;YMgScSis012 (CYMSSG) doped with Ce>* and Mn2* ions,
synthesized by conventional solid-state synthesis, which can be used to
create efficient WLED converters. Currently, the development of this
type of phosphor is an auspicious direction in semiconductor lighting
technology, especially given that currently only phosphors based on
YAG:Ce crystal or ceramic garnet are available for the production of
power WLEDs with excitation of blue LEDs.

2. Synthesis of CYMSSG:Ce micropowder samples and
experimental techniques

The microcrystalline powders of Ce>* and Mn?** doped CYMSSG
garnets were obtained by the conventional solid-state synthesis with the
use of BayOs3 flux in a concentration of 5 wt % of the total charge content.
The series of the CYMSSG micropowder samples containing a nominal
Ce** and Mn?" concentration of 1 at. % have been synthesized by taking
into account the optimal synthesis conditions under using B;O3 flux
[24]. The purity of raw materials was 99.9% (CaCO3 and MnO3) and 99.,
99% (MgO, Y203, CeOs, BayOs. The suppliers of raw materials were
Sigma-Aldrich (CaCO3, MgO), Merk (B203, Y203) and Alfa Aessar (CeOq,
MnOy). The thermal treatment of powders was performed in the air
atmosphere firstly at 900 °C for 8 h and then at 1350 °C for 24 h. By
using the flux in this method of solid-state preparation of phosphors, the
morphology of grains can be improved what increases the PL intensity of
the material.

The structural properties and cathodoluminescence (CL) spectra of
micropowders were measured using a scanning electron microscope
SEM JEOL JSM-820, additionally equipped with a spectrometer Stellar
Net with a TE-cooled CCD detector working in the 200-1200 nm range.
The photoluminescence (PL) emission and excitation spectra as well as
the PL decay kinetics were measured using a FS-5 spectrometer (Edin-
burg Instruments). The luminescence properties of Ce>*-Mn2?* doped
CYMSSG micropowders were compared with the reference CSSG:Ce
micropowder sample as well as with the properties of ce®* and Mn%*
doped single crystalline film counterparts [2,5].

3. Structural properties

The garnets crystallize in a body-centered system with eight formula
units per unit cell. The space group is Ia3d. In this structure, the
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dodecahedron has A atoms, each surrounded by eight oxygen atoms,
forming a polyhedron with a D symmetry point. Each atom in site B is
surrounded by six oxygen atoms in octahedral space with a Cs; point of
symmetry. In the classic garnet structure A3Xs012, the position of D, site
A is occupied only by rare-earth ions.

In this work, the CYMSSG host was doped with Ce>* and co-doped
with Mn?*. It has already been demonstrated that Ce®* ions replace
only A atoms in the decahedral A positions in the A3B;X3012 garnet
structure when Mn?" ions can exchange both cations A and B in the
decahedral and octahedral sides, respectively [12,13]. No impurity
phases associated with Ce3™ and Mn?* doping were detected [12,13].
This indicates that the mentioned dopants fully dissolve in the garnet
host material to form a solid solution.

The SEM images of the synthesized microcrystalline powder phos-
phors with an activator concentration of 1 at. % Ce>" and 1 at.% Mn%*
are shown in Fig. 1. Generally, the formation of.

Garnet grains are found in all samples. In all cases, agglomeration of
crystal grains can also be observed. This can be caused by the high
temperature of the sintering process or the use of flux. The obtained
samples display non-uniform morphology in SEM (Fig. 1).

4. Luminescence properties

The electron configuration of Ce®* ions is [Xe]4f'5 d°. Generally, in
CSSG:Ce garnets, ce** ions occupy the Dy symmetric Ca2* site, so the 5
d level is first split into a low doublet (E;) and a high triplet (Tag), and
then further split into the well-known five-fold levels due to the
distortion of cubic symmetry. First-principles studies [15] calculated the
4f' and 5 d! level energies of Ce>" in CSSG host cells with different
charge compensation mechanisms. Therefore, the broad absorption/PLE
band and PL emission peaks of the micropowder samples under study
are derived from the 4f-5d transitions of Ce>* ions. The splitting of the
Ce3" energy levels is caused by both the covalent bond effect (neph-
elauxetic effect) and the crystal field effect.

CL spectra. The CL spectra of CYMSSG:Ce micropowders show the
broad Ce®* luminescence band peaked at 554 nm, originated from the
radiative transitions from 5 d to 2Fs/o and 2F; 5 levels, respectively. In
addition to the emission of Ce>* and Mn®" ions, other emission bands in
the UV range peaking at 384 nm are also present in the CL spectra of the
CYMSSG:Ce micropowders. Similar low-intensity bands in the UV range
of Ca?*, Mg?*, and Si** based garnets have been assigned to the defect
center emission [16,17]. In our opinion, it is expected that a large
concentration of the oxygen vacancies will be present in these garnets
due to possible deviations in the content of two and four charged ions
and the need for local charge compensation [17,18]. Therefore, the band
in the UV range may correspond to the emission of the F" center
(one-charged oxygen vacancies) of the CYMSSG host [17,18].

The CL spectrum of Mn doped CYMSSG micropowders shows two
emission bands: the yellow emission band around 567 nm Mn?t (D
center) and the red emission band peaked around 676 nm (Mn2*(ID
center). In general, the Mn®" emission is caused by the spin-forbidden
*T) (*G)—%A1(°S) transitions of 3 d° levels [4,19]. By the analogy with

Fig. 1. SEM images, at the magnification (x500) of micropowder samples of CYMSSG garnets, doped with cedt (a), Mn?" (b) and Ce3>*-Mn?* (c) ions.
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the results of [4,19] on the luminescence of CagScySi3012:Mn garnet, the
presence of two emission bands in CYMSSG:Mn micropowder is caused
by two types of Mn?" centers. Namely, the presence of the emission
bands of Mn?* (Mn?*(I) and Mn?*(II)) centers presuppose that Mn ions
CYMSSG also can occupy both Ca®* and Sc>* sites. Meanwhile, another
reason for the presence of the red emission band with a peak of 676 nm
also corresponds to the luminescence of Mn*t centers. Such a valence
state of manganese ions typically is formed in garnets for the local
compensation of Mn®"-Mn** pairs [21,22]. The bumps at 734-753 nm
range in the CL spectra of CYMSSG:Mn and CYMSSG:Ce, Mn micro-
powders most probably correspond to the luminescence of Mn®>" jons
[28,29] or/and to the emission centers based on the aggregates of
charged oxygen vacancies [17,18].

The CL spectrum of Ce, Mn doubly doped CYMSSG micropowder
shows the notable shift of the main emission band up to 590 nm in
comparison with the respective band in the CYMSSG:Mn micropowder
sample (Fig. 2) presumably due to Ce>*—Mn?" energy transfer and the
large contribution of Mn?*(I) and Mn?*(II) centers.

PL and PLE spectra. The RT PL emission spectra of the CYMSSG:Ce
micropowders under excitation in the 400-500 nm range in the vicinity
of the characteristic absorption band of Ce®* ions are shown in Fig. 3a.
Fig. 3b demonstrates the respective excitation spectra of the Ce>"
luminescence, recorded in the different parts of the broad Ce®* emission
band. The PL spectra of CYMSSG:Ce micropowders show a strong wide
emission band peaked in the yellow range, related to the radiative 5
d'—4f (2F5/2,7/2) transitions of Ce>* ions. When the excitation wave-
length is increased from 410 nm to 490 nm, the PL spectrum of CYMSSG:
Ce micro-powder shows a redshift from 540 nm to 595 nm (Fig. 3a).
Furthermore, the shift of the main maximum of the PL spectrum of
CYMSSG:Ce sample does not occur nonlinearly with the increase of the
excitation wavelength (Fig. 4, curve 1). Such behavior of the PL emission
spectrum confirms the formation of Ce®> multicenters in the CYMSSG:
Ce garnet [2,17,18].

The excitation spectra of the Mn?" luminescence in CYMSSG:Mn
powder (Fig. 5, curve 1) in the UV (<300 nm) range correspond to the
charge transfer transitions (CTT) from Mn>" ions to conductive bands of
host (see Refs. [22,26] for details). This excitation spectra in the visible
range consist also the characteristic the sharp-line bands peaked at 414
and 419 nm related to the °A; —*A;, “E transitions of Mn?" ions and two
other bands with the maxima approximately at 451 and 470 nm which
can be related correspondingly to %A, 4Ty, *T, transitions of Mn®" ions
[25-27]. It should be noted that all the mentioned Mn?' related
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Fig. 2. Normalized CL spectra of CYMSSG:Ce (1), CYMSSG:Mn (2) and
CYMSSG:Ce, Mn (3) micropowders.
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excitation bands have very week intensity due to the spin-forbidden
origin of transitions which are slightly allowed by spin-orbit interac-
tion [25-27]. Apart from the Mn2" excitation bands, other wide band
peaked at 457 nm is present in the excitation spectra of CYMSSG:Mn
micropowder (Fig. 5, curve 1), which can be related to the 5E—>5T2
transitions of Mn>* ions [28,29] and partly to the 4f (2F5/2)—>5 d!
transitions of Ce>' ions as the trace impurity in CYMSSG:Mn powder
located just in this spectral range (Fig. 3b). It is very interesting that the
long-wavelength absorption band of Ce®* ions is located just in the same
position as the A;—*T;, T, excitation bands of Mn®>" and Mn>" ions.
This can be an important condition for the simultaneous energy transfer
both to Mn?* and Ce>* ions in the CYMSSG:Mn host/or for the mutual
energy transfer between the Ce>* and Mn?* and Mn>" ions.

Indeed, under excitation at 410 nm in the vicinity of characteristic
Mn?" excitation band (Fig. 5, curve 1), the PL spectra of CYMSSG:Mn
micropowder show the emission band peaked at 590 nm, and the bump
at 680 nm, corresponding to the Mn2t(I) and Mn?"(II) centers lumi-
nescence (4T1 —>6A1 transitions [22,27]), and wide emission band peaked
at 790 nm, corresponding to the Mn®' luminescence (°T;—°E and
1T2—>5E transitions, respectively [28,29]) (Fig. 5, curve 2).

The decay kinetics of the Mn?+ (I) and Mn (II) centers luminescence
in CYMSSG:Mn samples, registered at 575 nm and 680 nm, respectively,
under excitation in the vicinity of the Mn?" CTT excitation band at 275
nm band, shows one exponential course with the decay constant of 3.76
and 5.67 ms, respectively. These are typical decay time values for the
Mn?* luminescence in other garnet compounds [22,27,29].

