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The development of innovative high-power lighting sources is urgently required to design and investigate the
new high structural quality and high-temperature stable converters in the form of single crystals and single
crystalline films. This research deals with the growth and investigation of structural, luminescence, and pho-
toconversion properties (color coordinates, color temperature and color rendering index) of the single crystalline
films of Ce>* doped (Lu, Y, Tb, Gd)3Als012 garnets, grown using the Liquid Phase Epitaxy method onto undoped
Y3Al5015 substrates. The combination of cedt doped LusAls0q2, Y3Al5012, Tb3Al5012, GdagLug 1Als0q2 film
converter with respective thickness with commercial blue LED allows for obtaining green-yellow-orange-

emitting pc-WLEDs. The application of the mentioned film converters results in the formation of four basic
trends on the color diagram depending on the thickness of the converter.

1. Introduction

Recently garnets, oxynitrides, silicates, and aluminates have been
actively studied as host materials for converting luminescence ions.
However, the main research is focused on the garnet type lattices, such
as Ce3* doped Y3Als012 (YAG:Ce) garnet, and nowadays, typical WLEDs
consist of YAG:Ce phosphor powders encapsulated in epoxy resins on
top of a blue LED. The function of the phosphor converter is to absorb
the blue light emitted by the LED chip and convert it to yellow light, due
to the Ge>" ions luminescence. The combination of the transmitted blue
light and yellow Ce>* emission band due to the 5d-4f transitions allows
for obtaining white light. The high flexibility of the {Ln}s [M]2(M)3012
(Ln =Lu, Y, Gd, Tb; M = Al, Ga, Sc) garnet structure allows for replacing
ions in dodecahedral {a}, octahedral [b] and tetrahedral (c) sites, and
thus, to modify the composition for optimization of the Ce3" lumines-
cence properties demanded in WLED application. The influence of such
composition engineering strategy is based on the “Ce®* 5d level posi-
tioning” [1] and “band-gap engineering” [2]. The choice of cations al-
lows for tuning of the local coordination environment of the luminescent
ions and changes the crystal field strength and the covalence of Ce>"-0*
bonding. Such changes in garnet composition allow for variation in the
Ce>" emission color from the green to the orange-red spectral range. The
shift of YAG:Ce spectrum into the red range often is carried out by (i)

partial or full cationic substitution of Y3* ions by larger Tb®* or Gd>*
ions (composition engineering strategy); (ii) or codoping of YAG:Ce with
red-emitting rare-earth ions (Eu3+, Mn2+) (codoping level control tun-
ing) [3]. Such spectral tuning increases the luminescence efficiency of
phosphor converted (pc)-WLEDs, optimizes the color conversion, ach-
ieves the desired color temperature, and increases the color gamut [4,5].
The widespread garnet solid solution variations enable tuning and
optimization of optical, luminescence, and photoconversion properties
depending on the area of application.

The temperature-quenching behavior of cerium-doped garnet-type
phosphors holds significant relevance in practical applications, partic-
ularly within white LEDs (w-LEDs). This importance is underscored by
the fact that when phosphors are directly applied to blue-emitting
(InGa)N chips, temperatures can exceed 100 °C and even approach
200 °C [6]. Thus, the quenching temperature of Ce3" luminescence in
garnets is an important parameter in the optimization of PC. An onset of
Ce>" luminescence quenching above 600 K for YAG:Ce and 700 K for
LuAG:Ce was reported previously [7]. The quenching temperature is
lowest for Ce®" in Gd3Als0;2 (GAAG), around 300 K, where the energy
difference between the 5d; state and the conduction band edge is
smallest [8].

The optical properties of phosphor-converters for white LEDs depend
not only on the composition but also on the synthesis process, which
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largely determines the type of impurities, homogeneity, induced defects,
microstructure, morphology, etc. in the most powerful LEDs. For the
development of innovative high-power lighting sources, it is urgently
needed to design and investigate the new high structural quality and
high-temperature stable converters in the form of single crystals and
single crystalline films (SCF) [9]. The liquid phase epitaxy (LPE) tech-
nique is a versatile method for the production of SCFs for applications in
optoelectronics with thicknesses in the range of several micrometers up
to 200 pm with excellent material quality and reproducibility [10].

