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ARTICLE INFO ABSTRACT

Keywords: Ce®" activated garnets; LuAG and YAG are extensively used in lighting applications, electronics, and display
LuAG technologies. Both of the phosphors have been studied many times to increase their brightness and provide a red-

3+
Ce shift in their emission maximum towards warmer colors for potential white light emitting diode (WLED) ap-

¥$G2 plications. In this work, binary blends of the LuAG: Ce®*" with the micro-scale TiOy and Ce>*-equipped TiOy
Fluorescence particles were prepared and tested in terms of photoluminescence characteristics in a polymethyl methacrylate
Photoluminescence (PMMA) matrix. Similar work was also performed for the YAG: Ce®tand its TiOy-based composites. Blue-
Decay time wavelength excitation and emission performances as well as decay characteristics of the phosphors were

investigated in detail. When excited by blue wavelengths, the TiO, blends of the LuAG: Ce®** and YAG: Ce3*
exhibited strong enhancement in emission intensities extending to 2.80 and 2.20 fold in comparison to their
additive-free forms. Additionally, 32 and 66 nm of red shifts were measured in the emission maximum of the
TiOy-based blends, respectively. The decay time measurements performed in the microsecond time scale revealed
parallel variations to the increases observed in the intensities. The distinguishable enhancement observed in the
quantum efficiency of the phosphors by using cost-effective TiO; particles can be concluded as a remarkable
development. Additionally, the ability of the phosphor blends to be excited with simple blue LEDs looks very
promising for future lighting applications.

1. Introduction

Intensive studies on the synthesis and development of the cerium-
activated yttrium and lutetium aluminum garnets ((YAG: Ce>") and
(LuAG: Ce®*")) continue due to their potential utilization in the fabri-
cation of white light-emitting diodes (WLEDs), efficient scintillation
processes in the detection of X and gamma-rays, solid-state lasers and
many other applications [1-5]. The widespread usage of the Ce>* doped
YAG and LuAG as complementary phosphors in different matrices in the
production of WLEDs increased their commercial importance and
consequently the number of related patent applications over time
[6-12]. Most of these studies focus on compositional modifications on
the YAG or LuAG-based garnets to improve the optical performance of
the subjective materials via the utilization of expensive rare earths as

dopants or co-dopants [12-26]. In most of these studies, donor and
acceptor counterparts have been used to form appropriate energy levels
within the lattice for a potential energy transfer and a consequent optical
brightness [16,19-21]. Sometimes these efforts resulted in variations in
the size or structure of the lattice including increased defects or electron
traps to capture the electrons [2,17,18,25]. However, the introduction
of these rare earths into the lattice structure requires tedious thermal
processes and high temperatures extending to 1500 °C requiring an inert
gas atmosphere [2,13-15]. A summary of the synthetic efforts including
compositional studies and energy transfer agents used in the YAG and
LuAG-based phosphors has been shown in Table 1.

Contrary to the studies using expensive REs as dopants or co-dopant
in the lattice structure, in recent years, Hu et al. offered a different
strategy to fabricate a high-quality YAG: Ce®>" material for laser-diode
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Table 1

Literature research on synthetic efforts and compositional studies on the YAG

and LuAG-based phosphors.

Phosphor  Dopant/ Mechanism Result
Co-
dopant
YAG Ce/Sm Energy transfer from Ce  Enhancing the color quality
to Sm of white light emitting diodes
[16].
ce*t/ Increased defects Red shift of the PL emission
Eu®t band [17].
ce®/ Increased defects A significant enhancement in
sr2 photoluminescence
excitation and emission
spectra [2]
ce®t/ Volume effect Brighter persistent
crit luminescence [18]
Nd3+/ Energy transfer occurs A predominant electric
Yb3+ from Nd** to Yb** dipole-dipole character for
the Nd3+-Yb3+ coupling is
taking place [19].
Tb**/ Tb** to Cr®* energy External quantum efficiency
crt transfer was increased up to 98% [20]
LuAG Ce/Mn Energy transfer from The emitted light changed
Ce3* to Mn?* (up to from green to orange [21].
42.3%)
Mgt/ Compensation of oxygen  An increase in scintillation
Ce*t vacancies, stimulation light yield (LY) value [22].
of cerium into 4+ charge
state, and localization of
O-hole centers nearby
the Mg?* dopant
Tm/Sc Energy transfer Scintillation yield was
enhanced [23].
ce®/ Energy transfer from Co-doping with Tb** does
Tb** Tb** to Ce>* not result in the desired
increase in light output [24].
ce’t/ Ca®" and Ce®>" were A significant improvement in
CaZt partially oxidized to the scintillation performance
Ce*", which can [25].
effectively compete with
electron traps to capture
electrons.
sty Energy transfer from Increased radioluminescence
pré* sensitizer Sc>* to intensity and photoelectron

activator Pr>* yield [26].