Based on the two emission bands identified in the PL spectra, we
suggested that Mn?" ions can occupy both Ca?* and Sc* sites in the
CayYMgScSi3O1 4 garnet. On the Ca?* site, the covalency and crystal field
effects are weaker than on the Sc3* site. As a result, higher-energy Mn?*
emissions may be occupying the Ca?* site, which has a weaker crystal
field, whereas lower-energy Mn?* emissions can occupy the Sc3* site
[20].

We can observe the significant differences in the PL emission and PLE
spectra for CYMSSG:Ce, Mn micropowder (Fig. 6) in comparison with
CYMSSG:Ce micropowder (Fig. 3). Indeed, in the PL spectra, a redshift of
the main emission band is observed with increasing excitation wave-
length from 556 nm to 597 nm. Such region is notably red-shifted in
comparison with the observed shift of CYMSSG:Ce micropowders due to
the contribution of the Ce>" and Mn?" luminescence (Fig. 6a). Namely,
as compared with the luminescence spectra of CYMSSG:Ce micro-
powder, the luminescence spectra of the CYMSSG:Ce, Mn sample have a
large redshift of about 10 nm, which indicates the energy transfer from
Ce3* to Mn?" ions. Furthermore, we have observed also differences in
the large shift dependences of the maximum of the PL spectrum of
CYMSSG:Ce and CYMSSG:Ce, Mn micropowders with increasing the
excitation wavelength (Fig. 4, curves 1 and 2, respectively).

The PLE spectra in the 250-550 nm range, recorded in the CYMSSG:
Ce, CYMSSG:Ce,Mn, and CYMSSG:Mn micropowder samples in the
different parts of the emission bands (Figs. 3b, 5b and 6b) consist of the
three bands corresponding to the transitions from the 4f ground state to
the 5 d levels of Ce>" ions in the dodecahedral positions of the garnet
host. The lowest energy bands peaked in the 450-460 nm range for
CYMSSG:Ce and 465-469 nm, which are much stronger, then the PLE
bands peaked in the UV range at 320 and 308 nm, respectively. Such
behavior of the PLE spectra for both samples suggests that.

Higher-energy excited levels can be located near the conduction
band and the Ge>* luminescence under excitation in the UV bands can be
quenched by photoionization. Interestingly, the shift of the maxima of
the lowest excitation band in the 450-470 nm ranges shows the same
tendency as their respective luminescence bands in the CYMSSG:Ce and
CYMSSG:Ce, Mn micro-powder samples. In general, the stronger crystal
field in the dodecahedral positions of the garnet host, affecting Ce>*
ions, shifts the lowest excitation level to lower energy and the higher
excitation level to higher energy.

The decay kinetics of the Ce>* luminescence in the Ce>" and Mn%*
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Fig. 3. (a) - normalized PL emission spectra of CYMSSG:Ce micropowder under excitation in the 400-500 nm range, corresponding to the different parts of Ce>*
related absorption band; (b) - PL excitation spectra of CYMSSG:Ce micropowder, recorded in 550-600 nm in different parts of the Ce>* emission band.
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Fig. 4. Dependences of the maxima in the peak positions of Ce>" emission
bands on the excitation wavelength in CYMSSG:Ce (1) and CYMSSG:Ce:Ce, Mn
(2) micropowders.

doped CapYMgScSizO12 micropowders, recorded in the 540-590 nm
range under excitation at 450 nm, is shown in Fig. 7a and b, respectively.
The decay profiles of the Ce>" emission in these micropowders are
strongly non-exponential due to the energy transfer processes from high-
energy (HE) to low energy (LE) emitting Ce3* centers (see Refs. [2,3,17,

Ca,YMgScSi;0,,:Mn

1,4 1 e
= = «Ex=410 nm (Mn*")
------ Em=600 nm (Mn?* + Mn®*) 790
1,2 -
Mn2* (FA,>*T, *T,) ’[‘.&,‘5
P +Mn3* (E->°T,) !
5 1.0 57 ? !
L {
> [
=
2 06|
[
=
S04}
02|
0,0 L

300 400 500 600

Wavelength (nm)

700 800

Fig. 5. (a) - PL excitation spectra of CYMSSG:Mn micropowder, recorded at 590 nm in the vicinity of Mn?"

18] for details) as well as due to Ce>* — Mn?" energy transfer [4,19].
For this reason, a three-component fit of the decay curves I = ZAi*exp
(-t/7;) was used for the qualitative description of the luminescence
timing properties (Table 1, Table 2) [23]. The dependences of the decay
time values measured in the different parts of the Ce>* emission bands of
CYMSSG:Ce and CYMSSG:Ce, Mn micropowders, are shown in Fig. 8.
The

Main differences in the observed trends in these figures are relate to
the different contributions of the Cefit—Cef and Cefff;1.—Mn?" pro-
cesses in the luminescence decay kinetics of respective micro-powder
samples under study.

Generally all Ce®>" multicenters can be excited simultaneously using
different conditions of excitation. However, the contribution of each
centers in the main emission bands is very different due to the various
light efficiency of these centers and energy transfer from higher ener-
getic Ce>" center should cause energy transfer to the lowest energetic Ce
center.

We would like to mention also here that the Ce>* multicenters are
also very effectively excited in the Ce, Mn doped CMSSG micropowders.
However, the Mn?" ions excited efficiently only in the Ce>" related
absorption bands, e.g. mainly due to Ce3"—>Mn?* energy transfer. As a
result, the PL spectra of CMSSG:Ce, Mn powder sample represents a mix
of emission Ce®>* multicenters and Mn?" ions (Fig. 6a).

5. Color characteristics of LED

To demonstrate the application possibility of the development of
CYMSSG:Mn, Ce phosphor, two WLED prototypes were prepared by the
covering a blue 450 nm LED with the several PC layers with a thickness
approximately of 100-120 pm of each layer, containing the mixture of
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under excitation in the at 410 range, corresponding to the of Mn?* related absorption band (2). (b) - decay kinetics of PL at 575 nm in CYMSSG:Mn powders under
excitation at 275 nm in the vicinity of Mn®* CTT excitation band. IRF- instrumental response function of the excitation pulse.
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Table 1

Parameters of three exponential approximation of the decay curves are pre-

sented in Fig. 6a.

Emission ty, Ay ty, IS A,y t3, NS As
wavelength, nm ns

540 1.71 970.54 2479  2687.37 68.65  4436.44
550 3.02 955.64 25.03 2481.03 69.52 4456.59
560 2.72 762.85 2236 2092.09 68.81 4607.21
570 441 444.28 22,58 1815.38 69.21  3367.53
580 3.21 1146.89 2441 2578.12 70.75  4610.28

Table 2

Parameters of three exponential approximations of the decay curves are pre-

sented in Fig. 6b.

Emission t1, Ay ty, NS A, t3, NS Ag
wavelength, nm ns

550 7.48 1908.49  28.06 2574.85 68.39  4001.29
560 8.91 1087.79  32.85 1680.3 71.40  2704.25
570 7.45 1709.09 31.47 27748 73.49  4697.83
580 7.12 1346.12 31.83 2744.55 74.36 4738.18
590 7.69 1117.95 30.58 2189.61 72.87  4069.65

epoxy resin and CYMSSG:Ce and CYMSSG:Ce, Mn micropowders. The
photoconversion properties of these WLEDs were also investigated and
presented in Fig. 9. The emission spectra of both WLED prototypes show
a significant decrease in the intensity of the blue component and a
respective increase in the intensity of the yellow emission with the
increasing quantity of layers and a total thickness of PC. For this reason,
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Fig. 8. The dependences of the decay time values measured in the different
parts of the main emission bands of CYMSSG:Ce and CYMSSG:Ce, Mn
micropowders.

the color coordinates of the device move to the diagram’s center with an
increase in PC layer thickness for both WLED samples. Finally, the WLED
prototype, based on the five-layered CYMSSG:Ce micro-powder PC,
gives quite cold white emission with CRI of 86, CCT of 8699 K, and



A. Shakhno et al.

= = =CYMSSG:Ce
——CYMSSG:Ce,Mn

Intensity, a.u.

0.0
400 600

Wavelength, nm

700

800

Optical Materials: X 16 (2022) 100187

T T T T T T
©  Powder
O White -

.| f_ h T T
00 01 02 03

Fig. 9. Emission spectrum (a) and chromaticity diagram (b) of a WLED lamp fabricated on the base of 450 nm LED chip, CYMSSG:Ce and CYMSSG:Ce, Mn phosphor.

coordinates x = 0.29; y = 0.28. Furthermore, for the WLED prototype,
based on the five-layered CYMSSG:Ce, Mn micropowder PC, quite
warmer white emission was obtained with CRI of 87, CCT of 7607 K, and
color coordinates x = 0.30; y = 0.29. Such results confirm that the Ce,
Mn doubly doping of CYMSSG garnet host can result in the creation of
effective photo-converters for WLEDs with tuning color of white
emission.

6. Conclusions

The microcrystalline powders of CYMSSG:Ce, CYMSSG:Mn and
CYMSSG:Ce, Mn garnets were obtained using the solid-state synthesis
with adding of B2O3 flux in the 5 wt % concentration of the total charge
content. To determine the luminescence properties of these micro-
powder samples, the cathodoluminescence (CL) spectra, photo-
luminescence (PL) emission, excitation spectra, and PL decay kinetics
were measured.

The CL and PL spectra of CYMSSG:Ce micropowders show the
dominant Ce®*" emission band in the yellow range peaked at 540 nm.
Furthermore, the PL spectra of CYMSSG:Ce micro-powders show a non-
monotonical redshift from 540 nm to 595 nm with increasing the exci-
tation wavelength from 410 nm to 490 nm in the vicinity of the Ce3"
absorption band. The non-monotonic dependences of Ce>* decay time
are observed also with an increase of monitoring wavelengths in the
540-580 nm range in the vicinity of the Ce>" emission band. Such
behavior of the PL emission spectra and decay kinetics confirms the
formation of Ce3* multicenters in the CYMSSG:Ce garnet due to local
inhomogeneity of the different dodecahedral positions in Ca®*-Si**
based garnet hosts and the presence of the effective energy transfer
processes between high-energy end low energy Ce>* emission centers.