In the quasi-homoepitaxy LPE process, the materials of the same
class are grown, and only one component is substituted by another.
However, such substitutions of the first material do not lead to a
fundamental change in its physical properties since it belongs to the
same chemical group as the second material, for example, the
LugAl5015:Ce (LuAG:Ce) and Tb3Als012:Ce (TbAG:Ce) SCFs grown on
YAG substrates. The main limitations for the quasi-homoepitaxy growth
of garnets are associated with the selection of a single-crystal substrate
on which the film will be grown. For this technique, the permissible
lattice constant misfit between the film and the substrate is considered to
be in the range Am=(agcF - asyp)/asup X 100 = £ 1.0 % [11-13]. The
YAG is arelatively cheap substrate commonly used in LPE for the growth
of high-quality single crystalline films [11-13]. YAG’s crystal lattice
parameter 12.008 A closely matches that of all garnet family members,
from LuAG (11.91 A) to GdAG (12.113 A) [11,12,14], enabling
defect-free film growth with a high degree of crystallographic
orientation.

The stability of the garnet crystal structure relies on the size of
trivalent lanthanide ions (Ln®"). It’s stable for smaller ions (Tb3+, Lu3+,
Y3") and not for larger ones Gd*" acting as the cutoff. Adding smaller
Lu" ions to GdAG, and creating (Gd, Lu)AG solid solutions enhances the
stability of the garnet structure. In particular, information about the
luminescence properties of Ce>*-doped gadolinium aluminum garnet
GdAG is limited by few studies [15,16] The lattice parameters of (Gd,
Lu)AG can be close to YAG when doped with 45 at.% Lu3t [12]. In
addition, GAAG-based transparent ceramics are often doped with Ga®*
to stabilize the lattice [17].

One of the first works in the area of SCF converters for WLEDs was
done by Kundaliya et al. [18] and recently by our group [19], who
proposed phosphor-converter production by depositing a YAG:Ce and
LuAG:Ce garnet phosphor film epitaxially onto a YAG substrate, to
induce yellow and green emission, respectively. In this work, compre-
hensive studies have been carried out to investigate various LPE grown
film photoconverters with different compositions and thicknesses in the
allowable region of SCF crystallization of (Lu, Y, Tb, Gd }3Al5015 garnets
onto YAG substrates.

2. Sample preparation and experimental methods

The six groups of ce3t doped {Lu, Y, Tb, Gd }3Al50;2 garnets, listed
in Table 1, were grown using the LPE method onto undoped Y3Al50;5
(YAG) substrates with (110) orientation (Fig. 1). LPE growth was per-
formed in the LPE lab at the Chair for Optoelectronic Materials of the
Department of Physics of Kazimierz Wielki University in Bydgoszcz,
Poland onto YAG substrates, prepared from single crystals (SC) grown by
the Czochralski method in Crytur Ltd. Czech Republic. The SCF samples
with demanded compositions were grown by the LPE method from the
supercooled melt solution based on PbO-B203 (12:1 mol/mole) flux and
4 N purity garnet-forming oxides: LuyOs3, Y203 Tb407, Gd203, Al;03 and
CeOo, placed in Pt crucible.

The Blank-Nielsen coefficients R;, Ry, R3, and R4 (Eq. 1) should be
maintained during the preparation of the melt solution for the produc-
tion of SCF with chosen content, and they should correspond to the
following molar ratios [13]:
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Table 1
The nominal composition of garnet SCFs under study and Ce®>" concentration
range related to the formula unit (h is the SCFs thickness).

Nominal Actual composition h, CeO, content Ce content
composition pm in the melt in the SCF,
solution, mole at.%
%
LuzAls012:Ce 78, 12 0.075
92,
162
LusTbiAlsO12:Ce  LujgsThy1sAlsO1a: 22, 10 0.1
Ce 27,
36
Y3Al5042:Ce 30, 10 0.1
41,
46
Tb3Als042:Ce 30, 8 0.15
36,
44
Tby 5Gd; 5Al5012: Tby.62Gd1.38A1501 2 45, 8 0.15
Ce Ce 55,
76
Gdz.oLug 1Al5072: Gdz.g4L0 16A15012: 74, 10 0.15
Ce Ce 86
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Fig. 1. Photograph of {Lu, Y, Tb, Gd }3Als015:Ce SCFs with different thick-
nesses grown by the LPE method onto YAG substrates.
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where P is the mole weights of the garnet and activator host compo-
nents, which are located in the dodecahedral (dod), octahedral (oct),
and tetrahedral (tet) positions in the garnet lattice, as well as the PbO
and B,0j3 flux components.