(LD) lighting applications. They proposed to depress the defects by using
the charge-balanced Mg?*-Si** to substitute the AI**-AI** by intro-
ducing Al»Oj3 into the structure of the garnet [27]. In another work, Gu
and colloquies studied the effect of boron carbide (B4C) on luminescent
efficiency and thermal stability of Y3Als0;2:Ce3" phosphors. By the
incorporation of the B** ions, they obtained a red-shifted emission, a
distinct improvement in the luminescent efficiency, and enhanced
thermal stability for the YAG: cedt phosphor [15]. Similarly, Yan and
co-workers designed an energy transfer from Eu®" to Mn** in the
Lu3Als012 (LUAG) garnet host. In this way, they tuned the photo-
luminescence from the narrow orange-red emission region (593 nm) to
narrow deep-red light (668 nm), successfully [28]. Huang and
co-workers presented ceramics containing Cr: YAG/Ce: YAG and (Ce,
Cr): YAG/Ce: YAG with high color rendering index for white LED and LD
applications [29]. In another study, researchers proposed doping of the
heavy Ce>" above the solid solubility limit into the LuAG host lattice to
achieve a significant red-shift without Y and Gd ions, matching the
yellow emission spectrum of commercial yellow YAG: Ce®t [30].
Despite the promising spectral results, the existing technology mainly
relays on structural changes in phosphors, which is laborious and costly.
The design of an energy transfer between a number of luminescent
centers within the lattice is an efficient strategy to provide the desired
optical brightness. Alternatively, providing the fundamental conditions
of a simple energy transfer between the lattice and its microenvironment
may be an efficient way to improve the excitation efficiency and
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brightness of the phosphor. Today, there is a large number of micro- and
or nano-scale light harvesting optically responsive materials that can be
considered functional and cost-effective. In this context, the utilization
of this type of material along with the phosphors in the polymeric
matrices is worthy of studying. Preliminary studies have shown that the
preparation of binary or ternary mixtures of phosphors with the
light-harvesting metal oxides reveals promising results. The
target-specific materials investigated by our research group include
nano-scale ZnO-CuO particles [31], silica photonic crystals [32], and
hematite (HEM) and iodine-decorated hematite (I-HEM) [33]. There-
fore, in this work, we studied the light-induced interactions taking place
in the binary blends of commercially available YAG: Ce®'-and
lab-synthesized TiO,, and, TiO,: Ce>* in the polymethylmethacrylate
(PMMA) matrix, in terms of the excitation-emission characteristics as
well as decay times. The PMMA was chosen due to its resistance to heat,
UV radiation, biocompatibility, and tailoring ability in many different
structural forms. It is also preferred due to its good dispersant properties
for high-density phosphors [34] as well as evidenced appropriate optical
transparency in the visible and IR spectral region [ 35, 36].

The lutetium aluminum garnet (LuAG: ce3t) and yttrium aluminum
garnet (YAG: Ce®*) were entrapped along with the micro-scale Ce®t-free
and -Ce3* doped TiO, particles, which can act as light-harvesting ma-
terials absorbing and emitting the light in a quite large spectrum. We
excited the phosphors with the blue wavelengths (450 and 466 nm)
which corresponds to the commonly used excitation energy for LED
applications. Upon excitation, the phosphors exhibited interesting in-
teractions with the micro-scale TiO; particles yielding enhanced quan-
tum yield and longer excited-state lifetimes compared to their additive-
free forms. We also investigated the decay characteristics of the pre-
sented composites in nanosecond and microsecond time scales in detail.
In nanosecond time-regime measurements, the polymer-free and
polymer-embedded YAG: Ce3*, LuAG: Ce®*" and their binary blends with
the additives exhibited typical average decay time of the bare phosphors
arising from the electronic transitions of the Ce>* ions which appeared
around 50-60 ns. However, the multi-exponential microsecond time-
regime measurements supported the donor-acceptor relationship for
the additives and the phosphors, respectively. Average excited-state
lifetime of the LuAG: Ce®" extended from 379 to 522 ps when blended
with the TiOy:Ce>". The decay time was found to be 561 ps for the Ce>'-
free TiOy-based composites. Similarly, the excited state lifetime of the
YAG: Ce3* increased from 268 to 407 and 417 ps, for the TiO5:Ce®" and
TiO4 including composite films, respectively.

2. Experimental
2.1. Materials

The precursors of the TiO»-based oxides; Titanium (IV) isopropoxide
(TTIP) and Cerium (III) chloride hexahydrate were purchased from
Sigma Aldrich and Merck, respectively. Glacial acetic acid (Merck) and
anhydrous ethanol (Sigma Aldrich) were used for the sol-gel preparation
of the particles. Polymethylmethacrylate (PMMA) and Tetrahydrofuran
(THF >99) were from Sigma Aldrich. The green and yellow phosphors;
Lu3Als012:Ce>" (LUAG) and (Y3Al50;2:Ce®t (YAG) were provided by
Mitsubishi Chemical Corporation. Ce>*-free and Ce>* doped TiO- par-
ticles were synthesized by the sol-gel method in our laboratories.
Preparation protocols, XPS analysis, and reflectance behavior of the
TiO, and TiO:Ce3" particles were shown in the supplementary files (See
S1 and S2).

2.2. Instrumentation

Excitation and emission spectra of the phosphors were recorded by
an Edinburgh Instruments; FLS920 spectrometer in the steady-state
mode. The incident light spectrum (the emission spectrum of the exci-
tation light scattered by a BaSO4 as reflectance standard) and sample
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Fig. 1. (a) General and (b) overlaid XRD patterns of the TiO, and TiOa:
Ce®" particles.

spectrum were recorded by the FLS920 Fluorescence Spectrometer
equipped with a 150 W Xe lamp and an integrating sphere, respectively.
The external quantum yield (EQY) data were acquired by adjusting the
excitation wavelength in the 270-500 nm range. The decay times were
recorded on the bases of the time-correlated single-photon counting
(TCSPC) approach under the excitation of a pulsed laser and a micro-
second flash lamp, for the nanosecond and microsecond time scales,
respectively. The excitation and emission slits were adjusted to 1.5 or
5.0 nm. The Instrument Response Function (IRF) was recorded via a
suspension of colloidal silica in water (LUDOX 30%, Sigma Aldrich). The
UV-VIS spectral data of the samples were acquired by a Thermo-
Scientific Evolution 600 Instrument. Crystal structures of the particles
were investigated with an X-ray diffractometer instrument (XRD) using
Rigaku D/Max-2200/PC diffractometer with a Cu Ka radiation source (A
= 0.1542 nm) working at 40 kV and under 30 mA of current, over 20
range of 3-90°.

