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Transparent light-converting Y3Als0,:Ce (YAG:Ce) ceramics have become promising materials for
advanced light-emitting diode and laser-driven white-light-generation technology. However, their func-
tionality is highly dependent on factors such as structural quality, uniformity of dopant distribution, the
presence of defects, and the cost of fabrication. The emission of YAG:Ce ceramics remains thermally
stable when high-power-density laser excitation is uniformly spread over the entire surface area of the
ceramics due to light-scattering processes. The creation of light-scattering centers that can provide homo-
geneous white light in ceramics is crucial. One of the drawbacks of YAG:Ce as a material for converting
ultraviolet emission into white light is the lack of a red component, which results in cold light and a low
color rendering index. Therefore, the codoping of YAG:Ce*" with red-emitting ions (Er**, Ho’*, Nd**,
Pr’*, and Cr’™) was carried out and slight nonstoichiometry was induced in the present study to improve
the photoconversion parameters. The phase purity of the studied ceramics was analyzed using powder x-
ray diffraction and SEM combined with energy-dispersive spectroscopy (EDS). EDS studies revealed that
nonstoichiometric ceramics contained Al,O; phase inclusions that acted as light-scattering centers. Opti-
cal transmittance and absorption spectra measurements revealed the presence of light-scattering centers
imposed by Al, O3 phase inclusions and nanodefects related to perturbations of the local lattice structure by
dopants. EDS mapping and photoluminescence analysis showed the formation of Ce-Ln,Cr (Cr is a tran-
sition metal) pairs and the availability of energy transfer between the pair-forming ions. Intrinsic thermal
quenching of Ce** luminescence started above 400 K. The nonstoichiometric YAG:Ce, Nd sample showed
luminescence stability up to 650 K with a luminous efficacy of 198 Im/W. The photoconversion parameters
of the transparent ceramic packaged with a blue light-emitting diode or a laser diode were compared. It
was shown that the color temperature of ceramic emissions could be controlled by the spectral width of the
excitation beam. Thermally stimulated luminescence was applied to investigate the deep trapping centers
imposed by the codopants. A detailed EPR study revealed the presence of F*, O~, and Ce** centers.
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I. INTRODUCTION 1/5 of the world’s electricity production [1]. There-
fore, the construction of long-lasting and efficient white
light-emitting diodes (LEDs) is in high demand [1-3].
The advantages over conventional light sources include
their small size, long service life, energy savings, and
- environmental friendliness [4,5]. A white LED consists

“karol@ukw.edu.pl of a semiconductor diode [6,7] or a combination of an

Worldwide efforts are being made to efficiently pro-
duce white light in many everyday lighting applications.
Electrical lighting sources account for about 1/6 to
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ultraviolet (UV) or blue light-emitting diode with a lumi-
nescent phosphor [1] that converts part of the exciting light
into green-yellow and red emission. Phosphor-converted
light-emitting diode (PCLED) devices have been shown
to suffer from a performance decrease in the course of
exploitation. A search for alternative solutions led to the
development of phosphor-converted diodes pumped by a
blue-light laser (white PCLDs), which could maintain a
high power-conversion efficiency, even when applied in
high-power and high-brightness lighting devices [3]. Cur-
rently, most commercial white PCLEDs are constructed of
a blue LED based on (In, Ga)N/GaN multiple quantum
wells and a polymeric compound containing Y3AlsO1,:Ce
(YAG:Ce) phosphor powder that emits green-yellow light
[8]. Blue light from the (In, Ga)N diode excites the green-
yellow luminescence from YAG:Ce, which, in turn, is
mixed with unabsorbed blue light from the diode itself to
produce white light. A serious problem with this concept
is the use of organic or silicone resin with a low thermal
conductivity coefficient (k =0.1-0.4 W m~! K=!) and poor
thermal stability [7]. These disadvantages significantly
reduce the output power of LED chips under increasing
temperatures and continuous laser irradiation [8]. To over-
come these drawbacks, fully inorganic color converters
have been proposed because of their higher mechanical
strength, thermal stability, thermal conductivity, and effi-
ciency. Inorganic color converters can be divided into three
categories: glass ceramics (k~ 1.0 Wm~!' K') [9,10], sin-
gle crystals (k~9.0-15.0 Wm™' K1) [11,12], and trans-
parent ceramics (k> 10.0 Wm~'K~") [13,14]. Among
these types of materials, transparent ceramics are the most
promising because of their low cost, well-mastered prepa-
ration technology, ease of doping, and the possibility of
designing integrated devices. Therefore, they have become
research hotspots in solid-state lighting. However, the
YAG:Ce phosphor combined with the blue-light-emitting
chip generates white light with a rather low color rendering
index (CRI) and high correlated color temperature (CCT),
which bring limitations to its applications. The white light
obtained is too cold, and the CRI is too low for indoor
illumination [10,11]. Hence, to obtain warm-white light,
the addition of a red-light component to a yellow-emitting
YAG:Ce phosphor is strongly required.

The composition-engineering strategy based on the
replacement of smaller Y atoms with larger Gd (Tb) ele-
ments and Al atoms with Ga (Sc) atoms appears to be
a good solution [15,16]. In fact, an atom admixture with
a larger ionic radius significantly shifts the Ce*" emis-
sion to lower energy and increases the contribution of red
light, thus improving the CRI and CCT [15,16]. However,
this strategy significantly reduces the thermal stability of
Ce’* emission in the (Gd, Tb, Y)3(Al, Ga, Sc)sO;,:Ce host
and increases the cost of production. Consequently, in
such a complex system, the Ce** luminescence-quenching
process begins at significantly lower temperatures [17—19].

Another way is to codope YAG:Ce with ions such as
Cr’*, Pr’*, and Mn?*, which can be efficiently sensi-
tized by Ce>* ions and contribute to red emission [20—22].
Codoped red-light-emitting ions can significantly improve
both the CRI and CCT by producing warm-white light
with the excellent thermal stability of Ce*>" luminescence.
Despite promising parameters, the quality of light emitted
from the codoped samples still exhibits some downsides.
Specifically, unevenly distributed luminescent ions in the
host can cause an undesired color-temperature deviation.
Although photoconversion properties can be improved in
different ways by altering the conformal coating structure
[23], the composite structure [2,24], and the discharge sur-
face [25], the complexity and high production costs of such
materials prevent them from being widely used. There-
fore, there is a high demand to find a simple and low-cost
production process that enables favorable optical proper-
ties to be obtained. An alternative approach to improve
the parameters of white PCLED and PCLD is based on
the formation of light-scattering centers that can be eas-
ily incorporated into the phosphor [26-28]. The light-
scattering properties of the phosphors can be enhanced
by the incorporation of pores or secondary phases or by
tailoring the microstructure with different grain sizes. As
a result, exciting radiation propagation is more diffusive,
thus significantly eliminating problems in lighting appli-
cations associated with LEDs, such as lighting hot spots
and angular color distribution [26-28]. However, pores in
YAG:Ce ceramics can significantly decrease thermal con-
ductivity [29], excluding their application in high-power
solid-state lighting. Furthermore, the cubic structure of
Y3Al;01, makes it extremely difficult to induce light-
scattering effects based on different sizes of phosphor
grains and different orientations of their crystallographic
axes in space. Therefore, the formation of secondary-phase
inclusions, along with red-light-emitting codopants, is con-
sidered to be the most effective and practical approach to
introduce light-scattering centers into YAG:Ce ceramics.
The present research discusses the influence of codoping
with lanthanides (Ln = Er, Ho, Nd, and Pr) and a transition
metal (Cr) on the luminescent properties of the YAG:Ce
phosphor. These codopants are assumed to act as red-light
emitters and may be effectively sensitized by Ce*" ions.
In addition, this study reveals the role of light-scattering
centers in diffusive light transport in YAG:Ce ceramics.
One of the possible sources of light-scattering centers
may be related to the segregation of the dopants on grain
boundaries, resulting in Rayleigh scattering. This phe-
nomenon may be attributed to the different ionic radiuses
of Ln** or Cr’** ions compared to Y3+ and AI**. The other
type of light-scattering center is presented by secondary-
phase inclusions, which are the result of introducing
nonstoichiometry into the system. Earlier studies showed
that garnets had an exceptional tolerance for the solubility
of excess lanthanide oxides (Ln,O3) [30,31]. This means
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that the addition of excess Ln, O3 does not alter the stoi-
chiometry of the garnet structure, thus maintaining a single
garnet phase. The main mechanism for accommodating
deviations from stoichiometry (excess Ln,O3) is the for-
mation of antisite defects as well as cation and oxygen
vacancies [32]. This suggests that the nonstoichiometry
caused by the excess Ln,O3 component can increase the
concentration of defects, resulting in a decline in the mate-
rial’s overall performance. In contrast, the depletion of the
LnyO3 component in Ln3AlsOj; results in an excess of
Al,O3. During the sintering process, this surplus Al,O3
can be incorporated into the YAG matrix, thereby facilitat-
ing the formation of the desired light-scattering centers. In
the present study, YAG:Ce, Nd and YAG:Ce, Cr ceramics
were fabricated as nonstoichiometric materials, allowing
us to test a different design in the formation of this type of
light-scattering center. The factors mentioned above may
improve the white-light quality of phosphors for solid-
state lighting. Here, we establish the optimal concentration
ratio of Ce, Ln and Ce, Cr in transparent YAG ceramics for
white LEDs and find the correlation between transparency
(i.e., light diffusion) and the photoconversion properties of
Ln and Cr codoped YAG:Ce. The microstructure, phase
purity, absorption, transmittance, and luminescence prop-
erties, as well as energy-transfer processes between Ce and
codopants, are systematically investigated. Furthermore,
the chromaticity parameters of transparent ceramic-based
white PCLEDs are estimated. Data on the temperature
stability of Ce®" emission are reported for the tempera-
ture range of 77-750 K. The effect of codoping on the
formation of defects in transparent ceramics is revealed.