The solubility of the oxides and the kinetic properties of the solution
are both determined mainly by the coefficient R; = 11-12. The value Ry
= 0.02-0.035 identifies the garnet phase as the primary phase during
the film crystallization. The choice of molar ratios R3 and Ry is directly
related to optimizing the structural quality of the SCFs. The optimal
values of the coefficients R3 and R4 are determined experimentally for
SCFs with selected compositions [13].

However, in the case of SCF growth of mixed garnet compounds, the
content of different cations in the melt solution can be significantly
different in comparison with the actual content of these ions in films.
Such difference is caused by different factors such as the various sizes of
film cations with respect to cations of substrate lattice, the dimension of
the garnet octants (dod., oct. or tet.) for cation localization, the
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difference in the film/substrate lattice constant and temperature of film
growth. For this reason, the segregation coefficient values of various
cations can be taken into account for predicting the demanding SCF
content or for estimating the growth content of films grown with nom-
inal garnet content in the melt solution. Namely, the dependence of the
segregation coefficient of Lu, Tb and Gd cations and Ce>" activator on
the size of these ions in the case of growth A; 5B; 5Al5012:Ce (A, B=Lu,
Tb, Gd) SCFs onto YAG substrates are presented in Table 1.

It is important to mention also here that molar concentrations of Ce
dopant are significantly different in comparison with the real concen-
tration of the activator in the films after the growth process. Namely, the
real content of Ce activators in the film (Table 1) is much lower in
comparison with the content in the melt solution due to the significantly
large size of Ce>" ions with respect to Lu®>*, Gd** and Tb®" cations and
low temperature of film crystallization (~1000°)C) using LPE growth
method.

During the LPE growth process the substrate, horizontally attached
to a platinum holder, was rotating at 60—-80 rpm in the forming melt with
growth temperature Ty in the 950-1025 °C range. Under the described
conditions, the growth rate was in the f; = 0.35-1.6 pm/min range. The
thickness of the films was determined by weighing them on high-
precision scales. To do this, the substrate was weighed before and
after the growth cycle of the single crystal. The thickness of SCFs was
determined using the formula:

hy=m —mg/2Sp (1b)

where m is the mass of the substrate with the grown single crystalline
film in (g), m, sub is the mass of the substrate in (g), S is the area of the
substrate in (crnz), and p is the density of the film in (g/cm3) (p=4.55g/
cm? for YAG; 6.67 g/cm? for LUAG; p = 6.24 g/cm® for TbAG).

The actual composition of SCF samples under study (Table 1) was
determined using a JEOL JSM-820 electronic microscope, equipped with
an EDX microanalyzer with IXRF 500 and LN2 Eumex detectors. From
the microanalysis of the content of the SCF samples, we have also found
that the segregation coefficient of different cations and Ce®* cations in
Aj 5B1.5A15012:Ce (A, B=Lu, Tb, Gd) SCFs grown from PbO based flux
onto YAG substrates (Table 2).

The XRD measurements using DRON 4 spectrometer (Cug, X-ray
source) were carried out in the 20 range from 91° to 95° with a step of
0.02°for the determination of the structural quality and misfit values
between SCF and YAG:Ce substrate.

Optical absorption spectra of investigated samples were recorded in
the 200-1100 nm range using a Jasco 760 UV-Vis spectrometer. The PL
emission and excitation (PLE) spectra were recorded with an Edinburgh
Instruments FS5 Spectrofluorometer, equipped with a 150 W Xenon
lamp as the excitation source. An integration sphere AvaSphere-50-
IRRAD coupled with fiber-optic spectrophotometer AvaSpec-uls2048-

Table 2
The segregation coefficients of Lu, Tb and Gd cations and Ce activator in the case
of LPE growth A; 5B; 5Al50;5:Ce (A, B=Lu, Tb, Gd) SCFs onto YAG substrates.