The XPS analysis of the phosphors and TiO2-based forms was per-
formed with a Thermo-Scientific instrument equipped with an Al-K,
source. Particle morphologies, zeta potential measurements, and sizes of
the samples were clarified by a Zeiss Sigma 500 field emission scanning
electron microscope, and, the Malvern Zetasizer Nano ZS model device,
respectively.
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Table 2
Composition of the luminescent materials.
Sample Phosphor: 10 Additive: 10 Matrix: 120 Solvent: 2
mg mg mg mL
LuAG:Ce>* LuAG:Ge>* - PMMA THF
LuAG:Ge>" - LuAG:Ge>* TiO, PMMA THF
TiO,
LuAG:GCe®*- LuAG:Ge>* TiO,:Ce>™ PMMA THF
TiO,:Ce®*
YAG:Ce®' YAG:Ce>* - PMMA THF
YAG:Ce® - YAG:Ce>" TiO, PMMA THF
TiO,
YAG:Ce3" - YAG:Ce®* TiOy:Ce>* PMMA THF
TiO,:Ce>™

3. Results and discussions
3.1. X-ray diffraction analysis of the TiOz and TiO:Ce®* particles

Fig. 1 (a) shows XRD patterns of Ce>'-free and Ce3*-doped TiO,
particles, respectively. The diffraction peaks located at 25.2°, 37.8°,
48.0°, 53.9°, 55.1°, 62.7°, 68.8°, 70.3°, 74.0°, and 76.1° tagged with
Miller indices of (101), (004), (200), (105), (211), (204), (116), (220),
(107), and (301), well match with the main peaks of the anatase phase
(JCPDS card No. 21-1272) respectively. Both, the TiO, and Ti02:Ce?’+
exhibited good crystalline structure indicating the anatase phase. The
average crystalline size of the synthesized TiOy and TiO,:Ce®" particles
were calculated using XRD patterns according to the Scherrer equation
with FWHM of (101) peak:

b (089x2)
(B x cos 0)
where; D is the crystalline size, f is full with half maximum of 26 peak, A
is the wavelength of radiation, and, 6 is the angle of (101) XRD peak.
Calculations revealed a decrease in the crystalline size of the TiO5
from 15.49 to 14.19 nm, for the Ce3" free and Ce3" doped forms
respectively, which can be assigned to the cerium addition and conse-
quent segregation of the doping ions at grain boundaries, or, the exis-
tence of Ce-O-Ti bonds on interstitial sites and surface of the sample,
which inhibit grain growth [37,38]. The peak observed in the over-
lapping spectrum in Fig. 1 (b) at 25.6° indicates the effect of the Ce>* on
the TiO, lattice. The slight shift and peak broadening observed in the
spectrum can be attributed to the different ionic radii of the Ti** and
Ce3* ions [39-42]. Since the ionic radii of Ce3" ions are higher than the
Ti**, the replacement of the Ce>* with the Ti*" is difficult. Therefore,
the Ti*" ions can also incorporate into interstitial positions in the crystal
structure. In both cases, due to the differences between the radii of these
two ions, the incorporation of the Ce>* ions in the crystal structure can
cause some distortion in the crystal structure and these contractions
cause some change in the d-spacing and lattice parameters. However,
the existence of only one phase in the spectrum indicates that Ce>* ions
were successfully incorporated into the crystal structure of the TiO,
[43-47] .

3.2. Composite preparation

Phosphor-based emissive composites were prepared by mixing 120
mg of PMMA in 2 mL of THF under continuous magnetic stirring. 10 mg
of Phosphor and an equal mass of TiO, or TiO2:Ce>* were added to the
vial. The obtained viscous liquid was cast on a 125 pm Mylar sheet by
spin-coating technique. Thicknesses of the films were measured using
Ambios Technology XP-2 Surface Profilometer and were found to be 17
+ 0.6 pm (n = 12). The films were cut to an appropriate size and placed
onto the solid sample holder or diagonally located into the quartz
sample cuvette of the spectrofluorometer for the spectral scans. The
exact compositions of the used phosphors and additives were shown in
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Table 2.
3.3. Morphologies and size of the polymer-free and embedded particles

SEM images of the polymer-free LuAG: Ce>*, YAG: Ce 3, TiO,, and
TiOy: Ce>* particles are presented in Fig. 2. The phosphors; LuAG and
YAG attract attention with well-shaped spherical morphology of about
15-20 pm diameters (See Fig. 2 (a) and (b)). Moreover, traces of some
mechanical processes can be observed on the phosphor surfaces. Fig. 2
(c) and (d) indicate SEM photographs of the sol-gel synthesized TiO3 and
Ce*-doped TiO, particles which have a random particle shape with
sharp corners and an average particle size of 1-2 pm.

The front surface and cross-section SEM photographs of the com-
posites shown in Fig. 3 a-e indicate the homogeneous distribution of the
luminescent particles in the PMMA matrix. As shown in earlier detailed
experimental studies including NMR, photoluminescence spectra, and
TEM pictograms, the PMMA provides an appropriate moiety for the
phosphors in terms of dispersion as well as optical properties [34-36].

To interpret the optical interactions most accurately, particle size
and zeta potential measurements were applied to the TiO»-based parti-
cles and the results are presented in Fig. 4(a) and (b), respectively. While
theTiO, particles are exhibiting an average particle size of 1.582 pm,
diameters of the Ce3* doped particles were found to be 1.451 pm. In
agreement with the crystal size measurements, doping with the Ce3*
ions shifted the average particle size distribution towards lower di-
mensions (see Fig. 4 (a)). The zeta potential measurement charts of the
TiO4 particles produced by the sol-gel method can also be seen in Fig. 4
(b). Average zeta potential values were found to be —1.03 mV and
—8.15 mV for the TiO; and, TiO,:Ce>" particles, respectively. The Ce>*
doping process caused a shift in the apparent zeta potential to more
negative values. Both of the measured zeta potentials in the dispersant
were considered stable for an efficient repulsion between the particles.