II. RESEARCH METHODOLOGY

A. Preparation of transparent ceramics

Transparent YAG ceramics singly doped with cerium
(1.0 at.% Ce) or codoped with cerium (1.0 at.%) and
lanthanides Er, Ho, and Pr at the level of 0.5 at.%
were selected for the present study. The YAG:Ce,Nd
(Nd =0.425 at. %) ceramic samples were prepared with a
nonstoichiometric quantity of Nd, according to the nomi-
nal chemical composition Y;.955Ce.03Ndg0135A15012. The
YAG:Ce, Cr (Cr=0.3 at. %) sample was prepared with a
0.5% depletion of Y;,03, according to the nominal chem-
ical composition Y>.955Ceg 03Crg009AlsO15. First, aqueous
slurries of yttrium oxide (99.9% purity), aluminum oxide
(99.99% purity), and cerium oxide (99.9% purity) were
prepared by mixing the powders in a planetary mill in
water with DolapixCE 64 dispersing agent, DuramaxB-
1000 binder, and a laboratory-prepared octaanion sintering
aid. When samples were codoped with Ln or Cr ions, an
appropriate oxide, such as erbium oxide, holmium oxide,
neodymium oxide, praseodymium oxide, or chromium
oxide, was used to substitute Y,03; (Ln,O3 oxides) or

Al,O3 (CryO3 oxide). The homogenized aqueous slur-
ries were sprayed into liquid nitrogen to form granules,
which were then lyophilized overnight in a freeze dryer.
The obtained granulates were uniaxially pressed into disk-
shaped samples 20 mm in diameter and a few mm thick
and further densified using a cold isostatic pressing pro-
cess. The samples were calcined in air at 950°C to
remove organic additives and then sintered under vacuum
at 1715°C for 6 h. The samples were annealed in air at
1600 °C for 2 h to reduce the oxygen-vacancy concentra-
tion. Ceramics were cut, ground, and polished to obtain
samples with dimensions of 4 x 4 x 1 mm?® and mirrorlike
parallel surfaces.

B. Powder XRD and SEM-HRTEM-EDS analysis

The qualitative phase analysis of the ceramics was per-
formed using powder x-ray diffraction (PXRD). Measure-
ments were carried out on a Rigaku SmartLab 3-kW x-ray
diffractometer equipped with a copper x-ray tube, operat-
ing at 40 kV and 30 mA, and a D/tex Ultra 250 solid-state
detector. Phase analysis was performed on bulk samples in
continuous mode in Bragg-Brentano geometry (6/20 scan)
over an angular range of 5°—120° (26) with a scan step
of 0.01° and a speed of 1.2°/min. To reveal grain bound-
aries for microscopic analysis, the samples were thermally
etched in air at 1600 °C for 30 min. The microstructures
of the ceramics were studied with a scanning electron
microscope (SEM) (Carl Zeiss CrossBeam Workstation
AURIGA, Oberkochen, Germany). Structure analysis was
carried out with a JEOL JEM-2100 transmission elec-
tron microscope (TEM) using an accelerating voltage of
200 kV. The microscope was equipped with an energy-
dispersive spectroscopy (EDS) detector and enabled opera-
tion in scanning mode (STEM). High-resolution transmis-
sion electron microscopy (HRTEM) measurements were
made using the lift-out method with a focused gallium-ion
beam (FIB). For the HRTEM study, the sample surface
was prepared by etching with an argon-ion beam. All
measurements were carried out at 300 K.

C. Optical, luminescence, and photoconversion
measurements

Absorption and transmittance spectra were recorded
with a Jasco V-730 UV-vis spectrometer in the 200—
1100 nm spectral range at 300 K. Photoluminescence-
excitation (PLE) and -emission (PL) spectra at 300 K were
recorded with an Edinburgh Instruments FLS1000 spec-
trofluorometer, equipped with a 150-W xenon lamp as an
excitation source. The recorded spectra were corrected for
the spectral transmission and detector sensitivity of the
setup. A pulsed nanoLED was used for fast PL-decay-
kinetics measurements. The decay curves were recorded
using the time-correlated single-photon-counting method.
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For measurements of the temperature dependences of
emission and excitation spectra, the samples YAG:Ce,
YAG:Ce,Nd, YAG:Ce, Cr, and YAG:Ce, Pr were mounted
in a JANIS VPF-800 cryostat. Excitation was accom-
plished with a 400-W deuterium discharge lamp (DDS-
400) through a double-quartz prism monochromator
(DMR-4). An ARC SpectraPro 300i grating monochro-
mator equipped with a H8259-01 photon-counting head
was used to analyze luminescence. The temperature
dependences of emission spectra of YAG:Ce, Er and
YAG:Ce, Ho ceramics were measured with an Edinburgh
Instruments FLS1000 spectrofluorometer with a Janis
continuous-closed-cycle refrigerator cryostat.

PLE and PL spectra together with the PL decay curves
were recorded by using a custom-made 5000M spec-
trofluorometer (Horiba Jobin Yvon, Wildwood, MA, USA)
using a steady-state laser-driven xenon lamp (Energetiq, a
Hamamatsu Company) and nanosecond nanoLED pulsed-
light sources in time-correlated single-photon-counting
mode (Horiba Scientific) as the excitation sources, respec-
tively. The detection part of the setup involved a single-
grating monochromator and a photon-counting detector
(TBX-04) (Hamamatsu). The PL and PLE spectra were
corrected for experimental distortion. The convolution
procedure was applied to the photoluminescence-decay
curves to determine true decay times (SpectraSolve soft-
ware package, Ames Photonics). Temperature-dependent
measurements were accomplished by using liquid-nitrogen
bath cryostats (Oxford Instruments or LakeShore Cry-
otronics, environment by Janis). The time-resolved after-
glow measurements were performed within a time win-
dow ranging from O to 600 s after irradiation with a
xenon flashlamp at 450-nm wavelength for 5 min using
a custom-made 5000M spectrofluorometer (Horiba Jobin
Yvon, Wildwood, MA, USA).

Photoconversion experiments were performed by plac-
ing ceramic samples on a collimator lens. The beams of
the 445-nm laser diode of a CNI laser (FWHM =2.1 nm)
and a 455-nm LED (FWHM =21.6 nm) were used as
excitation sources. The optical power of blue excitation
was set to 0.1 W. The beams were coupled to an optical
fiber to homogenize exciting radiation. The measurements
were performed with a gigahertz BTS-256LED spectrom-
eter equipped with an integrating sphere (for chromaticity
parameters) and Avantes USB-2000 spectrometer (spec-
tra). The CIE 1931 coordinates (x,y, CRI) and correlated
color temperature were calculated using the S-BTS256
software. All measurements were performed at 300 K.

D. Thermoluminescence measurements

Thermoluminescence measurements in the 300670 K
temperature range were performed using a Risg DA-15
TL reader with a heating rate of 1 K/s. The samples were
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FIG. 1. Theoretical and experimental PXRD patterns for

YAG:Ce and YAG:Ce,Ln or Cr (Ln** =Er’*, Ho’t, Nd**,
Pr’*, Cr’") transparent ceramics recorded at 300 K.

irradiated with about 12-eV vacuum ultraviolet (VUV)
photons.