We have found that Mn?" ions may either substitute for Ca®" cations
of CYMSSG host and generate the yellow emission band peaked at 565
nm and/or substitute for Sc>* cations to generate the red emission band
peaked at 676 nm. The effective Ce>* to Mn?" energy transfer process is
observed in CYMSSG:Ce, Mn micropowder samples resulting in the
redshift of the emission spectra to 590 nm in comparison with CYMSSG:
Ce counterpart.

The application possibility of the developed CYMSSG:Ce and
CYMSSG:Ce, Mn micro-crystalline powder phosphors was demon-
strated. The planar WLED prototypes were fabricated by the coating of
GaN 450 nm blue LED chip with several ~100-120 pm thick layers,
containing CYMSSG:Ce and CYMSSG:Ce, Mn powder phosphors mixed
with epoxy resin. The WLED prototype, which is based on the five
CYMSSG:Ce PC layers, emits the cold white light with a CRI of 86 and a
CCT of 8699 K, with coordinates x = 0.29; y = 0.28. Meanwhile, the
photoconversion properties of the WLED prototype with CYMSSG:Ce,
Mn PC show quite warmer white light with a CRI of 87, CCT of 7607 K,
and color coordinates x = 0.30; y = 0.29. For this reason, tuning of the
Ce and Mn content in the CYMSSG:Ce, Mn micro-crystalline powder
phosphor, gives the possibility to fabricate WLED with “color-on

demand” photoconversion properties related to the color temperature of
white light.
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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

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

phosphors [1]. Therefore, there is a growing interest in identifying and
developing alternative phosphor materials to address the above limita-
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 CagScySiz0O12: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 Ca3ScsSiz012: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 Ca3ScySiz0q2: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
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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
Ce3" 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 Ce®* 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
Eaa T T T T T T - T o nJ 11
- Diode
0.8 -
0.6 J 4
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>
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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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The study is dedicated to investigation of the structural, luminescent and photoconversion properties of epitaxial
converters based on the single crystalline films of Ce®>* doped CasSc,SisO12 (CSSG:Ce) garnet. These SCFs with
different thicknesses were grown using the liquid phase epitaxy method onto: (i) undoped Gd3GagsAlp 5012
(GAGG (2.5)) substrates; (ii) ce®t doped GdsGay sAlz 5012 (GAGG:Ce (2.5) and GdsGasAl,012 (GAGG:Ce (3)
substrates. For the first time, we have examined the phosphor conversion properties of the mentioned film and

WLED film-crystal converters under the excitation of a blue LED. We have established a trend line in the color coor-
dinate diagram by systematically varying the film thickness in the 2-30 ym, 17-22 pm and 7-22 pm ranges for
CSSG:Ce film/GAGG (2.5) crystal, CSSG:Ce film/GAGG:Ce (2.5) crystal and CSSG:Ce film/GAGG:Ce (3) crystal
composite converters, respectively.

1. Introduction

Currently, white light-emitting diodes (WLEDs) are progressively
displacing traditional light sources due to their heightened efficiency
relative to the fluorescent tubes or light bulbs. WLEDs are superior to
conventional light sources owing to their energy-saving attributes,
extended operational longevity, elevated luminous efficacy, and envi-
ronmentally sustainable characteristics. Furthermore, it is worth noting
the absence of mercury and other hazardous components in WLEDs [1,
2].

The manufacture of contemporary WLED lighting systems represents
a well-established technology. Typically, this process entails the inte-
gration of a blue chip (constructed with GaN and InGaN) with a yellow-
emitting Y3Al5015:Ce (YAG:Ce) powder phosphor converter (pc). These
phosphor particles are dispersed within a silica gel or epoxy resin binder,
serving to affix the powder phosphors onto the blue LED chips [3-6].
Nonetheless, the limited thermal stability of silicone and epoxy resins
leads to alterations in emission color and a decrease in operational
lifespan, posing critical challenges in maintaining the long-term per-
formance of the LEDs [7].

In response to this challenge, researchers have undertaken in-
vestigations into innovative, robust phosphors which eliminate the need

for resin binders [8,9]. Promising developments include entirely inor-
ganic phosphors, such as transparent ceramics, glass ceramics, single
crystalline film and single crystal phosphors [10,11], which can sub-
stitute the traditional combination of "phosphor powder" and "organic
matrix". These advancements hold significant potential for mitigating
the issues associated with the degradation of organic resin matrices. This
approach offers a solution to the challenges related to the heat resistance
and color stability within LED technology, holding the potential to
advance the field significantly.

In addition to thermal stability, the parameters of correlated color
temperature (CCT) and color rendering index (CRI) are of paramount
significance in the design and development of WLED systems. For this
reason, the development of new phosphor materials is an urgent un-
dertaking. This urgency stems from the limitations found with using
YAG:Ce as a phosphor converter. These limitations are demonstrated as
high CCT and low CRI [12].

The adaptability of the garnet structure, which permits ion substi-
tution within its dodecahedral, octahedral, and tetrahedral sites, offers
the potential to alter the YAG garnet to fulfill the demands of WLEDs’
applications. In contemporary research, a novel category of garnet
phosphors, incorporating Ce>* doping in AzB,C3015 silicate garnets,
where [A] includes Ca, Y, and rare earth ions, (B) consists of Mg, Sc, Al,
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Ga, and {C} comprises Ga, Al, Si, is being considered for the develop-
ment of high-intensity WLEDs [13,14].

Between garnet phosphors based on calcium and silicon, the
CagScaSiz012 (CSSG) mixed garnet is a famous material, recognized for
its compatibility with various rare earth and transition metal ions for
doping [15-18]. Indeed, the Ce>* doped CSSG:Ce garnet represents a
noteworthy substitute for YAG:Ce garnet, owing to its higher emission
intensity and exceptional thermal stability, surpassing those of YAG:Ce
[16-22]. According to our previous research, this type of phosphor ex-
hibits a high quantum yield, enabling the effective conversion of exci-
tation energy into emitted light [23]. The utilization of these
Ca-Si-based phosphors has the potential to significantly enhance the
effectiveness and flexibility of lighting technologies.

This research focuses on the growth of CSSG:Ce single-crystalline
films (SCFs) using the liquid phase epitaxy (LPE) technique onto undo-
ped and cedt doped GdsAls54xGayO12 (x = 2.5 and 3) substrates and
application of these epitaxial structures as effective solid-state WLED
converters. Structural and luminescent properties of CSSG:Ce SCFs were
investigated with using X-ray diffraction, absorption and cath-
odoluminescence. Furthermore, the photoconversion characteristics of
the mentioned epitaxial structures based on the CSSG:Ce SCFs with
various thicknesses and GAGG:Ce (x = 2.5 and 3) substrates with
different gallium contents were investigated for the first time.

2. SCF growth and experimental techniques

Three different sets of SCFs with nominal compositions of CSSG:Ce,
with thicknesses ranging from 6 to 30 pm, were prepared using the LPE
method. The films were crystallized within a temperature range of
975-990 °C from a supercooling melt-solution based on PbO-B503 (12:1
mole/mole) flux. The growth of CSSG:Ce SCFs were performed onto
undoped GAGG (2.5) substrate (serie A) and two cedt doped GAGG:Ce
(2.5) substrates (serie B) and GAGG:Ce (3) substrates (serie C) with
orientation close to (100). The thickness of GAGG and GAGG:Ce sub-
strates was equal to 0.9 mm. The Ce content both in Ca3ScySi3012:Ce
SCFs and GAGG:Ce substrates was about of 0.09-1 at. %. The details of
the growth process for the Ca-Si-based films and the selection of
respective mole ratios for this growth can be found in the references [22,
24,25].

The SCF thickness h (um) was measured using weighing method on
the high-precision scales. This method involved weighing the substrate
both before and after the SCF growth cycle. The thickness of the SCF was
calculated using the formula: h=(m - mg)/2*S*p, where m is the mass of
the substrate with the grown single crystalline film in (g), mg is the mass
of the substrate (g), S is the area of the substrate (cm?), and p is the
density of the film (g/cm3) (p =3.52 g/cm3 for CSSG [26]).

The real composition of SCF samples was determined using a KEY-
ENCE VHX-7000 Digital Microscope (Mechelen, Belgium) equipped a
Laser-based Elemental Analyzer. This device facilitates quick analysis of
the material, ensuring the accuracy and efficiency of the evaluation
process. Namely, this microscope enabled control and precise assess-
ment of deviations in the cation content in samples up to + 5 % accu-
racy. Indeed, the obtained results indicate some deviation in the content
of Ca, Sc and Si cations in the tested SCF samples with respect to the
stoichiometric formula Ca3Sc,Si3O12 with accuracy less that + 0.15
formula untint (Table 1). For this reason, throughout the whole paper,
we will use the indication of the nominal composition of the SCFs.

The structural quality of CSSG:Ce SCFs on the different GAGG sub-
strates was assessed using XRD measurements conducted with a DRON 4
spectrometer and a Cug, X-ray source. For these measurements we
selected a particular CazSc,Si3O12 SCF C1 sample with a Ce®* content of
0.095 at.% and thickness equal to 6 pm (Fig. 1). Typically, the test
sample, with a thickness less than 10 pm, is used to confirm the single
crystallinity of the films of the specified compound onto GAGG sub-
strate. The limitation of thickness of the test sample, within the range of
a few micrometres, follows from the considerable X-ray absorption in

Optical Materials: X 22 (2024) 100328

Table 1
The nominal composition (in melt-solution) and the real composition of LPE
grown CSSG:Ce SCFs of A, B and C series.

Sample Nominal content Real SCF content
Al CazSc,Siz0q,:Ce Cagz 12Sc; gSiz 08012:Ce
A2 CazSc,Siz012:Ce Cagz15¢1.878i3.07012:Ce
A3 CazScySiz012:Ce Cag 055¢1.94Si3,01012:Ce
Bl CazSc,Siz012:Ce Cagz 955¢C2.13S12,92012:Ce
B2 Ca3Sc,Siz0q,:Ce Cay,.975¢5,08Siz.95012:Ce
B3 CagSc,Siz012:Ce Cag 9852, 06512,96012:Ce
Cl Ca3Sc,Siz012:Ce Cag 015¢1.99Si2,98012:Ce
Cc2 Ca3Sc,Siz0q5:Ce Cagz,035¢1.955i3,02012:Ce
Cc3 CagSc,Siz012:Ce Cag 055¢1.93Si3,02012:Ce
KU1 film
=P Ca Sc Si.0_:Ce/Gd Al, Ga, O
33 cz !3 12 & :Azs azs 12
I hki=(1222)
t misfit Aa =0.20%
5 2x10°F
Ku.zﬁlmi'
Kn‘ sub
1x10°F
c 1 N J
98.5 99.0 99.5 100.0 100.5 101.0

20 (degree)

Fig. 1. XRD patterns of (12 2 2) plane of Ca3Sc,SizO12:Ce A3 SCF grown onto
GAGG (2.5) substrate.

the investigated garnet matrices. Therefore, the intensity of reflections
from the GAGG substrate diminishes as the film thickness increases. This
verification occurs before growing the main set of samples, which have
higher thicknesses and can reach up even 100 pm.