Nominal Size of Segregation Segregation Segregation
composition cations/ coefficient coefficient coefficient
Aj 5By 5A15015 activator in of A ions of B ions of Ce** ions
the 8-fold
coordination
Lu; sGd; sAlsO10:  Lu=0.977A  1.09-1.05 0.91-0.95 0.013-0.016
Ce Gd =1.053 (Lw) (Gd)
A
Ce=1.143A
Lu; sTby sAlsO10:  Lu=0.977A  0.95-0.85 1.05-1.15 0.009-0.01
Ce Tb=1.04A  (Lw (Tb)
Ce=1.143A
Tby 5Gd1 sAlsO12:  Tb=1.04A  1.18-1.16 0.91-0.94 0.015-0.018
Ce Gd =1.053 (Tb) (Gd)
A
Ce=1.143A
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Itec and blue LED 460 nm (30 mA, 2.9V) was used to determine the
chromaticity parameters of the samples. The color coordinates, corre-
lated color temperature (CCT), color rendering index (CRI), and lumi-
nous efficacy (LE) were calculated using Avantes software. For all
measurements, samples with the smallest film thickness from each group
of materials were used. Photoconversion results are shown for all
samples.

3. Results and discussion
3.1. Structural properties of SCFs

The X-ray phase analysis has confirmed that all the synthesized
compounds are single-phase samples containing only the garnet phases
and no XRD reflections corresponding to any impurity have been
detected. In particular, XRD patterns of {R}3Al5012:Ce; R—=Lu, Y, Tb, Gd
garnets are shown in Fig. 2a. The dependence of the lattice constant and
misfit values on the ionic radius of cations in dodecahedral positions is
shown in Fig. 2b. It can be seen that there is an increase of the unit cell
parameter with the ionic radius of the cations residing in dodecahedral
{Lu, Y3, Tb3*, Gd3*} sites, which determines the peak positions of
XRD reflections for these garnets.

The lattice mismatch between the substrate and the film was esti-
mated using the formula m= (agm-asub)/asub x 100. It is noticeable that
the dependencies are linear and consistent with Vegard’s law [20].
Small deviations in data are associated with a small variation in the
cerium concentration in the samples. The obtained structural data for
R3Al5012:Ce; R=Lu, Y, Tb, Gd are systematized in Table 3.

3.2. Optical, luminescence and photoconversion characteristics

The RT absorption spectra of epitaxial structures under study in the
200-550 nm range are shown in Fig. 3. Generally, the absorption bands
of Ce3* ions in the studied garnets, detected in the 330-345 nm and
450-465 nm ranges, corresponds to the 4f-5dz and 4f-5d; transitions,
respectively [21]. With increasing of the cation radius in the dodeca-
hedral position of garnet matrix the crystal field strength (CFS) is
increasing which consequently shifts the 4f—5d; and 4f—5d; absorption
bands to higher and lower energies, respectively (Fig. 3a). Therefore, the
difference between the maxima of E and E; bands of Ce3* ions AEaps =
E5 — E; is proportional to the values of CFS.

All SCF samples except YAG:Ce and LuAG:Ce SCFs, contain terbium
and/or gadolinium ions in the matrix, the absorption lines of which
appear in the absorption spectra. Namely, bands centered around ~224
and ~270 nm belong to the low spin-allowed (LS) 4f—5d; and 4f—5d;
absorption transitions of Tb>" ions. The last band is strongly overlapped
with bands peaked at 275 nm corresponding to 4f—4f Gd*" transitions.
The weak line centered at 373 nm is ascribed to the “Fg—°Gg

range in SCF samples is commonly associated with lead flux related
dopants, namely by the 1So—°P! transitions of Pb2" ions. Such pecu-
liarity is typical for SCF phosphors grown from the PbO-based flux when
the Pb?* ions alloyed into the SCF material during the film growth
process in a concentration usually below 100 ppm [23].

Cathodoluminescence measurements can provide information about
the material content and luminescent properties of Ce>' ions in the
different garnet hosts, aiding in the understanding of how they impact
the film’s overall optical behavior. The normalized RT CL spectra of {Lu,
Y, Tb, Gd}3 Als012:Ce SCFs are shown in Fig. 3b. Presented spectra show
the dominant doublet emission bands, peaked at 538-598 nm, related to
the allowed 5 d'— 4f (2F5/2;7 /2) transitions of Ce3' ion in garnet hosts.
CL spectra of all LPE grown SCF samples demonstrate the absence of the
Ce3" luminescence in other phases as well as the luminescence of the
defect-related centers (antisite defects and F' centers). This is particu-
larly valuable for devices or applications where maintaining the mate-
rial’s integrity is essential. This phenomenon arises from the extremely
low temperature range of 950-1025 °C for SCF crystallization [24]. LPE
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Fig. 2. (a) -XRD pattern of 880 plane of {R}3Al5072:Ce (R=Lu, Y, Tb, Gd) SCFs grown on (110) oriented YAG substrate. (b) - dependence of lattice constant on the
ionic radius of corresponding garnet forming cations in dodecahedral positions.