(b)

b |

20.0[KV] SP=12.0 WD=8.0 _x5.0k _10[um]

(d)

Fig. 2. SEM images of the (a) LuAG:Ce®*, (b) YAG:Ce®™, (c) TiO, and (d) TiOx:Ce>* particles.

3.4. Spectral properties of the Ce>" activated LuAG and YAG in the
PMMA matrix

Spectral properties of the green and yellow phosphors of LuAG: Ce3*
and YAG: Ce®*" were examined when they are alone, and in the presence
of the TiOy or TiOg: Ce>, respectively. Fig. 5 reveals excitation and
emission spectra of the LuAG and YAG and corresponding electronic
transitions when excited at 450 and 466 nm, respectively. The two
excitation bands centered at 344 and 450 nm in the room temperature
spectrum of the LuAG corresponds to transitions of the electrons from
the two lowest energy levels of the five crystal field lying in D2 sym-
metry (Fig. 5-I) [48-50]. Analogous photoluminescence spectra
exhibited broad emission bands centered at 516 and 566 nm for the
LuAG: Ce®*t and YAG: Ce®*, respectively. The FWHM (full width at half
maximum) of the phosphors were found to be 108 and 121 nm, for the
LuAG and YAG. Generally, the 5d—4f emission transitions terminate on
the ground 4f-level of Ce®*, with positions of the Stark sublevels defined
by the spin-orbit coupling [51]. In both of the phosphors, the 4f°5d!
electrons of the Ce3* undergo 2D term split (2 D35 and 2 Ds5), and, the
ground-state 4f1 configuration forms 2 F;,, and 2 Fs/,p states via
spin-orbit coupling due to the different effects of the crystal field pa-
rameters of the LuAG and YAG. Therefore, the broad-band emissions
observed in the phosphors can be assigned to the sum of the two over-
lapping sub-bands arising from the splitting of the 2 F state to the 2 F5 5
and 2 Fy/, states, respectively. Presence of radiative recombination of
electron-hole pairs on Ce>*; evidenced by electron paramagnetic reso-
nance experiments; suggest the presence of defects in the vicinity of
Ce®" jons [50,52]. The Stokes’ shift for the LuAG: Ce>' and YAG:
Ce3*were found to be 66 and 100 nm, respectively which is an indica-
tion of non-radiative relaxations in the phosphors. The YAG: Ce3*
exhibited very similar excitation bands to the LuAG: Ce>* centered at
340 and 466 nm, arising from the transitions of the Ce3*. The corre-
sponding emission maximum appeared at 566 nm (See Fig. 5. II). The
larger Stokes shift (100 nm) observed for the YAG: Ce®* with respect to
the LuAG: Ce®>" (66 nm) can be attributed to room temperature phos-
phorescence centered at 568 nm which occurs from comparatively lower
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Fig. 3. SEM Photographs of the thin film films from the front surface (a) LuAG: Ce>" (b) LuAG: Ce*"-TiO,: Ce®(c) YAG: Ce*" and, (d) YAG: Ce*'-TiO,: Ce®", and

cross-section (e and f) in the PMMA.

energy excited triplet states compared to the LuAG: Ce>" [24,53].
Additionally, the covalency of the Ce®* in the YAG lattice is larger than
for the Ce>" in the LuAG. The Ce>" emission may appear between the
ultraviolet and blue spectral region in the oxides, depending on the
surroundings. In the presence of higher covalency and strong crystal
field, the 5d orbital shifts to lower energies, resulting in emission in the
yellow and even red wavelengths. Therefore, the observed longer
wavelength and larger band emission of the Ce3* in the YAG:Ce>* at
566 nm with respect to the LuAG:Ce®* (516 nm) can be assigned to the
dropping of the lowest energy 5d state of the Ce>* by synergistic effects
of the large crystal field splitting and high covalency.

3.5. Spectral behavior of the LuAG: Ce>" -TiO5 and Ce**-doped TiO;
blends

Following the individual tests, optical properties of the LuAG: Ce>*
were recorded when it is together with the Ce>-free and Ce>* doped
TiOq particles. The excitation and emission intensities of the LuAG:
Ce3t-TiO, and - LuAG: Ce3*t TiO,: Ce®t containing blends exhibited
119 and 280% enhancement in the emission intensity. The red-shift

values of 32 and 52 nm were reported for the two blends, respectively.

Fig. 6 shows the gathered luminescence spectra of the additive-free
LuAG: Ce®* - and, -TiO, and TiO,: Ce3*-based composites, respec-
tively. Potential energy transfer effects were observable in the emission
spectra of the titanium dioxide-containing composites.

To reveal the potential donors and acceptors, the excitation and
emission of each form were handled separately. Normalized excitation-
emission spectra of the components of the blends were shown in Fig. 7 -1
and, -II respectively. The shaded area, in each case, indicates the overlap
region between the emission integral of the potential donor (TiO3) and
the excitation spectrum of the acceptor (LuAG: Ce>") counterparts. Ac-
cording to Fig. 7 -1 and -1I, the used additives have been effective in the
enhancement of the emission intensity. Both the TiO5 and TiO9:Ce3t;
strongly absorb between 250 and 400 nm and emit at a large wavelength
range extending from 400 to 500 nm covering the excitation band of the
LuAG: Ce>* which makes an energy transfer between these two pairs
possible (See Fig. 7-1 and -II). However, the co-existence of the ce** both
in the TiO, (TiOy: Ce3h); and phosphor at the same time resulted in an
unexpected effect creating a lower intensity enhancement in the emis-
sion of the phosphor with respect to the Ce>*~free TiO,. This can be
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Fig. 4. (a) Particle size distribution and (b) zeta potential measurement results of the TiO5 and TiO5: cedt particles.
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Fig. 5. Excitation and emission spectra of the green and yellow phosphors in
the PMMA and corresponding electronic transitions (I: LuAG: Ce>'; Lex = 450
nm lem = 516 nm, II: YAG: Ce®'; Aex = 466 nm Aem = 566 nm).

attributed to the more exact match between the emission maximum of
the TiO5 (444 nm) and the excitation maximum of the LuAG (450 nm).
Despite nearly the same overlap integral for both composites, in the case

7.0 == LUAG:Ce**-TiO2
== LUAG:Ce3*-Ti02:Ce3*

= LuAG:Ce?*
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Fig. 6. Excitation-emission spectra of the additive-free LuAG: Ce®>" and TiO, or
TiO,: Ce>* doped forms. Excitation has been performed at 450 nm.

of the TiO»: Ce3+; the emission maximum of the donor (422 nm) is 28 nm
far from the excitation maximum of the acceptor counterpart (450 nm).