Based on the XRD pattern for (1222) plane of sample, we have
calculated the misfit between the lattice constants of SCFs and the GAGG
substrate. The misfit, represented as Aa=(agcr—asub)/asub*100 %, was
determined to be 0.2 %, as illustrated in Fig. 1. This result serves as a
confirmation of the high crystalline quality exhibited by the chosen SCF
sample.

To analyze the characteristics of the three sets of SCF samples (A, B,
and C), the following spectroscopic techniques were used. Absorption
spectra and cathodoluminescence (CL) spectra were employed to char-
acterize the luminescent properties of the CSSG:Ce SCFs. These spectra
were measured at room temperature (RT). The SCFs’ absorption spectra
were obtained using a Jasco V730 spectrophotometer. The CL spectra
were measured with using a JEOL JSM-6390LV scanning electron mi-
croscope (SEM) as e-beam source. This SEM was equipped also with a
Stellar Net spectrometer, completed with a cooled TE-detector CCD,
functioning within the 200-1200 nm range.

Measurements of photoconversion spectra of epitaxial structures
based on the CSSG:Ce SCFs with thickness in the 2-30 pm range, grown
using LPE method onto GAGG (2.5), GAGG:Ce (2.5) and GAGG:Ce (3)
substrates, were conducted using an AvaSpec-ULS 2048-LTEC fiber-
optic spectrophotometer along with an AvaSphere-50-IRRAD inte-
grating sphere (Avantes, Netherlands).

3. Absorption and luminescent properties
3.1. Absorption spectra

The absorption spectra of the chosen samples of composite epitaxial
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structures, containing the CSSG:Ce SCFs grown onto GAGG (2.5) (series
A), GAGG:Ce (2.5) (series B), and GAGG:Ce (3.0) (series C) substrates,
are illustrated in Fig. 2. To present these spectra, we chose representa-
tive SCF samples from each series based on their average thickness.
Specifically, for series A, B and C, we selected A3, B2 and C3 SCF samples
with a thickness of 10 pm, 18 pm, and of 19 pm, respectively (Table 1).
The absorption spectra of these SCFs display several bands within the
200-500 nm range. The broad absorption bands at 341 nm and 440 nm
(marked as E; and E; bands, respectively) observed in all composite
structures are attributed to the transitions from 4f (2F5/2) to 5d; E)
levels of Ce3* ions [27]. The distinct peaks at 275 and 311 nm in the
absorption spectra correspond to the 887/2—>613 /2, and 887/2—>6P7/2
transitions of Gd®' ions in GAGG based substrates [28-30]. The first
absorption band of Gd®* ions overlaps with the absorption band around
256 nm, attributed to the intrinsic 1SO—>3P1 transitions of Pb%*"
flux-related impurity in the SCF samples [31-33]. Other absorption
band of Pb?" impurity at 212 nm corresponds to the 1Sy—'P; transitions

3.2. CL spectra

The RT CL spectra CSSG:Ce SCF/GAGG (2.5) SC, CSSG:Ce SCF/
GAGG:Ce (2.5) SC, and CSSG:Ce/GAGG:Ce (3) SC are depicted in Fig. 3a,
b, ¢ in comparison with CL spectra GAGG:Ce (2.5) substrates as refer-
ence samples (Fig. 3c).

Fig. 3c shows the emission spectra of GAGG:Ce crystals with different
Ga concentrations (2.5 and 3), which were used as substrates for the
growing films. The dominant luminescent bands in these crystal sam-
ples, correspond to the 5 d! - 4f (2F5/2,7/2) transitions of Ce®" ions. As
the gallium content decreases from 3 to 2.5, a minor red shift in the
position of the Ce>* luminescence band from 551 to 547 nm is observed.
This shift is due to the increase of the crystal field strength in the
dodecahedral positions of garnet host, where the Ce>* ions are localized,
as a result of the change in the centroid shift. Namely, this centroid shift
increases with an increase in the polarizability of the anion and a
decrease in the average electronegativity of the matrix cations, e. g. as a
result of decrease in the contribution Ga-0% bonds with large co-
valency compared to AI*t-0% bonds [34].

Fig. 3a, b and 3c display the CL spectra of the film parts of CSSG:Ce
SCFs/GAGG (2.5) SC, CSSG:Ce SCFs/GAGG:Ce (2.5) SC and CSSG:Ce
SCFs/GAGG:Ce SC epitaxial structures, respectively. These figures
consist of the Ce3" emission spectra in the form of typical double
emission bands centered at 516-520 nm and 544-550 nm ranges, cor-
responding to the 5 d'—4f (°Fs /2; 7/2) transitions of ce®t ions positioned

8 275 T A2 - CSSG:Ce SCF/GAGG SC
= = =B2 -CSSG:Ce SCF/GAGG:Ce SC (2.5)
= =C2-CSSG:Ce SCF/GAGG:Ce SC (3.0)

Intensity, a.u.

200 250 300 350 400 450 500 550
Wavelength, nm

Fig. 2. RT absorption spectra (in log scale) of CSSG:Ce films grown onto GAGG
(2.5) (1 curve), GAGG:Ce (2.5) (2 curve) and GAGG:Ce (3.0) (3 curve).
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in the dodecahedral sites of the garnet host [17,23]. The spectra
demonstrate the effects of replacing Y3+ and AI** cations with Ca®™,
Sc®*, and Si*" in the dodecahedral, octahedral, and tetrahedral positions
of the Y3Al50;5 garnet lattice. This cation substitution causes a signifi-
cant shift of over 25 nm in the maximum Ce3* emission band towards
the blue spectrum, altering it from 540 nm to between 513 and 519 nm,
in contrast to the YAG:Ce single crystal [35]. A small differences in the
positions of Ce3* emission bands in the CL spectra (Fig. 3) probably is
mainly connected with various rate of the self-absorption of the Ce>*
luminescence by respective absorption bands in SCF samples with
different thickness and some very small deviation in the Ca®*, S¢®* and
Si** content at growth of CSSG:Ce SCF samples onto the different GAGG
substrates (Table 1). The sharp peak at 311 nm, observed in Fig. 3, b-d,
corresponds to the 837 /2—>6P7 /2 transitions of Gd®* trace impurity in SCF
samples due to the dissolving part of GAGG substrates in the initial stage
of LPE growth.

4. Photoconversion properties

To confirm the conversion properties of CSSG:Ce SCFs and composite
converters on their base in white solid-state lighting applications,
Fig. 4a, b, and 4c illustrate the emission spectra of a blue LED chip
combined with CSSG:Ce SCFs grown onto GAGG (2.5), GAGG:Ce (2.5)
and GAGG:Ce (3) substrates, correspondingly. The emission spectra of
these prototypes of WLEDs are quite broad, covering the entire visible
range from 410 to 780 nm [23]. To simplify the description of the
emission spectrum, the spectra are typically segmented into blue and
yellow components. The blue component corresponds to the emission of
the blue LED, while the yellow component is attributed to the Ce3*
luminescence within the garnet matrix. With an increase in CSSG:Ce film
thickness, there is a noticeable increase in the intensity of the yellow
component, while the intensity of the blue component remains largely
unchanged. It can be attributed to the maximum light yield of this
component at a specific concentration of Ce®* ions in the films when
excited by a blue LED with a defined spectral characteristic.

The photoconversion spectra presented in Fig. 4 reveal that the
CSSG:Ce SCF/GAGG:Ce SC (2.5) composite structure exhibits the most
intense yellow component. The emission spectra of the CSSG:Ce SCFs/
GAGG:Ce (3) SC structures display an average intensity of the yellow
component.

CSSG:Ce SCFs/GAGG:Ce (3) SC structures display an average in-
tensity of the yellow component. However, for the CSSG:Ce SCFs grown
on GAGG (2.5) substrates without cerium dopant, the intensity of yellow
component is weak (Fig. 4a) due to the very low thickness of SCF sam-
ples in the 6-30 range.

For comparative analysis, three trend lines for CSSG SCFs grown with
different substrates (GAGG (2.5), GAGG:Ce (2.5) and GAGG (3.0)) are
shown on the chromaticity color diagram (Fig. 5). The chromaticity
color coordinates of the combination of excitation and emission light
from CSSG:Ce SCF/GAGG (2.5) SCs have a tendency to shift towards the
green region of radiation. However, due to the low intensity of the
yellow component at film thicknesses ranging from 6 to 30 pm, they
shifted only to the light blue region of emission. This shift can be
significantly improved by using CSSG:Ce films thicker than 30 pm.

The measured photoconversion properties strongly indicate the po-
tential of CSSG:Ce SCFs and composite structure on their base for the
creation of WLED lighting systems. Table 2 provides details on the CIE
chromaticity coordinates, CRI, and CCT of the WLED prototypes,
underscoring their capability to provide useful lighting characteristics.

The chromaticity diagram for CSSG:Ce SCF/GAGG:Ce (2.5) SC and
CSSG:Ce SCF/GAGG:Ce (3) SC structures show the tendency to shift
towards the yellow-green range of radiation with increasing SCF thick-
nesses. However, the CSSG:Ce SCF; h = 17 pm/(GAGG:Ce (2.5) SC and
CSSG:Ce SCF, h = 22 pm/GAGG:Ce (3) SC structures show the best
conversion properties. Such epitaxial structures give practically ideal
white light with CCT 6558 K and 6672 K at enough useful values of CRI
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being equal to 74 and 72, respectively (see Table 2).