E. Electron paramagnetic resonance analysis

EPR measurements were performed with a commercial
Bruker EMXplus spectrometer in the X band (9.4 GHz,
resonator type ER4122SHQE, TEO11 mode) within the
4296 K temperature range using an Oxford Instruments
ESR900 cryostat. The sample was placed into a quartz
tube. The x-ray irradiation of samples in the quartz tube
was performed at room temperature and liquid-nitrogen
temperature using ISO-DEBYEFLEX 3003 highly stabi-
lized x-ray equipment for structure analysis (tungsten x-ray
tube, 50 kV, 30 mA).

ITI. RESULTS AND DISCUSSION

A. Ceramics phase, nanostructure, and microstructure

Figure 1 shows the PXRD patterns of YAG:Ce transpar-
ent ceramics codoped with Er’*, Ho>*, Nd**, Pr**, and
Cr*" ions. In the codoped and nonstoichiometric samples,
the crystal structure is maintained, as confirmed by com-
parison with reference data: PDF No. 82-575. All samples
crystallized in the pure cubic space group /a-3d (No. 230)
without the detectable presence of Al,O3, Y,03, YAIO;,
Y4Al;Og, or Ln;Al,Og aluminate phases. This confirmed
that codoping with various Ln3* and Cr** ions, as well as
the introduction of slight nonstoichiometry, did not signif-
icantly influence the phase-formation process during the
reactive sintering stage. However, the presence of sec-
ondary phases below 2% was beyond the detection limit of
the PXRD method [33]. Therefore, other techniques more
sensitive to morphology, such as SEM-EDS, need to be
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applied to detect smaller amounts of inclusions (Figs. 2
and 3).

Figure 2 shows the SEM microimages of mirror-
polished ceramics. All ceramics were highly dense and
pore free with regular grain boundaries. The average grain
size was between 3.9 and about 10 um, see the Supple-
mental Material for the grain size distribution in Table S1
[63]. The YAG:Ce*" transparent ceramics [Fig. 2(a)] and
YAG:Ce**, Er** [Fig. 2(b)], YAG:Ce*", Ho>* [Fig. 2(c)],
and YAG:Ce*t, Pt [Fig. 2(e)] codoped ceramics do not
contain light-scattering centers in the form of secondary-
phase inclusions. It should be noted that all samples exhibit
surface roughness, even after the polishing step. However,
all of them were prepared in the same manner; hence,
the eventual transmittance drop attributed to the surface
finish could be treated as a systematic error. Inducing non-
stoichiometry in YAG:Ce>" transparent ceramics codoped
with both Nd** and Cr** ions resulted in the formation of
small and irregularly shaped secondary-phase inclusions
well incorporated into the ceramic structure [see black
spots in Figs. 2(d) and 2(f)]. The insets in Fig. 2 sug-
gest that all the prepared samples show good transparency,
even in the case of nonstoichiometric YAG:Ce, Nd and
YAG:Ce, Cr samples.

Figure 3 shows the elemental distribution in the selected
samples: (a) YAG:Ce 1.0%, Er 0.5% (stoichiometric),
(b) YAG:Ce 1.0%, Cr 0.3%, and (c) YAG:Ce 1.0%,
Nd 0.425% (nonstoichiometric) transparent ceramics. The
EDS mapping results for YAG:Ce** 1.0%, Er’* 0.5%
showed a uniform distribution of O, Al, Y, Ce, and
Er atoms in ceramics. This indicated that the solid-state
reactive sintering process using the selected parameters
ensures proper diffusion and resulted in the extraction of

FIG. 2. SEM microimages of
mirror-polished YAG transparent
ceramics doped with (a) Ce 1.0%,
and codoped with (b) Ce 1.0%,
Er 0.5%; (c) Ce 1.0%, Ho 0.5%;
(d) Ce 1.0%, Nd 0.425%; (e) Ce
1.0%, Pr 0.5%; (f) Ce 1.0%, Cr
0.3%. Insets depict fragments of
mirror-polished specimens.

homogeneous material. The same results were observed
for YAG:Ce** 1.0% and samples codoped with Ho’*
and Pr’* ions. The nonstoichiometry introduced in the
YAG:Ce, Cr and YAG:Ce, Nd samples resulted in the suc-
cessful formation of the desired light-scattering centers,
significantly disrupting the uniform distribution of atoms.
The EDS elemental mapping results for the O and Al
atoms showed spots with a brighter shade, while that
for the Y atoms showed black spots at the same loca-
tion [Figs. 3(b) and 3(c)]. Specifically, the bright spots on
the EDS maps were related to an increase in the inten-
sity of the signals corresponding to O and Al atoms. The
black spots reflected the lack or lower content of Y atoms
[34]. This revealed that secondary-phase inclusions con-
sisted of O and Al atoms that formed the Al,O3; phase.
This result showed that the formed ceramic structure had
well-incorporated light-scattering centers that could enable
diffusive light propagation. Another significant observa-
tion was a higher concentration of Al,O3 phase inclusions
in the YAG:Ce, Cr sample compared to the YAG:Ce, Nd
sample. This disparity could be attributed to the degree of
nonstoichiometry present in each sample. Consequently, it
could be concluded that the concentration of Al,O3 phase
inclusions could be effectively controlled by tailoring the
degree of depletion of one component.

Figure 4(a) shows an HRTEM image of the grain bound-
ary between two grains in YAG:Ce 1.0% ceramics. The
inset shows a thin interface layer of less than 1 nm wide
with a significantly disordered structure. To confirm the
segregation of Ce®™ ions toward the grain boundary, point-
by-point EDS measurements were performed using scan-
ning mode of the transmission electron microscope. Figure
4(b) (left side) shows spectra recorded on the line crossing
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both grains and their boundary (the overall distance cov-
ered by the measurement was ca. 50 nm). The right side of
Fig. 4(b) presents a graph of the intensity of the Ce Lo x-
ray fluorescence line recorded in the area studied. It is seen
that the increase of the signal corresponding to the Ce Lo
fluorescence line is observed just on the grain boundary.
The higher number of counts demonstrates an increased

FIG. 3. EDS elemental map-
ping of selected areas in (a)
YAG:Ce 1.0%, Er 0.5%; (b) non-
stoichiometric YAG:Ce 1.0%, Cr
0.3%; and (c) nonstoichiometric
YAG:Ce 1.0%, Nd 0.425% trans-
parent ceramics. Lighter spots
indicate an increase in the con-
tent of atoms in the analyzed area,
whereas black spots represent a
lack of respective atoms locally.
T=300K.

content of Ce atoms. These data confirmed that the high-
est concentration of Ce®" ions was spatially located at
the grain boundary, which was consistent with previ-
ous research on the distribution of dopants in the YAG
host [35]. This observation is further supported by the
absorption and photoluminescence analyses (Sects. 111 B
and III C).
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FIG. 4. (a) HRTEM image of grain boundaries 1 and 2 in YAG:Ce 1.0% ceramics; (b) point-by-point EDS measurements carried
out along a line perpendicular to the grain boundaries. Graph in the left part shows the fragments of fluorescence spectra in the vicinity
of the Ce La x-ray line. Spectrum with the highest fluorescence intensity of this peak is marked in red. Image to the right shows the
number of counts of the Ce L line at each measured point. Line in the inset shows the extent of the STEM scan.
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B. Transmittance and absorption properties

Figure 5(a) shows the transmittance spectra of the
ceramics obtained. It can be seen that both Ho** and Pr3+
codoped YAG:Ce** samples are highly transparent, with
76% and 77% optical transmittance at 900 nm, respec-
tively. The optical transparency for YAG:Ce*" ceramics
is around 68%. Furthermore, the transmittance gradually
decreases in the incident wavelength range from 800 to
530 nm, which is tentatively assigned to the formation of
nanodefects. When the size of the nanodefects in ceram-
ics is smaller than the wavelength of the incident radiation,
Rayleigh scattering occurs with an intensity proportional to
1/A [36]. The flatter transmittance curve for the Ho** and
Pr** codoped samples indicates that the nanodefect con-
tent in these samples is much lower than that of YAG:Ce*"
ceramics. Nanodefects can originate from local lattice
strains caused by increased segregation of Ce** or other
RE** (RE is rare earth) ions to grain boundaries, where
the Ce-Ce or Ce-RE clusters can be formed. Addition-
ally, nanodefects can be formed in a disordered interface
between grains. This hypothesis is supported by HRTEM
nanostructure analysis. The presence of nanodefects may
have two different causes. The first is the behavior of the
dopant itself. Depending on the oxidation state under vac-
uum sintering conditions, dopant ions in ceramics may also
exist in several oxidation states. This results in the gener-
ation of point defects, namely, vacancies. The presence of
vacancies can increase diffusion in the system, resulting in
an improved homogenization and densification process of
ceramics. The second cause is a technological one, since
the dopant powders exhibit different morphology (shape,
size of crystallites and agglomerates, appearance of sinter-
ing necks between the crystallites in powder agglomerates,
etc.). This factor can affect the distribution of dopants
in the bulk, resulting in different optical qualities of the
ceramics. The most significant example of this effect in

the present study was shown by a YAG:Ce, Er sample,
which was prepared using the rather coarse Er,O; powder
(see Fig. S1 within the Supplemental Material [63] for the
shape and size of crystallites in raw powders). Although
the powder was additionally milled before preparation of
the suspension, the transmittance of the sample was sig-
nificantly lower compared to that of other stoichiometric
samples.