Another issue to be considered in the energy transfer is the distance
between the particles as well as their morphologies. So far, the energy
transfer has been studied by many researchers in detail and well
explained for the solution phase. Similar research has also been per-
formed in the solid state, utilizing the donor-acceptor pairs in the same
crystal structure [54-56]. In these studies, investigators have carried out
the energy transfer and approved this by experiments increasing the
concentration of the acceptor species in response to the donor form
within the lattice. However, the structure of the PMMA-assisted blends
studied here is quite different from both, the solution phase and the
crystal-based studies. The absorption and emission ability of the TiOq
under excitation, arise from the transition of valence band electrons of
the TiOy particles, following trapping and quenching of the
photo-generated carriers by defects and, electron-hole recombination
processes. Due to the superior light harvesting properties and photo-
catalytic efficiency, TiO; has specifically been investigated in terms of
the charge carrier dynamics, including trap, transfer, and recombination
of the photo-generated electrons and holes by using EPR, transient
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Fig. 8. Excitation-emission spectra of the additive-free YAG: Ce*" and TiO, or
TiOy: Ce®* doped forms. Excitation has been performed at 466 nm.

absorption spectroscopy, and time-resolved IR spectroscopy. These ap-
proaches provided valuable information on the relaxation and recom-
bination behavior of photo-induced electrons or holes, respectively
[57-62]. Steady-state mode photoluminescence measurements as well
as time-resolved studies, on the other hand, clarified the irradiative
recombination processes of the photo-generated carriers. According to
the transient absorption spectroscopists, the recombination processes
taking place in the TiO, are very sensitive to the excitation wavelength
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Fig. 9. I: Normalized luminescence spectra of the YAG: Ce>* and TiO, in the
PMMA. (YAG: Ce3+; Aex = 466 nm Aem = 566 nm, TiO,; Aex = 342 nm Aem =
444 nm) II: Normalized spectra of the LuAG: Ce®** and TiO,: Ce>* (YAG: Ce3*;
Xex = 466 nm Aem = 566 nm, TiO: Ce® f; Aex = 338 nm Aem = 422 nm).

[59,63-65]. Therefore, the observed enhancement in the brightness of
the composites, and the light-induced interactions taking place between
the phosphors and the TiO,-based particles under excitation at 450 nm,
should be evaluated in a different category other than the well-known
energy transfer mechanisms observed in the solution phase from one
molecule to another lying in the Forster distance, or, in the solid-state
occurring between the donor-acceptor sides within the same lattice.
The reason for the energy transfer lies in the fact that the TiO, favors
light absorption and the photoexcited electrons of the TiO5 particles may
be transferred from the CB and the VB towards the phosphors creating
new additional steps when they are encapsulated at a critical distance to
allow this transfer.

3.6. Spectral behaviors of the YAG: Ce®>* -TiO5 and Ce>*-doped TiO
blends

Spectral response of the YAG: Ce®'- TiOy-based composites were
investigated in a similar way to the LuAG: Ce®>" based forms. Fig. 8 in-
dicates excitation-emission spectra of the additive-free YAG: Ce3+; and,
-TiOy-based composites, upon excitation at 466 nm. While the YAG:
Ce®* is exhibiting a broad-band emission centered at 566 nm when
blended with the TiO»: ce®t particles, a 1.5-fold increase (140%) and 34
nm of red-shift were observed in the luminescence intensity and the
emission maximum, respectively. When blended with the Ce®*-free
TiOg, the enhancement in intensity and red-shift were found to be 220%
and 66 nm, respectively. Figs. 8 and 9, manifest the potential energy
transfer between the YAG: Ce>* and the TiO,- based additives briefly.
Fig. 9 -1 and -II reveal the large overlap area between the individually
recorded emission integral of the TiOy and the TiOj: ce®t with the
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Table 3
Decay times of the polymer-free and polymer-embedded phosphors and their
blends with the TiO, and TiO5:Ce>" in the nanosecond time scale.

Optical Materials 133 (2022) 112905

Table 4
Decay times of the LuAG: Ce®>", YAG: Ce>" and their blends with TiO, and TiO,:
Ce®" in PMMA matrix recorded in microsecond scale.

Sample max Amax 1 Decay Std. Rel.
(nm) (nm) time Dev. (%)
(ns) (ns)
031 29.33 1.16 15.21
LuAG:Ce>* 450 516 1.052 1, 55.59 0.31 84.79
(Polymer-
free)
Tavr 51.70
T 3.02 0.12 7.89
LuAG:Ce*’ 450 516 1.018 1 51.38 0.18 92.11
Thin Film
Tavr 47.51
(31 7.04 0.68 2.51
LuAG:Ce>" - 450 568 1.054 1 55.56 0.15 97.49
TiO,
Thin Film
Tavr 54.35
T1 3.45 0.16 6.84
LuAG:Ce3* - 450 548 1.124 To 54.28 0.21 93.16
TiOx:Ce"
Thin Film
Tavr 50.72
T 29.52 1.33 10.84
YAG:Ce>" 466 554 1.089 1, 64.39 0.28 89.16
(Polymer-
free)
Tavr 60.70
T1 2.15 0.07 7.04
YAG:Ce3* 466 566 1.174 To 61.34 0.17 92.96
Thin Film
Tavr 57.20
YAG:Ce3" - 466 632 1.183 T 66.61 0.12 100.00
TiO,
Thin Film
Tavr 66.61
T1 0.82 0.03 19.19
YAG:Ce®" - 466 600 1.101 1 63.14 0.15 80.81
TiOy:Ce®*
Thin Film
Tavr 51.17

excitation bands of the YAG: Ce>*. However, further evidence relying on
decay time-based measurements is necessary to explain the enhance-
ment in the emission intensity.