5. Conclusions

Three sets of CSSG:Ce single crystalline films with different thick-
nesses in the 6-30 pm range were grown using the liquid phase epitaxy
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Fig. 5. Chromaticity diagram of a WLED prototype fabricated on the base of
450 nm LED chip and CSSG:Ce SCFs grown onto GAGG 2.5 (series A), GAGG:Ce
2.5 (series B) and GAGG 3 (series C) substrates. The results for GAGG:Ce (2.5)
and GAGG:Ce (3) substrates are presented for comparison.

Table 2

Comparison of the CRI, CCT and CIE coordinates of epitaxial structures based on
the CSSG:Ce SCF samples grown onto GAGG (2.5), GAGG:Ce (2.5) and GAGG:Ce
(3.0) substrates.

Samples SCF CIE CCT, CRI
thickness coordinates K
X y

Series A

A0  GAGG (2.5) SC 900 pm 0.15 0.04 1620 -

Al CSSG:Ce SCF/GAGG 6 pm 0.17 0.12 3243 20
(2.5) sC

A2 CSSG:Ce SCF/GAGG 10 pm 0.15 0.05 1625 -
(2.5) SC

A3 CSSG:Ce SCF/GAGG 30 pm 0.16 0.07 1726 -
(2.5) sC

Series B

BO  GAGG:Ce (2.5) SC 900 pm 0,28 0.31 9146 80

Bl CSSG:Ce SCF/(GAGG:Ce 17 pm 0.307 0.36 6558 74
(2.5) sC

B2  CSSG:Ce SCF/(GAGG:Ce 18 pm 0.35 0.45 4975 65
(2.5) SC

B3  CSSG:Ce SCF/(GAGG:Ce 22 pm 0.36 0.45 4839 66
(2.5) sC

Series C

CO  GAGG:Ce (3) SC 900 pm 0.24 023 - -

Cl CSSG:Ce SCF/GAGG:Ce 7 pm 0.25 0,27 9523 76
(3)sC

C2  CSSG:Ce SCF/GAGG:Ce 19 pm 0.27 0.31 9479 75
(3) sC

C3  CSSG:Ce SCF/GAGG:Ce 22 pm 0.30 0.37 6672 72
(3) sC

method from melt-solutions based on the PbO-B,03 flux onto undoped
GdsGay 5Al2 5012 (GAGG (2.5)) crystal substrates as well as cedt doped
Gd3Ga2.5A12.5012 (GAGG:Ce (2.5)) and GdgGagAlzolz (GAGGZCG (3))
crystal substrates. The single crystallinity of the films was confirmed by
the respective XRD pattern of the selected CSSG:Ce film/GAGG crystal
sample.

The optical behavior of film and composite converters was investi-
gated using absorption and cathodoluminescence spectra. Furthermore,
the phosphor conversion properties of the mentioned film and film-
crystal converters were examined for first time under the excitation of

Optical Materials: X 22 (2024) 100328

a blue 454 nm LED. We have established also a trend line in the color
coordinate diagram by systematically varying the film thickness in the
6-30 pm, 17-22 pm and 7-22 pm ranges for CSSG:Ce film/GAGG (2.5)
crystal, CSSG:Ce film/GAGG:Ce (2.5) crystal and CSSG:Ce film/GAGG:
Ce (3) crystal composite converters, respectively.

The application potential of the developed CSSG:Ce film/GAGG:Ce
crystal composite phosphors was demonstrated. Such composite phos-
phors for WLEDs, containing the Ce-doped GAGG:Ce crystal converter,
and additionally CSSG:Ce film converter, the mixing of emissions from
the film and substrate converters can be used for better tuning of CRI
coordinates and color temperature of WLEDs in comparison to conven-
tional YAG:Ce crystals counterpart. Indeed, samples of CSSG:Ce film/
(GAGG:Ce (2.5) crystal and CSSG:Ce film/GAGG:Ce (3) crystal com-
posite converters with film thickness 17 and 22 pm show the best con-
version properties from all samples under study and close to ideal white
light with CCT 6558 K and 6672 K, respectively.
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Abstract

This work presents a comprehensive study of the structural, luminescent, and photocon-
version properties of epitaxial composite phosphor converters based on single crystalline
films of Ce®*-activated Cay_xY14xMg14+x5c1—xSi3012:Ce (x = 0-0.25) (CYMSSG:Ce) garnet,
grown using the liquid phase epitaxy (LPE) method on single-crystal Y3Al501; (YAG) and
YAG:Ce substrates. The main goal of this study is to elucidate the structure-composition—
property relationships that influence the photoluminescence and photoconversion effi-
ciency of these film—substrate composite converters, aiming to optimize their performance
in high-power white light-emitting diode (WLED) applications. Systematic variation in the
Y3+ /Sc3* /Mg?* cationic ratios within the garnet structure, combined with the controlled
tuning of film thickness (ranging from 19 to 67 um for CYMSSG:Ce/YAG and 10-22 um for
CYMSSG:Ce/YAG:Ce structures), enabled the precise modulation of their photoconver-
sion properties. Prototypes of phosphor-converted WLEDs (pc-WLEDs) were developed
based on these epitaxial structures to assess their performance and investigate how the
content and thickness of SCFs affect the colorimetric properties of SCFs and composite
converters. Clear trends were observed in the Ce>* emission peak position, intensity, and
color rendering, induced by the Y3* /Sc** /Mg?* cation substitution in the film converter,
film thickness, and activator concentrations in the substrate and film. These results may be
useful for the design of epitaxial phosphor converters with tunable emission spectra based
on the epitaxially grown structures of garnet compounds.

Keywords: Ca-Mg-Si-based garnets; Ce>" dopant; liquid phase epitaxy; single crystalline
films; crystal substrates; luminescence; phosphor converters

1. Introduction

In recent years, the demand for high-efficiency, energy-saving light sources has sig-
nificantly increased, driven by advancements in lighting and display technology. White
light-emitting diodes (WLEDs) have emerged as the dominant choice due to their superior
energy efficiency, long lifespan, and environmental benefits, including reduced carbon
emissions and lower energy consumption compared to traditional incandescent and fluores-
cent bulbs [1]. Additionally, WLEDs have found applications beyond general lighting, such
as in automotive headlights, backlighting for displays, and even in medical devices, further
fueling the need for continuous improvements in their performance and efficiency [2,3].
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A critical factor in the overall performance of WLED:s is the phosphor conversion
layer, which plays a central role in color rendering and light quality. In most WLED
configurations, a blue LED chip is combined with a phosphor material that converts a
portion of the blue light into yellow, red, or green light, resulting in a balanced white
emission. The efficiency of this conversion process directly impacts the brightness, color
rendering index (CRI), and color correlated temperature (CCT) of the emitted light, all of
which are crucial parameters for various applications [4-6].

The choice of phosphor material is therefore essential in the performance of the device.
Among the various phosphor materials available, garnet-based materials doped with
rare-earth ions, especially Ce3*, have proven to be among the most effective due to their
broad excitation and emission spectra, high quantum efficiency, excellent luminescent
properties, and thermal stability under high-power operation [7-9]. In particular, the Ce>*-
doped Y3Al501; (YAG) phosphor is widely used in the industry for producing the high
efficiency and good color quality of white light. It is compatible with blue LEDs and offers
advantages such as strong absorption in the blue region, stable emission characteristics, and
high thermal stability, which is crucial for maintaining performance over long operating
hours [10].

The most common pc-WLEDs are produced using the Volume-Casting-Conversion
(VCC) design, where a blue LED and powder PC are packed with organic resins [11].
Numerous techniques, including solid-state reactions [12], hydrothermal synthesis [13],
coprecipitation [14], spray pyrolysis [15], sol-gel [16], and combustion [17], can be used
to make ceramic powder phosphors. The heat generated from the LED chip and PC
(Stokes shift and optical losses) cannot be efficiently dissipated because of the poor thermal
stability and weak thermal conductivity of the resin (<0.5 W m~! K~1) [1]. With the
increasing demand for high-brightness lighting, the high-power wLEDs and white laser
diodes (WLDs) are rapidly developing, and some limitations arise that are associated with
the optical, structural, mechanical, and thermal properties of converters. The operating
temperature of a color converter can reach even up to 200 °C under high-power LED or
laser diode excitation. The extreme heat is generated in the converter, originating from
the non-radiative relaxation of phosphors and the heat transfer from high-power LED
chips. With the increase in the wLED temperature, color degradation occurs because of
the thermal quenching properties of the phosphor, such as luminous decay and color
shifting [18]. Furthermore, this setup results in low efficiency because the diffuse phosphor
reflects 60% of the total white light back onto the chip [19]. To achieve high efficiency and
strong chemical and thermal stability for pc-WLEDs, downconversion phosphors have
been developed from powders to plates for the Planar-Chip-Level Conversion (PCLC)
approach [20].

In PCLC design, instead of powder, the ceramic, eutectics, or single-crystal phosphors
based on the yellow-emitting Ce>*-doped garnets are used for manufacturing high-power
WLEDs under blue LED excitation. Nevertheless, glasses and ceramics have a relatively
low luminescence efficiency [21], whilst the structure and optical properties of eutectic
converters are hard to control. The development of single crystalline (SC) converters
is much preferable to ceramics or powders, due to their higher uniformity and internal
quantum efficiency (QE) than ceramics or glasses, as well as excellent thermal stability up
to 300 °C, and high thermal conductivity (~10 W/(m K) [22-24].

It is obvious that the investigation of new types of color converters is an acute problem
to be solved with the development of energy-efficient solid-state lighting sources. The
minimization trend has focused attention on phosphor films that can be produced using
different techniques such as sputtering deposition [25], electrochemical synthesis [26],
pulsed laser deposition (PLD) [27], sol-gel [28], metal-organic chemical vapor deposition
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(MOCVD) [29], and liquid phase epitaxy (LPE) as well [30,31]. Among the presented
methods, the LPE technique is a versatile method for the production of SCFs for applications
in optoelectronics, with thicknesses in the range of several micrometers up to 200 um, with
excellent material quality and reproducibility [32].

One of the first works in this area was by Kundaliya et al. [32] and Markovskiy
et al. [33], who proposed a phosphor converter based on the YAG:Ce and LuAG:Ce garnet
phosphor film epitaxially grown onto a YAG substrate, to induce yellow and green emission,
respectively. Recently, the possibility of the development of Tb3Al;0;,:Ce (TbAG:Ce)
single crystalline film converters for wLEDs using the LPE technique was shown [34]. It
is especially important to note that, according to the Al,O3-Tb,O3 phase diagram, the
Tb3AlsOq; melts incongruently, and it is difficult to grow a high-quality and large-size
bulk TbAG:Ce crystal using Czochralski (Cz) or other melt-grown techniques, which is a
barrier to its practical applications [35]. However, the single crystalline Tb3 Al501, matrix
or Tby 3Gd; 5Al504; solid solution on their base can be fabricated in the pure garnet phase
using low-temperature synthesis methods such as LPE growth [34,36].