In the nonstoichiometric samples, the optical transmit-
tance was significantly reduced to 33% and 62% at 900 nm
in the codoped ceramics with Nd** and Cr’*, respec-
tively. The decrease in transmittance in these two samples
was mainly attributed to the introduction of secondary-
phase inclusions, but not to the influence of codoping itself
(see Fig. 3). These inclusions can significantly enhance
lattice stress, increase the number of oxygen vacancies,
and facilitate the formation of particular types of defects
[e.g., antisite defects, Y in the Al site (Ya1) and nanode-
fects] [17,18]. The optical transmittance of the Ce**-doped
and Ln**,Cr’* codoped YAG ceramics was close to 0%
between 190 and 350 nm, while the undoped YAG sam-
ple showed high transparency in this spectral region. This
observation may suggest that Ce** doping and Ln**,Cr**
codoping are responsible for the formation of oxygen
vacancies and other lattice defects [37,38]. This hypoth-
esis is further supported by the analysis of photolumi-
nescence and thermally stimulated luminescence (TSL)
data (see Figs. 6 and 7). During the ceramic sintering
process performed at high temperatures and the subse-
quent air annealing process, part of the Ce** ions can
be oxidized to the Ce*" state. Regardless of the smaller
ionic radius of Ce{; =0.970 A than Ced,=1.134 A
[39], it is believed that Ce** imposes additional lattice
distortion and lattice stress, as charge compensation that
involves the creation of charged point defects, vacancies,
or interstitials, and even more complex defect clusters (in
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(a) Optical transmittance spectra and (b) absorption spectra for Ce-doped and Ln, Cr codoped YAG:Ce transparent ceramics

at 7=300 K. Undoped YAG transparent ceramic is a reference sample.

014047-7



KAROL BARTOSIEWICZ et al. PHYS. REV. APPLIED 20, 014047 (2023)

(a) T T T T T T (b) T T T T T T T

1.0 — YAG:Ce?1.0% | . * expt.data
$ F* emission —_— fit

508 - :

[ = : I()=270exp(~tl 2 ns )+

£ 5 : +77exp(~t/11 ns }+43.50757

- 06 -1 = .

° []

& Y

T £

% 0.4 - 3

2 O
0.2

0.0

340 360 380 400 420 440
Wavelength (nm)

FIG. 6.
center at 395 nm excited by 260 nm at 7= 300 K.

particular, defect pairs), are needed for it. The nature and
concentration of defects depend on the specific charge
imbalance locally and the relative position of the struc-
ture of the defect energy levels in the host electronic band
[34]. Consequently, the Ce** ion and point defects (oxygen
vacancy) can strongly absorb radiation in the UV spec-
tral range. This assumption is supported by the absorption
spectra displayed in Fig. 5(b). Specifically, strong absorp-
tion between 200 and 300 nm can be attributed to the
0?~ — Ce** charge-transfer transition, that is, electron
transfer between the O 2p and Ce 4f energy levels [34].
Stabilization of Ce*" ions in the YAG host lattice can
be achieved by the formation of oxygen vacancies. The
presence of oxygen vacancies is fingerprinted by the char-
acteristic F™ luminescence (an oxygen vacancy with one
trapped electron) [40,41] [see Figs. 6(a) and 6(b) in Sec.
IIT A]. Therefore, the high-energy absorption bands can be
attributed to both the Ce*" charge-transfer transition and
higher-energy Ce’* 4f — 5d3,4 absorption [42]. Strong
absorption bands, located at 340 and 455 nm, belong to
the 4f — 5d2 and 4f — 5d1 electron transitions in Ce>"
ions, respectively [43]. The 4f — 5d1 absorption band at
455 nm for highly transparent ceramics (i.e., Er’*, Ho’*,
Pr’*, Cr’* codoped YAG:Ce®") is saturated mainly due
to the high concentration of Ce*" ions. This effect can
also be enhanced by segregating Ce*>" ions near the dis-
ordered interface between grains [43—45]. The 4f — 5d1
absorption band at 455 nm in Nd** codoped YAG:Ce*"
ceramic (nonstoichiometric composition) shows a slightly
lower intensity. This observation is due to the lower optical
transmittance of the sample. In the YAG:Ce, Cr ceramics,
an additional broad spin-allowed 442 — 472 absorption
transition of Cr’* is revealed at 620 nm [46]. Low-
intensity absorption lines corresponding to the 4f — 4f
transitions of Er’*, Ho’*, and Pr’* are also observed

(a) Photoluminescence-emission spectrum of F* center excited at 260 nm, and (b) photoluminescence-decay kinetics of F+

between 500 and 700 nm in the absorption spectra of
YAG:Ce** codoped ceramics.

C. Photoluminescence characteristics

Figure 8(a) displays the room-temperature photolumine-
scence-excitation spectra for Ce** luminescence at 550 nm
in transparent YAG:Ce ceramics codoped with Ln**,Cr**
ions. The excitation spectra are in agreement with the
absorption spectra [Fig. 5(b)] and consist of two broad
bands associated with electron transitions in Ce*™ ions.
The band centered at 455 nm corresponds to the 4/ — 5d1
transition, while the excitation at 340 nm is attributed
to the 4f — 5d2 transition [43]. The Ce’" 4f — 5d1
excitation bands show saturation similar to that observed
for the absorption bands. In addition to Ce*'-related

T T T T T T
undoped -

Ce
Ce,Er

Ce,Nd

Ce,Cr -1

Intensity (x103) (arb. units)

300 350 400 450 500 550
T(K)

FIG. 7. TSL glow curves of Ce’*-doped and Ln**,Cr*
codoped YAG:Ce*t transparent ceramics irradiated by 12-eV
VUV photons at room temperature.

014047-8



ENERGY-TRANSFER PROCESSES IN...

PHYS. REV. APPLIED 20, 014047 (2023)

TABLE L. Decay constants for Ce®>" emission in Ce**-doped
and Ln**,Cr** codoped YAG:Ce®" transparent ceramics. The
abbreviation frac. tot. int. represents the fraction of the total
intensity.

Decay constants

Chemical

composition

ce’t 1.0%, 71 [ns]/frac. 7, [ns]/frac.
Lo**(Cr*h) tot. int. tot. int.
YAG:Ce*t 68/1.0 -
YAG:Ce**, Er’t (0.5%) 53/0.98 11/0.02
YAG:Ce**, Ho** (0.5%) 58/0.93 16/0.07
YAG:Ce**, Nd**+ (0.425%) 62/0.98 22/0.02
YAG:Ce*t, Prit (0.5%) 55/0.96 13/0.04
YAG:Ce*t, Cr’t (0.3%) 44/0.82 12/0.18

excitation bands, Pr codoped YAG:Ce®" also shows a
broad band centered at 290 nm. This band is attributed
to the Pr’™ 4f — 5d1 electron transition, and its pres-
ence indicates Pr’™ — Ce’" energy transfer [47]. Figure
8(b) shows the emission spectra of the Ce’*-doped
and Ln**,Cr’" codoped YAG:Ce®* transparent ceramics
excited at 450 nm, corresponding to the Ce>™ 4f — 5d1
transition. The broad band centered at 550 nm belongs
to the 5d1 — 4f emission transition of Ce** ions. The
appearance of emission lines at 610, 630, and 640 nm
in YAG:Ce, Pr ceramics is caused by the 1D2 — 3H4,
3P0 — 3H6, and 3P0— 3F2 transitions in the Pr’™
ion, respectively. The narrow dips in the Ce*™ lumines-
cence prove the Ce’™ — Pr’* radiative energy transfer.
The emission bands between 650 and 780 nm in the
YAG:Ce*",Cr’" sample belong to the 2E — 442 and
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2F — 442 electron transitions in Cr’* ions [48]. Further-
more, the wide dip in the Ce** emission between 560 and
640 nm is evidence of radiative energy transfer from Ce>"
to Cr’* ions, as Cr’* ions are efficiently excited in this
spectral range [see Fig. 9(a)]. This demonstrates that, due
to the overlap of Ce*>" emission and codopant absorption,
both Pr3* and Cr’* ions can be efficiently sensitized by
Ce*™ ions, and therefore, contribute with the desired red
emission to the YAG:Ce, Pr and YAG:Ce, Cr photocon-
verters. It should be stressed that Pr’* and Cr** ions are
also directly excited by the blue LED [48,49]. The dips
caused by the codopant absorption are also observed in
the Ce** emission in Er, Ho, and Nd codoped YAG:Ce
ceramics, confirming the Ce** — Er’t Ho** Nd** radia-
tive energy transfer [Fig. 8(b), inset]. However, the latter
codopants do not emit in the red spectral range.