3.7. Decay kinetics of the LuAG: Ce®*, YAG: Ce>* and their TiO,-based
blends

Decay characteristics of the Ce3" activated LuAG and YAG have been
investigated many times [49-51]. Most of these studies focused on the
nano-scale lifetimes arising from the Ce>* emission. In a few studies,
however, results have been reported on both; the -nanosecond and
-microsecond time-scale. Some afterglow observed in these studies
indicated the role of defects in the garnets. Ogiegto et al. reported decay
curves of the Ce>* emission in the samples co-doped with different Tb>*
concentrations in a LuAG host in nano-, micro-, and millisecond time
scales where the potential reasons and complexity of the microsecond
time scale results have been discussed [51]. Herein we report nano-
second and microsecond time scale decays of the PMMA entrapped
LuAG: Ce®", YAG: Ce®', and their blends with the Ti-based oxides,
respectively. While the sub-nanosecond decay times are interpreted as
the excitation of free excitons and their trapping at defect sites, those
resulting from normal defects and free excitons occur on a nanosecond
time scale. The presence of the deeply trapped holes manifests them-
selves as microsecond lifetimes. To clarify all these potential transitions,
and, to understand their interactions with the TiO, within the matrix, we
recorded short and long lifetime decay components of the samples, both;
in the -nanosecond and -microsecond time scales. The nanosecond time

Sample AMnax Amax P Decay Std.Dev.  Rel.
(nm) (nm) Time (ps)  (ps) (%)
T 10.25 0.12 48.62
LuAG: 450 516 1.342 T 131.34 3.96 20.39
Ce3+
T3 1122.36 30.94 30.99
Tavr 379.70
T1 11.99 0.14 36.88
LuAG: 450 568 1.265 T 170.98 4.14 24.54
Ce3+ -
TiO,
T3 1355.72 32.51 38.59
Tavr 561.45
T 12.00 0.17 35.83
LuAG: 450 548 1.200 Ty 168.98 4.95 25.80
Ce3+ -
TiOq:
Ce3+
T3 1245.48 37.79 38.36
Tavr 521.55
T 10.70 0.09 65.87
YAG:Ce3* 466 566 1.285 Ty 136.65 4.79 13.48
T3 1155.64 35.60 20.65
Tavr 267.50
T 12.05 0.12 50.76
YAG:Ce3* 466 632 1.182 T 160.13 4.78 19.28
- TiOy
T3 1268.75 33.91 29.96
Tave 416.52
T 12.01 0.13 49.35
YAG:Ce3* 466 600 1.250 T 160.95 5.09 20.49
- TiOy:
Ce3+
T3 1228.49 38.09 30.16
Tave 406.50

scale measurements were performed by using a 467 nm laser whose
pulse width was significantly shorter (118.2 ps) than that of the decay
times of the samples (62 and 65 ns for the LuAG and YAG- ce3h). A
microsecond flash lamp was used for the measurements performed in
the microsecond regime. In all cases, the intensity decays were recorded
with a high-speed detection system that permits the measurement of the
decay times with high accuracy. The detailed information on the pho-
toluminescence decays of phosphors and composites are presented in
Table 3 and Table 4, respectively.

3.8. Nanosecond time-scale decay time measurements

In the light of the above discussion, decay times of the PMMA
embedded TiO, and -TiO5:Ce>", LuAG: Ce®*, YAG: Ce®", and their bi-
nary blends with the TiO,-based oxides were recorded in nanosecond
time scale (See Fig. 10). The decay curves of all samples were fitted to a
bi-exponential function with the following expression.

1(1) —Ae"1M) 4 Bel-t/m)

where I(t) is the emission intensity as a function of time, A and B are the
constants, and, 7 is the decay time. The lifetimes were extracted as the
time after which the intensity is dropped to 1/e of the initial value. The
energy of the excitation light (2.65 eV or 467 nm) was lower than that of
the band gap energy of the related host and the TiOy-based particles (2.8
and 3.25 eV for the TiO, and TiO5:Ce®™). Following the literature, the
polymer-free LuAG: Ce®' exhibited an average decay time of 52 ns
which can be assigned to the 5d—4f transition of the ce3t [50,51]. The
long and short lifetime components of this decay were found to be 56
(85%) and 29 (15%) ns which indicates that the Ce3* ions are located in
two different sites. The bi-exponential characteristic of the decay can
also be attributed to the presence of normal defects and free excitons
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Fig. 10. Decay curves of the TiO,-based particles, LuAG:Ce®t, YAG:Ce®*" and
their blends in PMMA matrix recorded in nanosecond time scale.

within the structure. The PMMA embedded LuAG: Ce" exhibited a
slight variation both in duration and distribution of the decay compo-
nents yielding 51 (92%) and 3 ns (8%) of decay times. Polymer-free and
polymer encapsulated YAG: Ce>* exhibited similar decays correspond-
ing to 61 and 57 ns of average decay times, respectively (See Table 3).
For both of the PMMA embedded phosphors, shortened decays were
observed in comparison to their polymer-free forms. One aspect that
contributes to the lifetime shortening in embedded forms may be the
existence of the ester functional groups, more specifically methyl
methacrylate groups in the polymer and its re-orientation and following
potential light-induced interactions taking place on the polymer/-
phosphor interface [64]. When blended with the TiO5 and TiOq: ce’t
the LuAG: Ce®" exhibited 54 and 51 ns average decay times, respec-
tively. Similarly, 67 and 51 ns of average lifetimes were reported for the
YAG: Ce®*‘based blends. In the measurements performed at the nano-
second time-scale, it was determined that the TiOy-based additives did
not cause a dramatic change in the decay time values in terms of both
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Fig. 11. Microsecond time scale decay curves of the LuAG: Ce®**, YAG: Ge3*
and their binary blends with -TiO, and -TiO5:Ce3* recorded in the
PMMA matrix.

duration and distribution.