The next generation of film converters is the development of a composite color con-
verter (CCC), based on Ce**-doped film/crystal epitaxial structures [36]. The develop-
ment of CCCs suggests a few more additional tunable parameters, originating from the
single-crystal substrate: (i) Ce>* doping concentration in the substrate; (ii) thickness of the
substrate. Finally, the combination of the emission coming from the Ce**-doped substrate
and the film constituents of the color converter allows for a wide spectrum of WLEDs
similar to the spectrum of natural white light to be obtained, with enhanced luminous
efficacy in comparison with standard photoconverters.

Phosphors based on the Ce3+—d0ped mixed {CayR}[Sc,B](C,Si,)O12; R = Lu, Y, Gd;
B =Sc, Ga, C = Ga, Al silicate garnets can also be used for producing high-power WLEDs
with a high color rendering index and low correlated color temperature values [37,38].
Due to the flexibility of the garnet structure, which allows for replacing ions at the do-
decahedral { }, octahedral [ ], and tetrahedral ( ) sites, it is possible to replace the host
cations and modify the conventional {Y}3[Al],(Al)3012 garnet composition for altering the
Ce>* spectroscopic properties to better meet the requirements for utilization in WLEDs.
To date, the spectroscopic properties of Ce*" in some garnets containing Si** at tetra-
hedral sites, namely Y3Mg2AISi2012, Y3MgA138i012, CaY2A14Si012, MngMgAlzsizolz,
CaLu2A14SiOu, CaLuzMgzsigolz, CaYzerC A13012:Ce, and Lu1,5Ca1.5A13,5Si1,5O12:Ce
garnets, have been investigated [39-51].

It has been shown that Ca3Sc;SizO17:Ce (CSSG) exhibits less thermal quenching of
Ce’* luminescence than YAG:Ce [37,50]. Mixed silicate garnets like Y3*-Mg?* co-doped
CSSG:Ce, e.g., (Ca,Y)3(Mg,5¢),Si301, (CYMSSG), doped with Ce>* ions, have shown also
great potential as powder phosphor materials due to their broader emission spectra and
absorption in the blue region than GSSG:Ce, which aligns well with the emission of blue
LEDs [51,52]. However, despite the promising properties of these materials, research
on the use of CYMSSG:Ce in the single crystalline films (SCF) [53] or crystals [54] as
phosphor converters is limited, with even less focus on their performance in composite
film—crystal structures based on the silicate garnets [55,56]. This gap hinders a complete
understanding of how these materials behave under real LED excitation conditions and how
variations in film structure, particularly thickness and variable cation content, influence
their photoconversion efficiency.

The present study addresses this gap by investigating the structural, luminescent, and
photoconversion properties of epitaxial converters based on Ce>*-doped CYMSSG-based
SCFs with varying cation contents. These films were crystallized using the liquid phase
epitaxy (LPE) method onto YAG and YAG:Ce single-crystal (SC) substrates, allowing for
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precise control over the growth process and material properties [18-24]. By systematically
varying the film’s cation composition and thickness, ranging from 19 to 67 um for Ce>*-
doped CYMSSG films on YAG crystals (Series A) and from 10 to 22 pm for those on
YAG:Ce crystals (Series B), we thoroughly examined how these parameters influence
photoconversion efficiency.

This systematic approach enabled the observation and mapping of distinct trend
lines in a chromaticity or color coordinate diagram, clearly illustrating the relationship
between film content, thickness, and photoconversion performance. Variations in content
and thickness affected key parameters, such as emission spectra and color rendering, which
are critical for optimizing the overall luminescence and efficiency of the converter. These
trend lines provide valuable insights into the optimal content and film thickness required
for enhanced photoconversion, highlighting the importance of precise control over all
SCF parameters to achieve the desired optical characteristics in phosphor converters for
WLED applications.

2. SCF Growth

Two distinct sets of thin films with nominal compositions of Ce3+-doped Cay YMgScSisOy
and Cay 75Y1.25Mg1.255¢0 75513012 (Series A and B, respectively), with thicknesses ranging
from 10 pm to 67 um, were fabricated using the LPE method (Table 1). The films were
crystallized within a temperature range of 975-990 °C from a supercooled melt solution
composed of a PbO:B, O3 flux with a mole ratio of 12:1. The CYMSSG:Ce SCFs were grown
on undoped YAG substrates for Series A and on Ce3+—doped YAG substrates for Series B,
with orientations close to the (111) crystallographic plane. The YAG and YAG:Ce substrates
used in these experiments had a thickness of 0.5 mm. The nominal Ce concentration in
the CYMSSG:Ce SCFs and YAG:Ce substrates was approximately 0.05-0.15 at. % and
0.05-0.06 at.%, respectively (Table 1). Further details about the growth process for Ca-Si-
based films and the specific mole ratios used for LPE growth can be found in references [57].

Table 1. The nominal composition (in melt solution) and the measured (using EDX) composition of
LPE-grown CYMSSG:Ce/YAG and CYMSSG:Ce/YAG:Ce films (Series A and B, respectively) and
YAG:Ce substrates (Series C).

Sample Nominal Content in the Melt Measured SCF Composition h, um
Al CazYMgScSi3012:Ce Cal,88Y1,09C€‘0_01Mg0.95C1,428i2,73012 19
A2 CapYMgScSizOqo:Ce Cay.83Y1.08Ce0.03Mg0.95¢1.51512.68012 34
A3 CaYMgScSizO1o:Ce Cay.81Y1.12Ce0,03Mgp.935¢1 4851267012 49
A4 Cay.75Y1.25Mg1.255¢0.755i13012:Ce Ca1.63Y1.27Ce0.03Mg1.195¢1 2751272012 67
B1 CazYMgSCSi30122Ce Ca1,92Y1,08Ce0,02Mg0.95SC1,27Si2,78012 10
B2 Ca1.75Y1.25Mg1.255¢0.75513012:Ce Cay.65Y1.35Ce0,03Mg1.185¢0.615i3.21012 11
B3 Cay.75Y1.25Mg1.255¢0.75513012:Ce Cay.68Y1.32Ce0,03Mg1.285¢0.715i3,01 012 22
C1 Y3A15012:Ce Y2.99C60_01A15012 500
C2 Y3A15012:Ce Y2.99C60.01A15012 500
C3 Y3A150122C€ Y2.988C60.012A15012 500

The thickness of the SCF samples, denoted as h (in pum), was determined using a
weighing method. This approach involved measuring the substrate’s mass before and after
the SCF growth cycle with high-precision scales. Film thickness was then calculated using
the following formula: h = (m — mg)/(2 X S X p), where m is the mass of the substrate
with the grown SCF (in grams), ms is the mass of the substrate (in grams), S is the substrate
area (in cm?), and p is the film density (in g/ cm®).
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The compositions of single crystals and films were analyzed using a JEOL JSM-820 elec-

tron microscope (JEOL Ltd., Akishima, Japan) equipped with an IXRF 500i LN, Eumex EDX
detector (IXRF, Inc., Austin, TX, USA). This advanced tool provided rapid assessments and
ensured the precise detection of elemental variations with an accuracy of £1%. The analysis
revealed considerable deviations in the concentrations of Ca, Mg, Sc, and Si cations com-
pared to the nominal (in-melt) formulas (Ca,Y)3(Mg,Sc),SizO12 and Caj 75 Y1 25Mg1.255¢0.75
5i301,:Ce. Meanwhile, these deviations were consistently less than £0.2 formula units,
as shown in Table 1. Such findings underscore the importance of precise compositional
control in material synthesis. To maintain clarity and alignment with experimental results,
the study consistently refers to the nominal composition of the SCFs. This approach ensures
a standardized comparison while accounting for the slight variations observed during the

evaluation process.

The structural quality of Cay_xY1,xMg1+xSc1—xSi3O12:Ce (x = 0-0.25) films grown

on YAG substrates was investigated using X-ray diffraction (XRD) with a DRON 4 spec-
trometer (Saint-Petersburg, former USSR) equipped with a Cug X-ray source. For this
analysis, Samples B1 and B4 with x = 0 and x = 1.25 were chosen, featuring a 0.25 Ce>*
concentration of 0.01 and 0.15 at.% and a thickness of 19 um and 67 pum, respectively, as
illustrated in Figure 1 and Table 1. This sample was selected for its suitability for detailed

structural evaluation.

250
film P .
2=12.3153 A "' Ka1 Ca,YMgScSi,0,,:Ce Ka1
N h=19 mkm substrate YAG
200! : : misfit Aa/a_=2.51% - a=12.0055 A
1, Ca 75Y1.25Mg, 555€, 758130,,:Ce
'y h=67 mkm
" " ' misfit Aa/a,=2.57%
2 150 . : hki=(12 0 0)
3 1
8 : . film substrate YAG
100- 1 || a=12.3066 A 120009 A
'
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[ 0y
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0 I L " ‘/\
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Figure 1. XRD patterns of (12 0 0) plane of Cay;YMgScSizOq7:Ce SCF (sample Bl) and

Cay 75Y125Mg1 255¢0 75513012:Ce SCFs (sample B4) grown on YAG substrate.

Typically, the single crystallinity of CYMSSG films grown on YAG substrates is con-
firmed using thinner samples, generally with thicknesses of less than 50-70 pm. This
preference is driven by the inherent limitations associated with X-ray diffraction in thicker
samples. Specifically, the garnet matrix of CYMSSG films exhibits medium X-ray absorp-
tion, which changes the relative intensity of diffraction reflections from the YAG substrate.
This effect becomes more pronounced as the film thickness increases, complicating accurate
structural characterization in thicker samples (Figure 1).

Therefore, thinner samples are prioritized for initial analysis to reliably confirm single
crystallinity. Once verified, the growth process continues to produce thicker films (exceed-
ing 100 um) for further experimental studies. This sequential approach ensures that the
structural integrity and quality of the CYMSSG films are thoroughly assessed before the

fabrication of thicker film samples. By addressing the technical constraints of XRD analysis,
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this method provides a robust framework for characterizing the structural properties of
CYMSSG films on YAG substrates, paving the way for their application in advanced optical
and photonic systems.