Table 3

The values of lattice constant and misfit of garnet SCFs under study with the
corresponding ionic radius of R3' cations in the dodecahedral position of
R3Al501,:Ce (R—=Lu, Y, Tb, Gd) garnets. For mixed garnets, the table shows the
average value of the ionic radius in dodecahedral positions (*).

Composition Ionic radius CN = 8, A Lattice constant, A Misfit, %
LuAG:Ce 0.977 11.9054 -0.79
Lu,TbAG:Ce 0.997* 11.9588 -0.35
YAG substrate 1.019 12.001 0
TbAG:Ce 1.04 12.076 +0.62
Tb; 5Gd; sAG:Ce 1.046* 12.0788 +0.66
Gdz gLug 1AG:Ce 1.053 12.102 +0.84

processes allow also selected alloying of film-formated cations into
different positions of the garnet host following their ionic radii. That also
strongly prevents the formation of antisite defects. LPE is also charac-
terized by the well-controlled cooling process, which can strongly
reduce the formation and propagation of macro defects in SCF samples.
Slow cooling rates can help in relieving stresses and reducing thermal
gradients that might contribute to defect formation [25].

Fig. 4 shows the PL excitation spectra of the Ce>* doped {Lu, Y, Tb,
Gd }3Al5015:Ce SCFs set recorded at RT. The excitation spectra of ce3t
emission (540-600 nm) maxima dependent on composition) consist of

4.0 T T T '
SCFs
. ——1-LuAG:Ce
351 Tb ---2-Lu,TbAG:Ce |
] --—-3-YAG:Ce

3.0 - 4 - TbAG:Ce .
8 """" 5-Tb, ;Gd; ;AG:Ce
g 25 % 6 - Gd, 4Lu, ;AG:Ce |
Ke]
S
O 2.0
[72]
Ke]
<15

1.0

0.5

300 350 400 450
Wavelength (nm)

200 250 500

Intensity, arb. units

two sets of broad bands, which correspond to the absorption spectra
belonging to Ce>" and Tb®" ions presented in Fig. 3a. It should be noted
that terbium bands are present in all samples, regardless of composition,
since Th®" ions are a trace impurity. The absorption band peaked at 262
nm corresponding to the absorption of Pb?* flux-related impurity in
SCFs under study and is caused by the 1Sy—3P; transitions of these ions
[26].

The bands centered at ~239 and ~290 nm belong to the low spin-
allowed (LS) 4f—5d; and 4f—5d; absorption transitions of b3+ ions,
respectively [27,28] The weak sharp bands peaked in the 371-378 nm
range are ascribed to the ’Fg—°Gg absorption transitions of Tb>" cations
[29]. Also in the Tby 5Gd; 5Al5012:Ce and Gdg gLug 1Al5015:Ce samples
the bands peaked at 275 nm and 317 nm are attributed to the
887/2—613/2_7 /o and 6p, /o = 857/2 absorption transitions of the Gd3* cat-
ions, respectively. The presence of Tb>*-related bands in the excitation
spectrum of the Ce®" luminescence indicates the presence of efficient
Tb3*—Ce3" energy transfer (ET) [30,31].

Table 4 presents the transition energies of the absorption bands of
Ce3" in the studied samples extracted from Fig. 4a. The splitting be-
tween the 5d; and 5d; states, expressed as the difference in the position
of the E2 and El excitation bands, is given for all specimens. The
observed change in the splitting energy suggests that the crystal field
strength in the dodecahedral site, where Ce®* ions are localized, exhibits

1-LUAG:Ce | ced* '
— 2-Lu,TbAG:Ce 5d,—4f (2F7/2,5/2)
—3-YAG:Ce
——4-TbAG:Ce 538

1.0 —5-Tb, ,Gd, ;AG:Ce

6-Gd, oLu, ;AG:Ce

o
3

0.0 = L
400 600

Wavelength, nm

Fig. 3. RT absorption (a) and CL (b) spectra of {Lu, Y, Tb, Gd }3Al50;,:Ce SCFs converters. absorption transitions of Tb3* cations [22]. Minor absorption bands are
related to 4f—4f Gd** transitions, peaked in the 313-317 nm range, and overlapped with bands related to the high spin-allowed (HS) 4f—5d; transitions of Tb®* ions.