Further evidence of energy transfer from Ce** ions
towards Ln**,Cr’" codopants is provided by the decay
kinetics of the Ce*™ luminescence (Fig. 10). The decay
time values for all samples are summarized in Table I.
Each sample was excited with 450-nm pulsed nanosec-
ond LED radiation while monitoring the Ce*" emission
at 550 nm. The decay curves were fitted with single- or
double-exponential functions according to

I(t) = Liexp(—t/t) + B, i = 1,2, (1)
where / is the luminescence intensity, /; is the initial inten-
sity at 0 ns, ¢ is the time, 7; is the decay time, and B is the
background intensity.

The decay curve for Ce’* luminescence in the
YAG:Ce*" sample shows a single-exponential profile with
a decay constant around 68 ns, which is slightly longer
than the typical Ce’" decay time in YAG:Ce’™ with a
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FIG. 8. (a) Photoluminescence-excitation spectra for the Ce** emission at 550 nm; (b) photoluminescence-emission spectra excited
at 450 nm into the 4/ — 5d1 absorption band in the Ce*"-doped and Ln**,Cr** codoped YAG:Ce*" transparent ceramics at 7= 300 K.
Inset shows the Ce*" -related luminescence between 500 and 600 nm to emphasize Ce** — Ln**,Cr** radiative energy transfer.
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ceramics recorded in the temperature range 78650 K.

lower Ce** content (i.e., 63 ns for Ce 0.033%) [43]. This
increase in the decay time provides evidence that Ce**
ions segregate towards grain boundaries in the YAG host
lattice, where they can form Ce**-Ce®t pairs and allow
mutual energy transfer. The increase in the decay time
at higher Ce concentration appears due to the reabsorp-
tion process (i.e., energy transfer from excited Ce*" ions
to nearby perturbed Ce** ions) [43]. Figure 10 and data
in Table I also demonstrate that codoping results in a
change of the decay-curve profile of Ce** luminescence
from single exponential to double exponential, whereas
one of the components possesses significantly accelerated
decay times. The acceleration of the decay times of Ce*"
luminescence  supports the assumption of the
energy-transfer process from Ce*' ions towards Er’*,
Ho’*, Nd®*, Pr’*, and Cr’t codopants in the YAG
host lattice. The slower components, 7; = 68—44 ns, are
associated with Ce*" ions that are unperturbed or little

perturbed by Ln or Cr atoms. Accelerated components,
7,=22—11 ns, are related to Ce>* ions, which transfer
excitation energy to Ln**,Cr’* ions. Additionally, the frac.
tot. int. of each component in the overall decay time is
calculated by

IiT;

)

fret.tot.int. = ,
i IiTi

where [; is the intensity and 7; is the decay constant of the
ith component of the fit.

The weight fraction of each component in ceram-
ics exhibits significant variability, which can impact the
efficiency of energy transfer from Ce®* ions to Ln**,Cr’*
ions. Notably, the findings indicate that the energy trans-
fer from Ce’* ions to Er*™, Ho’*, and Cr’* codopants is
most efficient, as evidenced by the highest weight fractions
of these components. Conversely, the weight fractions
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FIG. 10. Photoluminescence-decay  kinetics curves of
YAG:Ce*t, YAG:Ce*t,Ho*", and YAG:Ce**, Cr** transparent
ceramics recorded for Ce’® luminescence at 550 nm under
excitation into the 4f — 5d1 450-nm absorption band of Ce**
at 7=300 K.

of Nd®* and Pr’* ions indicate the least-efficient energy
transfer between these elements and Ce>* ions.

The photoluminescence-emission spectrum of the F*
center (an oxygen vacancy with one trapped electron, V)
depicted in Fig. 6(a) can be efficiently excited at wave-
lengths below 265 nm [47]. The F* emission is centered
at 395 nm, which is characteristic of this kind of defect-
related luminescence in the YAG host lattice [38,39,49].
The decay curve of the F™ emission [Fig. 6(b)] was fit-
ted with a double-exponential function according to Eq.
(1) (i=2). Due to the allowed character of the 18 — 14
singlet-singlet transition in F* centers, the main compo-
nent of the decay time is around 2 ns [50]. The presence of
a slower component, 7, = 11 ns, and the irregular shape of
the emission band could indicate disturbance or even the
aggregation of FT centers. It is worth noting that the sur-
rounding Ce*" ions (4f — 542 transition) can absorb the
Ft-center-related emission near the short-wavelength side.
This might be the reason why the F*-related emission has
an irregular shape. Nevertheless, these results need further
research for better understanding.

D. Temperature dependence of emission

For phosphor applications, it is important to evalu-
ate the temperature dependence of the emission from
the point of view of its efficiency and spectral
characteristics. The photoluminescence characteristics of
Ce’**-doped and Nd, Pr, and Cr codoped YAG:Ce ceram-
ics at different temperatures are analyzed in Figs. 9 and
11. The photoluminescence-excitation spectra for the Ce*
emission at 540 nm and the photoluminescence-emission
spectra excited at 450 nm in YAG:Ce and YAG:Ce, Nd
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FIG. 11. Temperature dependence of the integrated emis-
sion intensity for Ce**-doped and Nd**, Pr’*, and Cr’*
codoped YAG:Ce ceramics under excitation by 2.75-eV photons
(450 nm).

ceramics were recorded in the temperature range of
77-650 K [Figs. 9(a) and 9(b)]. In the YAG:Ce sam-
ple, the excitation and emission bands gradually broaden
with increasing temperature, leading to the increase of
their spectral overlap, and consequently, to a signifi-
cant enhancement of energy-transfer processes within the
Ce*T-Ce®t pairs. The related increase in the reabsorp-
tion rate with temperature may considerably lower the
thermal stability of Ce®* luminescence. The temperature-
imposed broadening of the 450-nm excitation band in
the YAG:Ce*",Nd®>" sample is smaller, leading to less-
significant overlap between the excitation and emission
bands, resulting in a less-effective reabsorption process.
Figures 9(c) and 9(d) show Ce*" photoluminescence-
emission spectra at selected temperatures in YAG:Ce
and YAG:Ce,Nd ceramics. At low temperatures, the
photoluminescence-emission spectra show well-resolved
characteristic doublet peaks corresponding to the tran-
sitions from the 5d1 to 2F5/2 (shorter-wavelength-band
side) and 2F7/2 (longer-wavelength-band side) spin-orbit
states of the Ce>* 4f | electronic structure. When the tem-
perature increases, the two emission bands continuously
expand and their overlap becomes more significant [40].
Furthermore, the intensity ratios of the peaks correspond-
ing to the 5d1 — 2F5/2 and 5d1 — 2F7/2 transitions of
Ce* are also temperature dependent. This temperature
dependence can be the result of the thermally imposed
broadening of both excitation and emission bands [Figs.
9(a) and 9(b)]. This continuous broadening, especially for
the excitation bands, causes the reabsorption of the emis-
sion corresponding to the 5d1 — 2F5/2 transition by the
neighboring Ce®" ions and nonradiative energy transfer
to the perturbed Ce>" ions, which emit at slightly lower
energy [43,50]. Indeed, the strong reabsorption of the
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emission corresponding to the 5d1 — 2F5/2 transition in
YAG:Ce and YAG:Ce, Nd ceramics significantly reduces
its intensity. Consequently, the 5d1 — 2F7/2 emission
transition becomes dominant and has a stronger contri-
bution to the total luminescence (5d1 — 2F5/2 4 2F7/2).
This causes a continuous redshift of the emission-band
maximum [Figs. 9(c) and 9(d)]. This process is more pro-
nounced in stoichiometric YAG:Ce ceramics than in non-
stoichiometric YAG:Ce,Nd. In stoichiometric YAG:Ce,
the maximum emission shifts monotonically by 56 nm
from about 528 to 584 nm with increasing tempera-
ture, while in nonstoichiometric YAG:Ce, Nd, the shift is
only 33 nm from about 528 to 561 nm. A remarkably
narrower shape of excitation bands, showing a much
weaker effect of saturation and a much smaller displace-
ment of the Ce** emission band with temperature in non-
stoichiometric YAG:Ce, Nd compared to those in YAG:Ce,
imply a noticeably lower concentration of Ce>™ in YAG
phase of YAG:Ce, Nd, probably due to the escape of Ce
into the Al,O3 phase, where it has different spectral char-
acteristics; see Fig. S2 within the Supplemental Material
[63] for Ce** luminescence in the Al,O5 phase [51].
Figure 11 shows integrated Ce™ emission intensity
measured as a function of temperature for Ce®-doped
and Nd**, Pr’t, and Cr’* codoped YAG:Ce** ceram-
ics. The presented results demonstrate the very complex
effect of nonstoichiometry and codoping on the tempera-
ture quenching of Ce>* luminescence. In Ce**-doped and
Er’t, Ho’*, Pr’*, and Cr’™ codoped YAG:Ce ceramics,
the intensity of the Ce>" emission continuously decreases
with increasing temperature; see Fig. 11 and Figs. S3 and
S4 within the Supplemental Material [63]. To explain this
luminescence-quenching process, the influence of the rela-
tively high concentration of Ce®* jons must be considered.
Thermally imposed broadening of the excitation and emis-
sion bands enhances the absorption strength in the tails
of the absorption band. This leads to thermally activated
concentration quenching, where energy migrates between
Ce*" ions, finally reaching luminescence-quenching cen-
ters [43,50]. The mechanism responsible for the quench-
ing of luminescence at higher temperatures is the ther-
mally induced crossover from the excited-state 5d1
parabola to the ground-state 4f parabola [18]. Unlike
YAG:Ce, Er, YAG:Ce,Ho, YAG:Ce, Pr, and YAG:Ce, Cr,
the nonstoichiometric YAG:Ce, Nd sample shows stable
Ce** emission intensity until around 400 K, whereas it
increases significantly further between 425 and 600 K. The
quenching process probably starts above 650 K. The
variations in spectra and integrated photoluminescence
intensity in Ce**-doped and Er**, Ho**, Pr’*, Nd**, and
Cr** codoped YAG ceramics under excitation by 2.75-eV
photons (450 nm) over a temperature range of 77—690 K
are shown in Figs. S3 and S4, respectively, within the
Supplemental Material [63]. To better understand this
unusual temperature behavior, the temperature dependence