The lattice misfit between the CYMSSG SCFs and the YAG substrate was calculated us-
ing the XRD pattern corresponding to the (12 0 0) crystallographic plane of the sample (Figure 1).
The standard formula for lattice misfit, expressed as Aa = ((ascr — agup)/asup) X 100%, was
used, where agcr is the lattice parameter of the film, and aqyp, is the lattice parameter of
the YAG substrate. The analysis revealed a lattice mismatch of approximately 2.51-2.57%,
which indicates a significant mismatch between the SCF and substrate lattices. Meanwhile,
even this degree of mismatch was found to be consistent with high-quality epitaxial growth,
where strain and stress at the interface are not yet critical, maintaining the crystalline in-
tegrity of the film. This finding is particularly significant as it confirms the successful
epitaxial growth of the CYMSSG (x = 0-0.25) film on the YAG substrate.

3. Experimental Technique

To comprehensively investigate the properties of the two sets of thin-film samples
(Series A and B) and Ce-doped substrates (Series C), an extensive suite of spectroscopic
techniques was employed. These techniques included absorption spectroscopy, photolu-
minescence (PL) emission, and excitation (PLE) spectroscopy, which together provided a
detailed evaluation of the luminescent characteristics of the CYMSSG:Ce SCFs. All spectro-
scopic measurements were conducted under ambient conditions at room temperature (RT),
ensuring their relevance to practical applications.

The absorption spectra of the SCFs were recorded using a Jasco V730 spectrophotome-
ter (Tsukuba, Japan). For a detailed examination of the photoluminescent properties, an FS-5
spectrometer (Edinburgh Instruments, Livingston, UK) was used. Photoconversion spectra
were recorded using an AvaSpec-ULS 2048-LTEC fiber-optic spectrophotometer, paired
with an AvaSphere-50-IRRAD integrating sphere (Avantes, Apeldoorn, The Netherlands).
These measurements enabled a comprehensive analysis of the SCFs” photoconversion
performance, shedding light on their potential for advanced photonic applications. The
Osram LBE 65G (I; = 30 mA, V =2.9 V) blue LED 455 nm (30 mA, 2.9 V) was used as an
excitation source to determine the chromaticity parameters of the samples.

4. Absorption and Luminescent Properties
4.1. Absorption Spectra

The absorption spectra of the CYMSSG:Ce SCF/ YAG SCFs (Figure 2a) and CYMSSG:Ce
SCF/YAG:Ce (Figure 2b) composite samples, as well as the absorption spectra of the
YAG:Ce SC substrates (Figure 2c), exhibit distinct features in the 200-500 nm wavelength
range, reflecting their optical properties. Notably, broad absorption bands peaking around
341 nm and within the 439-457 nm range, referred to as E2 and E1 bands, respectively, are
consistently observed across all analyzed structures, confirming their successful incorpora-
tion into the CYMSSG films. These bands are characteristic for the absorption of Ce3* ions
in the garnet host, corresponding to the 4f1(°F5/5)—5d (%E) electronic transitions. Addi-
tionally, a spectral feature at 230 nm is attributed to the 4f (*Fs/5)—5d; (Tog) transitions of
Ce’" ions (E3 band). These identifications align with prior studies, which highlight these
transitions as key spectral signatures of Ce>* ions’ presence in garnet matrices [1,2].
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Figure 2. RT absorption spectra of CYMSSG:Ce SCF/YAG (a) and CYMSSG:Ce SCF/YAG:Ce (b) in
comparison with YAG:Ce substrates (c).

Another notable feature of SCF samples is an absorption bands peaked at 300 nm
and below 220 nm, corresponding to the 'So—3P; and Py electronic transitions of Pb?*
impurity, likely introduced into the film during LPE growth from PbO-based flux. The
last Pb?*-related band strongly overlapped with the E3 band of Ce®* ions. Despite being
associated with trace Pb?* inclusions, this feature provides valuable insights into the real
material’s composition and the interactions between dopants and Ce®* ions [3].

In addition to these primary features, low intensive absorption bands in the UV range,
peaking at 370 nm, are evident in the YAG:Ce substrates and absorption spectra of the
CYMSSG:Ce SCF/YAG:Ce structure. Generally, such UV bands have been attributed to
defect center absorption in garnets, grown or annealed in the reducing atmosphere [58], or
containing an excess of Ca?* ions [53,57], and correspond to the absorption of the F* center
(one charged anion vacancy).

Overall, the analysis of these absorption spectra confirms the effective doping
of the SCFs with Ce®* ions and underscores the impact of trace impurities on their
optical behavior.

4.2. PL Spectra

The PL and PLE spectra of samples from Series A and B, as well as substrates from Se-
ries C, are shown in Figure 3. The PL spectra of all SCF samples (Figure 3a,b) exhibit intense
luminescence characterized by broad emission bands in the green-yellow spectral range.
These bands are attributed to the 5d; —4f (3F5/5, 2F7/5) electronic transitions of Ce3* ions,
which are characteristic of the luminescent behavior of cerium-doped garnets. However,
it should be noted that Ce®" emission bands consist of several sub-bands corresponding
to non-equivalent Ce>" multicenters. Specifically, Ce>" ions replace the dodecahedral po-
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sitions of Ca2* and Y3* cations, which have different local surroundings with Mg2+ and
Sc3* ions in octahedral positions and Si** in tetrahedral positions within the garnet lattice.
The observed structure of the PL spectra of CYMSSG:Ce SCFs grown on a YAG substrate
clearly indicates the presence of multiple Ce* emission centers in the CYMSSG host, as
described in detail in our previous works [8,18].
4
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Figure 3. RT PL (a,c,e) and PLE (b,d,f) spectra of CYMSSG:Ce SCF/YAG ((a,b)—A-series) and
CYMSSG:Ce/YAG:Ce ((c,d)—B series) structures in comparison with YAG:Ce substrates ((c)—series C).

The PL spectrum of samples from Series A, which were grown on an undoped YAG
substrate, exhibits a broader Ce®* luminescence band, with two distinct peaks at 510 nm
and 548 nm. The slight blue shift in the PL emission and excitation spectra of sample Al is
caused by its lower cerium concentration, which is three times lower than that of the other
samples in this set. This blue shift occurs because the reduced Ce®* concentration limits the
energy transfer between different Ce®* multicenters, primarily affecting those emitting in

the longer-wavelength range.



Materials 2025, 18, 3590

9o0f 16

Conversely, the PL spectra of samples from Series B, grown on a Ce**-doped YAG
substrate, display a notably broader emission band with peaks at 536 nm and 573 nm
due to the overlap between the PL spectra of the YAG:Ce substrate (Figure 3c) and the
CYMSSG:Ce SCFs (Figure 3a). This red shift may also result from variations in the crystal
field strength or changes in the covalency of Ce®*-ligand bonds within the Ca2*-Si**-based
CYMSSG host compared to the YAG:Ce substrate [8,18]. Specifically, increased covalency
in Ce**-ligand bonds within the CYMSSG matrix reduces the energy required for Ce>*
electronic transitions, contributing to the observed red shift.

Interactions between Ce®" ions in YAG:Ce substrates and CYMSSG:Ce films may
also lead to energy transfer processes that influence the emission spectra of the epitaxial
structure. Understanding these wavelength shifts is crucial for tailoring the material’s
properties and optimizing its emission for specific applications. These findings highlight
the critical role of the substrate composition in determining the photoluminescence prop-
erties of CYMSSG:Ce films. The interactions between SCFs and substrates, particularly
those involving cerium doping, significantly impact the energy transfer dynamics and
luminescent behavior.

4.3. PLE Spectra

The PLE spectra of Ce** ions in YAG:Ce substrates and CYMSSG SCF/YAG and
CYMSSG SCF/YAG:Ce structures are presented in Figure 3b,d,f. The 4f (*Fs5/5)—5d
transitions are key characteristics of Ce>* ion excitation and play a fundamental role in its
luminescent behavior. The peak near 456 nm in YAG:Ce substrates is typically associated
with the transition from the ground state to the lowest 5d energy level, whereas the 340 nm
peak corresponds to a transition to a higher-lying 5d state. These transitions are governed
by the symmetry and electronic environment of Ce* ions within the garnet matrix. The
relative intensities and positions of these bands provide insights into the local crystal field
and the energy splitting of the 5d states.

Furthermore, the peaks at 340 nm and 456 nm indicate that the YAG:Ce substrate and
its composite structure exhibit efficient absorption capabilities at multiple wavelengths,
enabling excitation in both the UV and visible regions. This dual-excitation feature enhances
the material’s photoluminescent properties, making it suitable for applications in lighting,
displays, and optoelectronic devices.

The PLE spectra for Series A (Figure 3b) exhibit prominent maxima at 346 nm and
454 nm, corresponding to the 4f—5d electronic transitions of Ce®* ions in the CYMSSG
host. These peaks are typical of cerium-doped materials and indicate efficient absorption
in the UV and blue regions, making them suitable for excitation by respective LEDs.

The PLE spectra of samples from Series B (Figure 3d) represent a superposition of the
PLE spectra of the YAG:Ce substrate and CYMSSG:Ce SCF. These spectra feature a peak
at 343 nm (Ey) and a broad complex excitation band in the blue region centered at 472 nm
(E1). The latter band is a superposition of at least two distinct peaks located at 433 nm and
476 nm. The presence of multiple peaks within the E; band is typically attributed to the
excitation of Ce3* multicenters in the CYMSSG:Ce film [8,18].

The excitation peak observed at 375 nm in the PLE spectra of Ce** luminescence in
CYMSSG:Ce SCFs is closely related to intrinsic electronic transitions associated with F*
centers in garnets [1,17]. Specifically, this peak corresponds to the ! A—1B transition of
the F* center, a well-known defect in many crystalline materials, including oxides. The
F* center refers to an oxygen vacancy typically associated with a trapped electron. The
presence of this excitation band at 375 nm suggests that F* centers play a role in the optical
behavior of CYMSSG:Ce SCFs, contributing to the material’s overall photonic properties.
In particular, the material’s ability to absorb light at this wavelength may influence the
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efficiency of energy transfer processes and the overall photoluminescent behavior of Ce3*
ions, as interactions between F* centers and Ce®* ions can modify emission characteristics.