3.9. Microsecond-regime decay time measurements

The decay time studies performed in the nanosecond time-scale did
not present any evidence for an energy transfer or other potential events
taking place between the phosphors and the additives. In contrast to the
nanosecond time scale results, the decay times acquired in the micro-
second time region presented interesting results that will be able to
explain the reasons for the increase in emission intensity observed in the
blends. The parallel improvement observed both; in the excitation and
emission intensities may be relying on the microsecond and even
afterglow properties of the species under investigation. Fig. 11 reveals
the decay curves of the composites recorded on the microsecond time
scale. Further details of the measurements for the LuAG: Ce®*, YAG:
Ce®" and their TiO5 and TiOZ:Ce3+ blends were shown in Table 4. The
decay curves of the LuAG: Ce>* were well fitted by three exponential
decay functions when excited at 450 nm. The average decay time of the
LuAG: Ce3t in the embedded form in PMMA was 380 ps. The distri-
bution of the short (10 ps) mid (131 ps) and long lifetime (1122 ps)
components were found to be 49, 20, and 31%, respectively. When
incorporated with the TiO, and TiO2:Ce>", ™ blends exhibited longer
average decay times of 561 and 521microseconds, respectively.
Similarly, the additive-free YAG: Ce3* exhibited three-exponential de-
cays having short (10.7 ps, 66%) mid (137 ps, 14%), and long (1156 ps,
21%) lifetime components corresponding to an average of 267 ps.
Blended forms of the YAG: Ce> however, revealed longer average decay
times extending to 416 and 406 ps. Variations observed in the decay
times were parallel to the enhancement reported in the emission
intensities.
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Table 5

Optical Materials 133 (2022) 112905

Decay times of the composites prepared by the donors (TiO,, TiO5:Ce>") and their phosphor-blends including increasing amounts of the acceptor counterparts; LUAG:

Ce®*" and YAG:Ce*.

Sample Donor Acceptor Aax (nm) oy (nm) $? Decay Time (s) Std.Dev. (ps) Rel. (%)
T 8.19 0.12 70.86
TiO, TiO, - 374 506 1.088 Ty 102.55 8.54 10.38
(5 mg) T3 782.55 50.47 18.76
Tavr 162.80
T 7.95 0.10 72.35
TiO, - LuAG:Ce>" TiO, LuAG:GCe>* 374 506 1.123 T 94.44 6.42 10.34
(5 mg) (5 mg) T3 774.35 41.48 17.31
Tavr 147.09
T 7.75 0.13 69.51
TiO, - LuAG:Ce®* TiO, LuAG:Ce®" 374 506 1.209 T 61.89 4.82 10.84
(5 mg) (10 mg) T3 628.52 30.14 19.65
Tavr 135.34
£ 8.65 0.05 83.87
TiO, - YAG:Ce®" TiO, YAG:Ce*" 374 506 1.219 Ty 128.40 5.96 6.64
(5 mg) (5 mg) T3 1020.89 46.17 9.50
Tavr 112.73
T 8.72 0.07 84.81
TiO, - YAG:Ce®™ TiO, YAG:Ce*" 374 506 1.171 Ty 99.00 8.34 5.18
(5 mg) (10 mg) T3 798.12 43.24 10.01
Tavr 92.16
2 8.28 0.11 75.46
TiO,:Ce>* TiO,:Ce>* - 374 504 1.058 T 122.42 10.68 9.60
(5 mg) T3 944.48 85.99 14.94
Tavr 157.97
2 8.01 0.08 76.82
TiO:Ce®" - LuAG:Ce®* TiO,:Ce>* LuAG:Ce>* 374 504 1.102 T 90.00 6.65 7.87
(5 mg) (5 mg) T3 875.61 45.35 15.31
Tavr 144.57
T 8.87 0.08 84.31
TiO:Ce®" - LuAG:Ce®" TiO,:Ce>" LuAG:Ce>" 374 504 1.166 Ty 112.96 10.79 5.86
(5 mg) (10 mg) T3 870.75 71.60 9.83
Tavr 99.33
T 8.06 0.10 73.19
TiO:Ce®t - YAG:Ce3" TiOy:Ce>" YAG:Ce3* 374 504 1.165 Ty 98.59 6.69 11.01
(5 mg) (5 mg) T3 800.00 51.60 15.80
Tavr 143.12
T 7.89 0.33 72.62
TiO:Ce®" - YAG:Ce®+ TiO,:Ce>™ YAG:Ce* 374 504 1.124 Ty 51.69 14.06 8.94
(5 mg) (10 mg) T3 536.94 85.75 18.45
Tavr 106.90