of the decay kinetics of Ce*" emission in YAG:Ce and
YAG:Ce, Nd ceramics was investigated (Fig. 12).

The Ce*" luminescence-decay curves were approxi-
mated using a double-exponential function, resulting in the
introduction of the mean decay time, t,,, which is defined

by

_ Ziliti2

YT )

Tm

where /; is the initial intensity and t; is the decay constant
of the ith component of the fit. The temperature depen-
dence of Ce** photoluminescence-decay times is consis-
tent with the temperature dependence of emission intensity
in the YAG:Ce ceramic [Fig. 12(a)]. However, in the case
of the YAG:Ce, Nd ceramic, the temperature dependence
of Ce*" decay times shows a distinctly different profile
from the temperature dependence of emission intensity. In
these ceramics, the beginning of thermal quenching, which
influences the decay-time constants, starts at around 500 K,
similar to that in YAG:Ce, while the decrease in emission
intensity begins at around 650 K. To explain this discrep-
ancy, the photoluminescence-decay-curve backgrounds are
compared for YAG:Ce and YAG:Ce,Nd [Fig. 12(b)].
The background obtained from the fit is rather temper-
ature independent in YAG:Ce ceramics. In YAG:Ce, Nd
ceramics, the intensity of the decay-curve background
increases by 3 orders of magnitude between 300 and
520 K, and by a factor of 2 between 550 and 750 K. The
temperature interval, in which the increase in the inten-
sity of the PL background in the decay kinetics experiment
is observed, is consistent with that of the increase in PL
intensity (see Fig. 11). Such an increase in the background
of the PL-decay curves is usually related to the thermo-
luminescence of the sample or energy-transfer processes
from specific types of defects. The temperature interval,
in which the background increase is detected, corresponds
well also with the 530-K TSL peak observed in the samples
irradiated by 12-eV photons (Fig. 7).

Additionally, the Supplemental Material [63] provides
a comprehensive analysis of the temperature depen-
dence of the photoluminescence-decay times of Ce*" in
YAG:Ce, Er, YAG:Ce, Pr, YAG:Ce, Ho, and YAG:Ce, Cr
ceramics, revealing a correlation with the observed tem-
perature dependence in the emission intensity. See Figs.
S3—S5 within the Supplemental Material [63] for detailed
information regarding this correlation, along with graphi-
cal representations.

E. Photoconversion properties

The effects of light-scattering centers on the photocon-
version properties in all ceramics were studied using two
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intensities in YAG:Ce and YAG:Ce, Nd ceramics, 77-780 K.

excitation sources: a blue LED with an emission wave-
length of 455 nm and a laser diode with an emission wave-
length of 445 nm. The LED source had a larger spectral
width of the photon beam, which contributed to a higher
color-rendering-index value. Figures 13(a) and 13(b) show
the photoconversion spectra for the LED and LD exci-
tation sources, respectively. The observed differences in
the intensity ratio of blue emission and emission from the
phosphor may be related to the spectral width of the exci-
tation beam. The photoconversion parameters were calcu-
lated from the experimental spectra. The color coordinates
(x,y) were plotted on a chromaticity diagram, according
to the CIE1931 color space [Fig. 13(c)]. It was shown
that codoping with Ln3* and Cr’™ strongly influenced the
correlated color temperature of the observed emission. Fur-
thermore, the correlated color temperature could also be
controlled by the spectral width of the excitation source.
The CCT changed between 3400 K (for LD excitation)
and 10000 K (for LED excitation). The photoconversion
of the samples with a laser diode exhibited a lower value
of the correlated color temperature than that with a LED.
This means that excitation with LD produces more neutral
white light (CCT 33005300 K), while the LED excitation
source gives more cold white light (CCT 530010 000 K).
This is because the excitation bandwidth of the LED is

larger than that of the LD, and consequently, contributes
more blue light to the photoconversion spectrum. Table II
compares the parameters of the color rendering index and
luminous efficacy (LE) for ceramics excited with an LD
and an LED. In general, better CRI values are obtained
under LED excitation due to more homogeneous excita-
tion of the sample. The highest values of CRI are obtained
for YAG:Ce*™, Cr*t (73.34) and YAG:Ce**, Pr*™ (71.27)
ceramics with LED excitation due to the strongest contri-
bution of the red component to the total emission. Table
II shows that the luminous efficacy is higher for ceram-
ics excited with the LED. This is probably due to the
wider excitation bandwidth of the LED, which results in
a more homogeneous excitation of the ceramics. The best
luminous efficacy of 197.66 Im/W is obtained for the non-
stoichiometric YAG:Ce, Nd sample. The peculiar structure
of the nonstoichiometric sample characterized by the pres-
ence of light-scattering centers is principally responsible
for its high luminous efficacy. The particle-dispersed sys-
tem scatters the exciting photon beam more strongly within
the volume of the sample. Consequently, a larger number
of Ce®" centers can be efficiently excited. This also leads
to a more uniform distribution of the exciting photon beam
propagating through the sample volume. The absence of
light-scattering centers in the highly transparent ceramics

TABLE II.  Color-rendering-index parameters of photoconversion of Ce**-doped and Ln**,Cr** codoped YAG:Ce®* transparent
ceramics.

YAG:Ce’™™  YAG:Ce’',Ert  YAG:Ce’',Ho’™ YAG:Ce’*,N&*  YAG:Ce’*,Prt  YAG:Ce'',Cr't
LED CRI 60.93 59.61 60.61 66.55 71.27 73.34
LE (Im/W) 144.99 131.75 109.02 197.66 140.55 62.72
LD CRI 53.43 50.97 53.56 e 54.98 59.71
LE (Ilm/W) 121.98 109.95 89.59 114.55 95.77 3223
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FIG. 13. (a) Photoconversion spectra of Ce**-doped and Ln**,Cr** codoped YAG:Ce* transparent ceramics with broad 455-nm

LED excitation and (b) with narrow 445-nm LD excitation; (c) CIE 1931 chromaticity diagram of observed emission for LED (dots)

and LD (stars).

(i.e., stoichiometric compositions) leads to the situation
that most blue excitation passes through the ceramic with-
out any scattering and only a part of the ceramic sample is
effectively excited.