5. Photoconversion Properties

Prototypes of phosphor-converted white light-emitting diodes (pc-WLEDs) were

developed to assess their performance and to investigate how the content and thickness
of SCFs affect the colorimetric properties of SCFs and composite converters. These pc-
WLEDs were assembled by integrating epitaxial SCFs and composite converters into the
OSRAM LBE 6SG blue LED chip (ams OSRAM AG, 8141, Premstaetten, Austria) with a
peak emission wavelength of 450 nm. These chips operated at a fixed forward bias voltage
of 2.6 V and a drive current of 20 mA.

The emission spectra of the prototypes, presented in Figure 4, correspond to con-

verters containing CYMSSG:Ce SCFs with varying contents and thicknesses, grown on
undoped (Series A) and Ce3+-doped (Series B) YAG substrates, each with a thickness of
0.5 mm (see Table 1 for details). For comparison, an emission diagram of the YAG:Ce
substrate (Figure 4c), used as a conventional reference sample, is also provided alongside
the corresponding diagram of the composite CYMSSG:Ce/YAG:Ce structures (Figure 4b).
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Figure 4. Normalized emission spectra of pc-WLED prototypes fabricated on the base of 450 nm LED
chip and CYMSSG:Ce SCF converters grown on YAG (a) and YAG:Ce (b) substrates in comparison
with converters on the base of YAG:Ce crystal substrates (c).

The emission spectrum generated by these white LED prototypes demonstrates a
clear dependence of Ce3* emission intensity on the thickness of the CYMSSG:Ce SCF
(Figure 4a,b). As the film thickness increases, a larger number of Ce3* ions are excited by
the incident blue light, resulting in the stronger absorption of the blue component. This, in
turn, enables the tailoring of the blue-to-yellow emission ratio (Figure 4a,b). Specifically, the
addition of emission from the CYMSSG:Ce SCFs significantly reduces the blue component
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and increases the yellow and red components in the total emission of the composite
prototypes, compared to conventional YAG:Ce crystal converters.

For a more detailed analysis, the emission of WLED prototypes is plotted also in a CIE
diagram (Figure 5). Table 2 presents the CIE chromaticity coordinates, color rendering index
(CRI), correlated color temperature (CCT), and luminous efficiency (LE) of the developed
WLEDs, highlighting their effectiveness in achieving desirable lighting characteristics.
These parameters are critical for evaluating the lighting performance of the developed
prototypes, providing insight into their color accuracy, spectral balance, and suitability for
various applications.

520 T 7 T T T T T Tpidde T

O White
Series A 1
CYMSSG:Ce/YAG

m  Series B
CYMSSG:Ce/YAG:Ce

m  Series C

Substrates YAG:Ce -

0.8

>
0.4 .
0.2 ]
0.0 \ ' ' ' ' ' '
00 01 02 03 04 05 06 07 08
X

Figure 5. Chromaticity diagram of a WLED prototype fabricated on the base of 450 nm LED chip
and CYMSSG:Ce SCFs grown on YAG (Series A) and YAG:Ce (Series B) substrates. The results for
YAG:Ce substrates are presented for comparison.

Table 2. Comparison of the CIE coordinates, CRI, CCT, and LE of epitaxial structures based on the
CYMSSG:Ce SCF samples grown on YAG (Series A, Series B) and YAG:Ce (Series C) substrates. The
results for YAG:Ce substrates, as reference samples, are presented for comparison.

Samples  SCI Thicknesses,  Type and Thicknesses SRt T

Series A

Al 19 0.5 0.162 0.066 - -

A2 34 0.5 0.155 0.043 - -

A3 49 0.5 0.156 0.047 - -

A4 67 0.5 0.189 0.146 - -
Series B

B1 10 C1,05 0.346 0.428 5150 62 102

B2 11 C2;0.5 0.374 0.475 4612 59 112

B3 22 C3;0.5 0.388 0.496 4406 59 115
Series C

C1 - 0.5 0.263 0.263 - 78 71

Cc2 - 0.5 0.276 0.278 - 75 72

C3 - 0.5 0.305 0.338 6838 70 79

CYMSSG:Ce SCF samples from Series A, grown on undoped YAG substrates, exhib-
ited emission coordinates clustered within the blue region of the chromaticity diagram
(Figure 5). Coordinates corresponding to the YAG substrates were not included here, as
these substrates do not contribute to photoconversion and their emission characteristics
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remain identical to those of the original blue diode. This indicates that the photoconversion
behavior of the CYMSSG:Ce SCF/YAG structures is determined solely by the properties of
the films, without additional contributions from the substrate. Meanwhile, the conversion
efficiency of these films, with thicknesses ranging from 19 to 50 um, is low, and only the
67 um-thick SCF A4 sample shows a clear visible trend in CIE coordinate change with
increasing thickness (yellow squares in Figure 5).

The coordinates of the YAG:Ce crystal substrates (blue squares) are also plotted on
the diagram as reference samples for comparison with film and composite converters
(Figure 5). As shown in Figure 5, the color coordinates of the YAG:Ce crystal converters are
significantly influenced by the Ce* concentration. In particular, the YAG:Ce crystal, with
0.075% Ce3* content (sample C3) and a thickness of 0.5 mm, exhibits CIE coordinates of
(x=0.305, y = 0.338) and a correlated color temperature (CCT) of 6840 K, which are very
close to the standard white light reference. In contrast, samples C1 and C2, with lower Ce>*
contents (0.05%), show color coordinates that fall within the sky-blue region. Moreover,
increasing the Ce3* content in the YAG:Ce crystal converters results in a slight decrease in
the CRI value, but a notable improvement in luminous efficiency from 71 to 72 for samples
C1 and C2, and to 79 for sample C3 (Table 2).

In contrast, CYMSSG:Ce SCF/YAG:Ce composite converters (Series B) exhibited emis-
sion coordinates in the green-yellow region (red squares). This pronounced shift is primarily
attributed to the presence of Ce3* dopant in the SCF converters, which introduces addi-
tional photoluminescent features, thereby enhancing the overall emission and significantly
altering the photoconversion behavior of the epitaxial structures. In this case, the color co-
ordinates and CCT are less dependent on the properties and Ce®* content of the underlying
crystal substrates. Instead, the composition of the SCF converters, specifically, the ratio of
Y/Mg/Sc cations as well as the film thickness, play a more dominant role in determining
the photoconversion characteristics of the composites (Figure 5). These parameters can be
effectively tuned to optimize the performance of the fabricated WLEDs. Notably, as the
SCF thickness increases, the composite converters show a reduction in the color rendering
index (CRI), with values in the range of 59-62. However, they demonstrate a signifi-
cantly higher luminous efficiency, reaching 102-115 Im /W, compared to the corresponding
YAG:Ce substrates (Table 2), primarily due to the enhanced absorption and emission prop-
erties of both the film and substrate converters. The highest luminous efficacy achieved is
115 Im/W for sample S3.

Thus, the proposed approach for creating composite color converters demonstrates
the ability to achieve virtually any desired color coordinates within the white light region
by adjusting several key parameters: (i) the Ce>* concentration in the YAG:Ce substrate,
(ii) the film composition, and (iii) the film thickness. The results also highlight the critical
role of both the film and substrate composition, as well as the SCF thickness, in determining
the photoconversion performance of these composite converters. By carefully tuning
these parameters, it is possible to tailor the colorimetric properties of pc-WLEDs to meet
the specific requirements of various white solid-state lighting applications. This study
illustrates the potential of CYMSSG:Ce SCFs as highly versatile and effective materials
for next-generation pc-WLED technologies, paving the way for further advancements in
the field.

6. Conclusions

This study investigates the structural, luminescent, and photoconversion properties
of Ce**-doped film-crystal composite converters based on epitaxial structures containing
Ce3+-doped single crystalline films (SCFs) of Cay_yY14xMg1.4xSc1_xSizO12:Ce (x = 0-0.25)
(CYMSSG:Ce), grown using the liquid phase epitaxy (LPE) method on Y3Al501, (YAG) and
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YAG:Ce substrates. For this purpose, two series of CYMSSG:Ce SCFs with different ratios
of Y, Mg, and Sc cations and varying thicknesses in the 19-67 um range were synthesized
on YAG and YAG:Ce substrates.

X-ray diffraction (XRD) analysis confirmed the presence of the epitaxial growth of
high-quality SCFs, revealing a lattice misfit between the CYMSSG:Ce SCF and the YAG
substrate in the range of 2.51-2.57%. Absorption spectra exhibited broad bands around
340 nm and 436-458 nm, characteristic of Ce3* 4f-5d transitions, confirming the successful
doping of CYMSSG:Ce SCFs. A weak absorption band below 300 nm suggests trace Pb?*
impurities resulting from the LPE growth process using a PbO-based flux.

Photoluminescence (PL) measurements of Cap_yY1+xMg14xSc1—_xSizO12:Ce showed
broad green-yellow emission bands due to Ce>* transitions. Increasing the Y and Mg
content (x) in the films led to a red shift in the Ce3* emission spectra, while the SCF of
this garnet with a large Sc content demonstrated a more pronounced blue shift of Ce3*
luminescence. Excitation spectra revealed prominent peaks at 340 and 450 nm related to
the 4f-5d!? Ce3* transitions, while a peak near 375 nm was attributed to F* centers.

Prototype phosphor-converted white LEDs (pc-WLEDs) were fabricated using
CYMSSG:Ce SCF/YAG substrate and CYMSSG:Ce SCF/YAG:Ce substrate structures with
various SCF thicknesses placed directly onto blue-emitting InGaN chips. We found that
films grown on undoped YAG substrates (Series A) displayed very low conversion ef-
ficiency, while the CYMSSG:Ce SCF/YAG:Ce substrate structures (Series B) exhibited
promising characteristics for white LED applications. Chromaticity analysis of the latter
structures demonstrated that both the YAG:Ce substrate and the CYMSSG:Ce SCF with
different contents and thicknesses significantly affect the photoconversion performance of
the WLED prototypes and can be used for the effective tuning of the tone of white light on
demand. Namely, increasing the SCF thickness results in a slight decrease in the CRI value,
but a notable improvement in the luminous efficiency of composite converters. The highest
luminous efficacy of 115 Im/W is achieved for the Caj 75Y1.25Mg1 25 Scp 75513012:Ce SCF
(22 um)/YAG:Ce (0.12%) substrate composite sample.
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