Furthermore, the UV absorption band at 262-265 nm.
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Fig. 4. (a) - RT excitation spectra of the Ce* emission at 540-600 nm (emission maxima) in (b)- dependence of Ce3t E; excitation maxima on the ionic radius of

corresponding garnet forming cations in dodecahedral positions.

Table 4

The Ce®" absorption transition energies in{Lu, Y, Tb, Gd }3Al50;,:Ce SCFs at RT.
Composition Absorption bands

El (4f—»5d1), (eV)  E2 (4f—>5d?), (ev)  Splitting (eV)

LuszAl501,:Ce 2.77 (448 nm) 3.56 (348 nm) 0.79
Lu,Tb1Al50,5:Ce 2.75 (451 nm) 3.59 (345 nm) 0.84
Y3Al501,:Ce 2.71 (458 nm) 3.63 (341 nm) 0.93
Tb3Al5012:Ce 2.67 (464 nm) 3.72 (333 nm) 1.05
Tb;.5Gd; 5A150;5:Ce 2.65 (467 nm) 3.76 (330 nm) 1.11
Gdy oLug 1Al5012:Ce 2.63 (471 nm) 3.67 (338 nm) 1.04

an upward trend as the ion radius increases in the dodecahedral site of
the garnet host. Fig. 4b shows the dependence of the 4f (2F5 /2) — 5d;
(Ezg) absorption transition maximum on the ion radius in dodecahedral
positions. This intense band is suitable for blue InGaN LED excitation
because the emission wavelength of blue LED chips is in the 450-480 nm
range. The blue dashed line in Fig. 4 indicates the emission maxima of
commercial blue LED (450 nm), in combination with which, the pho-
toconversion properties of SCFs were investigated in this work.

The PL emission spectra of (Lu, Y, Tb, Gd)3Als05:Ce SCFs excited at
460 nm (Fig. 5a) present broad yellow emission, related to the electronic
transitions from the first excited state to the two ground state levels (°Fs,
2, 2F7/2) of Ce®* ions. In comparison with LuAG:Ce SCF, the ce3t
emission maxima in Gdg gLug 1Als012:Ce SCFs is significantly red shifted

from 541 to 601 nm. This phenomenon is illustrated by the dependence
of Ce>* emission maxima on the ionic radius of corresponding garnet
cations in dodecahedral positions, presented in Fig. 5b. The trend of this
dependence shows the potential possibility of controlling the Ce**
emission spectrum in the case of the application of the films under study
as photoconverters of WLEDs.

3.3. Photoconversion properties

Prototypes of pc-WLEDs were manufactured to assess device per-
formance and determine the dependence of colorimetric parameters on
SCF converter’s thickness. The spectra corresponding to WLEDs, which
were created by mounting SCF converters with different thicknesses
onto InGaN blue 450 nm emitting chips (operated with a forward-bias
voltage of 2.9 V and a current drive of 20 mA), are presented in
Fig. 6. These spectra have been normalized on the maximum of the
yellow emission component.

In this lighting system, two strong spectral bands attributed to the
excitation of blue LED and broad emission in 500-800 nm range
correspond to the emission of the converter, respectively. Due to the
increase in film thickness, the blue light originating from the blue chip
decreases continuously, and the yellow light originating from YAG:Ce
SCF increases. This is well accordance with the absorbance spectra
shown in Fig. 3a. Depending on the composition of the SCFs, the shape
and intensity of the blue component changes due to the shift of the Ce>*
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Fig. 5. (a) - RT PL emission spectra of the Ce3* in (Lu, Y, Tb, Gd)3Als0;,:Ce SCFs excited at 460 nm (maxima of commercial blue LED), (b) - dependence of ce3t
emission maxima on the ionic radius of corresponding garnet forming cations in dodecahedral positions.
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E; absorption maximum (Fig. 5b). Due to the changing emission in-
tensities of blue chip and Ce3* ions, the photometric and chromatic
parameters of the WLED devices were subsequently different.

The CCT and the color rendering index (CRI) decrease with
increasing film thickness, due to higher absorption of blue light and
stronger emission of yellow light. Fig. 7 shows the change of WLED
device’s colors based on WLED emission spectra (Fig. 6). Based on Fig. 6,
it can be seen that the shift of color coordinates from the green to the red
region during the transition from LuAG:Ce (Fig. 6a) to Gda gLug 1AG:Ce
(f), which corresponds to the red shift in the PL spectra (Fig.