To clarify the reasons lying behind the enhancement of the emission
intensity of the phosphors in embedded form along with the TiO-based
oxides, we focused on the classical donor-acceptor concept. Reconsi-
dering the overlap integral between the emission spectra of TiO» based
oxides and the excitation spectra of the phosphors, the TiO,-based ad-
ditives look like potential donors and the phosphors as the acceptors,
respectively. According to the theory, if both donor and acceptor are the
emitting species, energy transfer manifests itself through the quenching
of donor fluorescence. A decrease in the fluorescence lifetime of the
donor for the increasing concentrations of the acceptor is distinct evi-
dence of the energy transfer. Herein, we investigated the decay behavior
of the TiOy-based donor species versus increasing concentrations of the
phosphors to clearly understand the effectiveness of the TiO;. We
excited the samples at both; 450 (or 466) nm, and 374 nm, which were
the optimum excitation maxima of the phosphors and, TiOz-based ox-
ides, respectively (See Tables 3-4, and —5). Since the TiO5 can absorb
from the UV to the visible end of the electromagnetic spectrum, it
responded to both excitations. However, the emission intensity was
higher in the spectrum obtained by the excitation at 374 nm. Accord-
ingly, under the 375 nm excitation, the polymer embedded TiO,
exhibited 163 ps of decay time. When blended with the increasing
amounts of the LuAG, the TiO, yielded 147 and 135 ps of excited state
lifetimes. In the case of the YAG-based composites, similar behavior was
observed. The decay times decreased in the order of 162, 113, and 92 s,
respectively. Generally speaking, in all cases, we recorded shorter
average decay times for the increasing concentrations of the YAG: Ce*
and the LuAG: Ce®" in comparison to the solely recorded decay times of
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the additives which can be concluded as evidence of an energy transfer
from the TiO, based particles to the phosphors in the embedded form in
PMMA when used in the correct concentration. Table 5 indicates the
composition and detailed decay characteristics of the potential donor-
acceptor pairs and their blends under the excitation of 374 nm pre-
pared by the constant amount of the donor and increasing amounts of
the acceptor, gradually. When co-existed with the phosphorus, the
excited state lifetimes of the TiO, —based blends could not be observed
properly when excited at 450 nm due to the dominance of the phos-
phors. In a conclusion, it is thought that the same type of energy transfer
explained for the TiO,-based particles occurs with slightly lower effi-
ciency when the excitations are performed with blue light. In our
opinion, the increases in the spectra received under 450 nm excitation
can be explained in this way.

3.10. Quantum yield measurements

The external and internal quantum efficiencies (EQE and IQE) of the
phosphors were given on the bases of the following equations;

@

where, @, kr and knr are the quantum yield, radiative, and nonradiative
decay rate constants, respectively.

k, = @/t
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Table 6
External and internal quantum yield of the composites.

Sample External Quantum Yield (%, Internal Quantum Yield (%,
(£1.5%, n = 3)) (+1.5%, n = 3))
LuAG:Ce>* 89.4 96.8
LuAG:Ce3 - 92.2 93.3
TiO,
LuAG:Ce* 91.4 99.1
TiO,:Ce3t
YAG:Ce®' 92.1 95.7
YAG:Ce**- TiO,  96.8 97.6
YAG:Ce®*- 93.7 96.9
TiO,:Ce3t
k= (1 — D)7 3

We extracted the ® and t parameters from the experimental results.
The radiative and non-radiative decay constants (k; and kp) were
calculated from the decay times. We based on the previously published
decay time data of the similar Ce®>* doped phosphors obtained from the
nanosecond time scale measurements for comparison [66,67]. The
external and internal quantum efficiencies of the studied forms were in
agreement with the EQY information reported by previous investigators
and were between 0.80 and 0.98 for the additive-free LuAG: Ce>" and
YAG: Ce®' based samples. In paralell to the intensity-based measure-
ments, we observed a brief enhancement in the external quantum yield
from 89.37 t0 92.19% (EQY) for the LUAG: Ce®*- TiOo+based composite
with respect to the -LuAG: S only (See Table 6). The -Ti02:Ce3+
blends of the LuAG: Ce3" yielded 91.4% EQY. Similarly, when blended
with the - TiO, and -Ti02:Ce3™, the YAG: Ce>*based samples yielded
higher EQY (96.8 and 93.7%) compared to the individual form of the
phosphor (92.1%).

The internal quantum efficiency information reflecting the ratio of
the number of photons emitted to the number of photons absorbed by
the sample is also given in Table 6. Interestingly, the difference between
the EQY and IQY was small for the - TiO3 blends of both phosphors,
which can be attributed to the less efficiency loss due to the structural
properties of the utilized material. The enhancement observed in the
EQY of the blended forms is related to the particle diameter of the TiO2-
based additives since the particles scatter electromagnetic radiation
with a wavelength that is twice the particle diameter. Therefore, exci-
tation light with a wavelength of 466 nm can only be scattered most
strongly by particles of 233 nm diameter. Due to the chosen particle size
(1.6 pm) of the additive, in our case, scattering-related losses will not be
subjective for a large wavelength range including blue light.

4. Conclusion

In this study, photoluminescence of the green and yellow phosphors
of lutetium aluminum (LuAG: Ce3"), and, yttrium aluminum garnets
(YAG: Ce3+), and their blends with the Ti- oxides have been investigated
in detail by steady-state and decay time measurements.

When the phosphors were embedded in the PMMA matrix along with
the TiO5 and Ce®* activated TiO4 particles; displayed an extraordinary
increase in the excitation and emission intensities and shorter excited
lifetimes with respect to their additive-free forms.

When excited at 450 nm, the LuAG: Ce®>"-TiO2-based blend exhibited
280% enhancement in intensity and 32 nm of red-shift in the emission
maximum. Similarly, when yttrium aluminum garnet (YAG: Ge>") was
incorporated with the TiO,, the emission intensity exhibited 220%
improvement. A 66 nm of red shift in the emission maximum was
accompanied by an increase in brightness. In the case of the Ce>** acti-
vated additives (TiO5:Ce>™), the enhancement in the emission intensities
was reported as 119 and 140% for the LuAG: Ce>" and YAG: Ce®",
respectively. Decay times of the phosphors and their blends were
measured carefully in the nanosecond and microsecond regions of the
time scale. The microsecond time regime studies presented some evi-
dence regarding an energy transfer from the Ti-based oxides to the
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phosphors. The energy transfer was more effective in the case of Ce3*-
free additives. The excitation ability of the TiOz-based phosphor blends
by the blue wavelengths, and, consequent very efficient red-shifted
emission performance may be promising for a lot of applications
including WLEDs and screen technologies.
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