F. Thermoluminescence and afterglow characteristics

Thermally stimulated luminescence measurements were
performed to complete the study on the influence of
Ln**,Cr’* codopants on the defect structure and charge
trapping in YAG:Ce ceramics. The samples were studied
under the same conditions, ensuring that the TSL intensi-
ties were comparable on an absolute scale. The transparent
ceramics were irradiated with 12-eV VUV photons at
300 K. The TSL glow curves were monitored between
300 and 570 K. The TSL glow curve for the undoped
YAG host lattice was recorded to identify the formation
of charge traps in pure ceramics. The characteristic fea-
ture of all TSL glow curves was the presence of a peak
at about 320 K exhibiting different intensities. The highest
intensity of the TSL signal originated from the pure YAG
host lattice, while Ce doping and Ln**,Cr** codoping sig-
nificantly reduced the overall TSL intensity. The intensity
of the 320-K TSL peaks was especially low in the Ho**
and Cr’* codoped ceramics. In previous studies, this TSL
peak was tentatively assigned to a host-related electron
trap, which could be an oxygen vacancy (V;) [34,52-54].
This assignment could be supported by the PL results,
which proved the presence of oxygen vacancies based on
the appearance of F*-center luminescence. Therefore, the
intensity of the TSL peak at 320 K should increase in
doped samples, but, in fact, it was reduced. The Ce** ions
are more efficient traps for conduction-band electrons than
Vi or other defects, such as Y, antisite defects [34,53].

Hence, the electron traps are less populated, resulting in
a diminished TSL intensity. This assumption was sup-
ported by the TSL glow curve for the YAG:Ce*T, Crr™
sample, where the peak centered at 320 K was the least
intense. This means that the presence of Cr>* ions pro-
vides less-favorable conditions to fill charge traps. Cr’™
ions themselves are efficient electron traps, which sig-
nificantly reduce the population of other electron traps
(e.g., V), thus reducing the TSL intensity. The vacuum-
referred binding-energy diagram [54] suggests that Ho>*
is also a shallow electron trap in the YAG host lattice.
Nevertheless, further experimental data are needed to con-
firm this assumption. The TSL glow peak at 520 K is
imposed by Ce*" ions and its intensity is significantly
influenced by Ln**,Cr’" codopants. Similarly, previous
research [37] revealed the dependence between the inten-
sity of the TSL peak at 520 K and the concentration of
Ce*t ions in YAG:Ce single crystals. After air anneal-
ing, the TSL intensity was significantly reduced. There-
fore, the origin of this TSL peak was assigned to doubly
charged oxygen vacancies, V};. In conclusion, thermally
stimulated luminesce analysis supports the assumption of
the presence of stable Ce*" ions and oxygen vacancies
in Ce**-doped and Ln**,Cr** codoped YAG:Ce* trans-
parent ceramics, which can arise during the annealing
process.

The afterglow decay curves were investigated in Ce’*-
doped and Er’*, Ho’*, Pr’*, Nd*F, and Cr’* codoped
YAG ceramics after irradiation with 2.75-eV (450-nm)
photons for 5 min (Fig. 14). The time-resolved afterglow
measurements were performed within a time window
ranging from 0 to 600 s. The introduction of Er**, Ho>*,
Pr**, and Nd®* ions as codopants results in a significant
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FIG. 14. Afterglow decay curves of Ce*"-doped and Er’™,
Ho**, Pr’*, Nd**, and Cr’* codoped YAG ceramic composi-
tions after irradiation by 2.75-eV (450-nm) photons for 5 min.
PMT, photomultiplier tube.

extension of the overall afterglow duration compared to
the Ce**-doped YAG sample. Particularly, the nonstoi-
chiometric YAG:Ce, Nd sample exhibits the most intense
afterglow, approximately 1 order of magnitude higher than
that of the reference YAG:Ce sample. Conversely, the non-
stoichiometric YAG:Ce, Cr sample displays a negligible
afterglow. These findings provide further evidence that
codoping with Er**, Ho’*, Pr’*, and Nd®" increases the
concentration of trapping centers in the YAG ceramics
lattice. Furthermore, the pronounced afterglow intensity
observed in the nonstoichiometric YAG:Ce,Nd sample
strongly suggests a higher density of deep trapping cen-
ters. These centers possess the ability to effectively store
excitation energy and subsequently release it at elevated
temperatures, thereby compensating for the decrease in
emission intensity associated with the thermal quench-
ing of luminescence [see Fig. 11, Fig. S3c within the
Supplemental Material [63], and Fig. 12(b)].

G. Electron paramagnetic resonance analysis

The EPR spectra measured in the YAG:Ce, Ln(Cr) sam-
ples are shown in Fig. 15. They are composed of the con-
tributions typical for Ce**, Er’* (Ergf and Erd), Nd**,
and Cr’*. To prove this, the spectra of the YAG:Ce, Cr,
YAG:Ce,Er, and YAG:Ce,Nd samples were fitted
using

A = BSgH + SA(Erlt (N ), (4)

H = BgS.H + D(Cr*") (SZZ — %S(S + 1)) , (%

where 8, S, 8., &, g, H, H, D(Cr*"), A(Brf(Nd*)), and 1
are the Bohr magneton, vector of the electron-spin operator
(S=1/2 for Ce*™, Ergt, Erpf, and Nd*T) and z component
of the electron spin (S =3/2 for Cr’"), the g tensor (with
components g; 3) and g factor, the magnetic field vector
and the z component of the magnetic field vector, the zero-
field-splitting axial constant of Cr’", the hyperfine tensor
of Er** and Nd** (with components 4,_3), and the vector
of nuclear spin (I =7/2 for '*’Er with natural abundance
of about 23%, whereas / =0 for the rest of erbium iso-
topes; I = 7/2 for '**Nd and '**Nd with natural abundances
of about 12 and 8%, respectively, whereas I = 0 for the rest
of the neodymium isotopes), respectively. The EPR spec-
tra of Ce*" and Ery¢ were fitted using only the first term
in Eq. (4). The EPR spectra of EréJg and Nd>* were fit-
ted using Eq. (4). The EPR spectrum of Cr’* was fitted
using Eq. (5). The fitting parameters were taken from pre-
viously published reports: Ce®* in YAG [55], Ergf; in YAG
[38], Nd** in YAG [56] and Cr** in YAG [57]. The g-
tensor values determined for Erf;s’ were g1=2.124+0.01,
2,=2.03£0.01, and g3=1.99+0.01. The values were
significantly different from those reported for Er?EJSr in Ref.
[38] (g1=1.937, g,=1.917, g3=1.902). The Erf;sL signal
existed only in the YAG:Ce, Er sample and exhibited a
similar temperature dependence to that of Erg;g This obser-
vation confirmed that Er%_g was generated by the Er’*t
ion in its initial excited state [38]. The observed shift in
the g factor, in comparison to that reported in Ref. [38],
was likely to be due to the inclusion of additional excited
states that were permitted by the presence of Ce. Notably,
the g1=1.937, g,=1.917, and g3=1.902 g-tensor values
were measured for Ce-free YAG:Er [38]. This requires
additional investigation and will be published elsewhere.

The computer simulations of EPR spectra were con-
ducted using the software program Easyspin 5.2.35 tool-
box [58]. Figure 16 displays both the experimental and
calculated spectra.

The spectra obtained from calculations exhibited a high
degree of conformity with the spectral locations of Ce**,
Er’* (Erg and Eryy), Nd®*, and Cr’" contributions, as
depicted in Fig. 16. Therefore, the resonances were appro-
priately assigned. However, the calculated intensities were
different for the larger magnetic field values. The differ-
ence is especially well observed in the Cr>* EPR spectrum
in Fig. 16(a). This resulted from inhomogeneous broaden-
ing of the line as a function of the magnetic field value
[59]. The hyperfine structure (HFS) of erbium was not
seen very well due to broadening of the resonance lines
[Fig. 16(b)] caused by the presence of a relatively large
amount of Er** in the host. In the case of Nd**, the HFS
signals were weak [Fig. 16(c)]. Therefore, to gain better
insight into its hyperfine structure, a magnification of the
experimental spectrum and its corresponding calculated
spectrum are shown in Fig. S6 within the Supplemental
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Material [63]. The calculated spectral line positions of the
143.145Nd hyperfine structure were in good agreement with
the experimental ones [56]. This provided further evidence
that the presence of Nd®>" in the YAG host was accurately
determined.