5). However, it is also seen that in these two boundary compositions
from the studied series of garnets, a higher film thickness is necessary to
obtain color coordinates in the central part of the diagram. This is
explained by the greater intensity of the blue component, due to the
weak overlap between the absorption lines of the converter and the
emission line of the blue LED.

Table 5 lists the CIE coordinates, correlated color temperature (CCT),
and color rendering index (CRI) values.

4. Conclusions

The investigation of structural, luminescence and photoconversion
properties of the single crystalline films (SCF) of ce®t doped R3Al5015:
Ce (R=Lu, Y, Tb, Gd) mixed garnet was performed in this work. The
SCFs were grown using the liquid phase epitaxy (LPE) method onto YAG
crystal substrates from melt-solutions based on the PbO-B,03 based
flux. The content analysis of the obtained SCF samples, grown from the
melt-solution with nominal molar composition LuzgAlsO12, LupTbAl5042,
Y3Al5012, Tby5Gd;5Al5012 and GdyoLug1AlsO12, and Ce activator
content in the 8-12 mol % range confirm the crystallization of
Lu3Als012:Ce (0.075 at.%), Luy gsTby.15A15012:Ce (1 at. %), Y3Al5015:Ce
(1 at. %), Tb3Al5015:Ce (1 at.%), Tby g2Gd;.38A15012:Ce (1.5 at.%) and
Gda.g4Lug 16A15012:Ce (1.5 at.%) SCF samples. The XRD analyses of

these SCFs confirm their high structural quality, despite the large SCF-
substrate lattice misfit randing in —0.79 % - + 0.84 % range. The
segregation coefficients of Lu, Gd and Tb cations and Ce3" ions at the
crystallization SCF of Aj 5B1.5A15012:Ce (A, B=Lu, Gd; Tb) mixed gar-
nets onto Y3Als0qo substrates were found as well.

The optical properties of SCFs samples were characterized in this
work using absorption, cathodo- and photoluminescence spectra. The
photoconversion properties of all SCFs with different thicknesses in the
22-162 pm range (color coordinates, correlated color temperature
(CCT) and color rendering index (CRI)) were performed as well under
excitation by 455 nm commercial blue LED.

We have found that using LPE growth method, it is possible to obtain
a series of R3Als015:Ce (R=Lu, Y, Tb, Gd) SCF phosphor converters onto
one type of substrate (YAG) with varying photoconversion parameters.
In general, the application of such SCF converters covers all colors close
to the theoretically white point on the color diagram. Furthermore, the
dependence of photoconversion properties on the film thicknesses was
studied to construct the prototypes of efficient warm WLEDs. The sys-
tematic variation in the film thickness in the 22-162 pm range enables
tuning the white light tones from cold white/daylight white (CCT
>6000 K) to neutral white (6000 K > CCT >3300 K). We have found also
that the CCT values decrease and the CRI increase with increasing of
R3Al5012:Ce (R=Lu, Y, Tb, Gd) SCF film thickness due to higher ab-
sorption of blue light and stronger emission of yellow light. Meanwhile,
the CRI values were higher and CCT values were lower for all TbAG:Ce
based SCFs compared with other film converters under study.

These experiments provide also valuable insights into the optimal
combinations of composition and thickness of single crystalline con-
verters for efficient WLED with extremely high stability and durability of
parameters.
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Table 5
Photoconversion properties of (Lu,Y,Tb,Gd)3Als0,,:Ce SCF converters in com-
bination with blue LED.

h, pm X y CCT, K CRI
LuAG:Ce

78 0.301 0.3063 - -
92 0.3351 0.3454 11,630 59
162 0.3778 0.4017 7569 57
Lu,Tb;AG:Ce

22 0.238 0.250 - -
27 0.258 0.293 11,980 -
36 0.292 0.360 7281 72
YAG:Ce

30 0.288 0.355 7481 74
41 0.327 0.422 5665 66
46 0.338 0.445 5365 66
h, pm X y CCT, K CRI
TbAG:Ce

30 0.301 0.306 7516 88
36 0.335 0.345 5387 86
44 0.377 0.401 4226 78
TbGdAG:Ce

45 0,272 0193 - -
55 0.323 0.263 6361 78
76 0.364 0.314 3971 73
Gd, oLug 1AG:Ce

74 0,356 0290 4029 77
86 0,374 0323 3686 74
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