The experimental spectra of YAG:Ce, Cr and YAG:Ce,
Er are displayed for 7=20 K [Figs. 16(a) and 16(b)],
whereas the experimental spectrum of YAG:Ce,Nd is
displayed for =12 K [Fig. 16(c)]. In contrast to 20 K,
the EPR spectrum in this instance has a peculiar shape
(Fig. 15). This shape corresponds well to the integral
spectrum, i.e., the absorption spectrum, as opposed to the
first derivative, which is the typical continuous-wave EPR

spectral shape. Furthermore, the peculiar shape is con-
fined to the region of the ce’t g-tensor values [gcei—3
in Fig. 16(c)], as described in Ref. [55]. To validate this
observation, a new Ce®>" spectrum was simulated using
Eq. (4) and the parameters provided in Ref. [55] for
Ce**. Notably, there is a resemblance between the unusual
shape and the calculated absorption spectrum. This sug-
gests the possible presence of Ce** in the grain bound-
aries, where variations in defect occurrence contribute
to parameter moderation. Typically, Ce*" is observed at
approximately 20 K, and at 12 K the effect of saturation
[59] can be anticipated. Consequently, the absorption-
like shape of the Cet spectrum [Fig. 16(c)] arises due
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FIG. 16. Experimental and calculated EPR spectra of YAG:Ce, Cr (a), YAG:Ce, Er (b), and YAG:Ce, Nd (c) samples. g-tensor values
typical for Ce’ [55], Er** (Ergt) [38], and Nd** [56] are indicated by gcei 3, gkr1-3, and gnai-3, respectively. Spectral position of
Erfg is determined and denoted by gggs1 3. Absorption spectrum of Ce™ that arises from the grain boundaries is denoted by Ceé}g.
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FIG. 17.

EPR spectra measured at 70 K before and after x-ray irradiation at room temperature in YAG:Ce (a), YAG:Ce, Cr (b),

YAG:Ce, Er (c), YAG:Ce, Ho (d), YAG:Ce, Nd (e), and YAG:Ce, Pr (f) samples. S1,S2 signals exist in the spectra of all the studied
samples permanently. S4 signal appears only in YAG:Ce, Nd. S3,S5 signals appear after x-ray irradiation.

to multiple saturated contributions from various cerium
centers.

The Ce’* signal was isolated in each of the stud-
ied YAG:Ce, Ln(Cr) samples by simulation using Eq. (4)
(considering only the first term), as illustrated in Fig. 16.
The double-integral intensity of the calculated Ce®" sig-
nal was subsequently determined. It is important to note
that the double-integral intensity is directly proportional to
the number of spins and concentrations of the paramag-
netic particle [59]. The resulting double-integral intensities
are as follows: nine (YAG:Ce), eight (YAG:Ce, Cr), eight
(YAG:Ce, Er), nine (YAG:Ce,Ho), one (YAG:Ce,Nd),
and seven (YAG:Ce, Pr).

The total double-integral intensity ratio of the Er’*
signal [separated using Eq. (4) considering both Erg;g
and Er%Jsr, Fig. 16(b)] to Ce*" in the YAG:Ce, Er sam-
ple was found to be 2:1. Considering a doping level of
Er*t of 0.5%, it can be inferred that the actual Ce**
content in this sample is at least 0.25% or lower. Con-
sequently, from an intentional Ce’t doping of 1%, at
least 0.75% of Ce is expected to appear as Ce*". By
considering the double-integral ratio of Ce> in all the
aforementioned ceramics, the Ce*t:Ce®* ratio can be
estimated as follows: 2.6 (YAG:Ce), 3 (YAG:Ce,Cr),
3 (YAG:Ce,Er), 2.7 (YAG:Ce, Ho), 32.3 (YAG:Ce,Nd),
and 3.35 (YAG:Ce,Pr). The predominant presence of
Ce*" was confirmed by optical absorption measurements,
while cerium segregation was not taken into account. The
double-integral intensity ratio of Ce*™:Nd** [using Egs.
(4), (5), and Fig. 16(c)] was estimated to be 2:3.

The EPR spectra of all the ceramics exhibited a promi-
nent signal at a g factor of around 2.00 (S1,S2 in Fig. 17).
At room temperature, x-ray irradiation causes a slight
increase in these signals, indicating the presence of charge-
trapping processes. To determine the origin of the S1,S2
signals, they were fitted with the calculated ones using
YAG:Ce, Ho irradiated by x-rays as an example (where
signal intensity and spectral resolution were optimal),
using the first term in Eq. (4). The calculated and experi-
mental spectra (including components) are depicted in Fig.
S7 within the Supplemental Material [63]. gS1=2.007 £
0.001 characterized the S1 signal, whereas gS2 =2.001 +
0.001 characterized the S2 signal. According to previous
research [60,61], it is likely that both originate from the
F* center, which is perturbed by a nearby defect. This is
consistent with the luminescence study [consider the non-
symmetric shape of the associated emission spectrum, see
Fig. 6(a)].

In addition, the other signal at g =2.03 appeared exclu-
sively in YAG:Ce,Nd. Its g factor is typical of cen-
ters that trap holes, such as O~ defects [62]. Further-
more, x-ray irradiation generated two additional new sig-
nals. The S3 signal at g=1.94 appeared to be very
weak in YAG:Ce, Ho [Fig. 17(d)], significantly stronger
in YAG:Ce, Pr [Fig. 17(f)], and strongest in YAG:Ce, Nd
[Fig. 17(e)]. This correlated with the presence of Ce*'.
Note that the least amount of Ce®" was indeed present
in the YAG:Ce, Nd sample (cf. Fig. 15 and the preceding
discussion). The S3 signal is expected to arise from the
perturbed F* core, as indicated in previous studies [60,61].
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After x-ray irradiation, the S5 signal at g =2.02 appeared
only in the YAG:Ce, Nd sample. Again, this is in accor-
dance with the lowest Ce®" content there. It is known
that Ce>™ acts as a hole trap, producing Ce*". There-
fore, in samples other than YAG:Ce, Nd, it competes with
the remaining hole traps and, consequently, with the elec-
tron traps, given that a hole trap requires an electron trap
to maintain the electroneutrality of a host. Therefore, the
lower the Ce®" content (the greater the Ce*":Ce" ratio),
the greater the number of holes and, consequently, the elec-
tron traps (cf. Fig. 17 and the discussion pertaining to the
Ce*t:Ce*" ratio).

IV. CONCLUSIONS

Stoichiometric Er, Ho, and Pr codoped YAG:Ce and
nonstoichiometric YAG:Ce, Nd and YAG:Ce, Cr transpar-
ent ceramics were successfully fabricated using the vac-
uum reactive sintering technique. The prepared ceram-
ics exhibited a fully densified microstructure according
to SEM studies. The Er, Ho, and Pr codoped YAG:Ce
ceramics showed a pure garnet phase, while in the non-
stoichiometric YAG:Ce, Nd and YAG:Ce, Cr samples, the
inclusion of the Al,O3 phase was detected, which could
contribute as light-scattering centers in ceramics. Dop-
ing with Ce** and codoping in the YAG host caused the
formation of specific types of defects, including oxygen
vacancies (V) and different nanodefects, which slightly
reduced the transparency of ceramics. The EDS mapping
and photoluminescence measurements revealed the seg-
regation of Ce** ions and codopants towards the grain
boundary and the formation of Ce’*-Ce®* and Ce’*-
Ln**(Cr*") pairs. Energy transfer within these pairs was
confirmed by photoluminescence spectroscopy results.
Temperature-dependent luminescence-intensity measure-
ments for Ce’*-doped and Ce** Pr** and Ce*t,Cr’t
codoped YAG showed that the quenching of Ce** lumi-
nescence started above 400 K, while the nonstoichiometric
YAG:Ce, Nd sample showed Ce** luminescence stability
up to 650 K. Photoconversion measurements revealed that
better CRI and LE values could be obtained in ceramics
under blue LED excitation. The color temperature could
also be controlled by the spectral bandwidth of the exci-
tation source. Excitation with LD could produce more
neutral white light with CCT values of 33005300 K.
The photoconversion results demonstrated that suitable
light-scattering centers in luminescent ceramics were ben-
eficial for LED and LD lighting devices to achieve higher
luminescence efficiency and more homogeneous light gen-
eration. The high LE value and high thermal stability
of the nonstoichiometric YAG:Ce,Nd ceramic sample
demonstrated its potential for further development and
optimization of the content of light-scattering (nonstoi-
chiometry) centers to improve its performance. Cerium
ions existed mostly as Ce*' in this material. The

Ce*T:Ce* ratio influenced the charge-trapping properties.
The existence of two types of Ft centers was confirmed
by EPR as well. The synergistic combination of nonstoi-
chiometry and Nd**-ion codoping offered a promising path
for property tuning in garnet ceramics by manipulating the
host stoichiometry. This strategy has scientific significance
because it offers the potential for enhanced performance
and the discovery of alternative applications of garnet-type
materials.
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