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ABSTRACT: Y;AL,0,,(YAG):Ce®" is the most widely applied phosphor in white
LEDs (w-LEDs) because of strong blue absorption and efficient yellow
luminescence combined with a high stability and thermal quenching temperature,
required for the extreme operating conditions in high-power w-LEDs. The high
luminescence quenching temperature (~600 K) has been well established, but
surprisingly, the mechanism for temperature quenching has not been elucidated
yet. In this report we investigate the possibility of thermal ionization as a cause of
this quenching process by measuring thermoluminescence (TL) excitation spectra
at various temperatures. In the TL excitation (TLE) spectrum at room
temperature there is no Ce**:5d; band (the lowest excited 5d level). However,
in the TLE spectrum at 573 K, which corresponds to the onset temperature of
luminescence quenching, a TLE band due to the Ce®*:5d, excitation was observed

YAG:Ce
at high temp,

at around 450 nm. On the basis of our observations we conclude that the luminescence quenching of YAG:Ce®" at high
temperatures is caused by the thermal ionization and not by the thermally activated cross over to the 4f ground state. The
conclusion is confirmed by analysis of the positions of the Sd states of Ce®* relative to the conduction band in the energy band

diagram of YAG:Ce**.

1. INTRODUCTION

White light LEDs (light-emitting diodes) are rapidly replacing
incandescent lamps and (compact) fluorescent tubes in all
lighting markets (consumer, automotive, and professional).
This revolution in lighting has been enabled by the invention of
the blue LED." The most widely used type of white LEDs (w-
LEDs) is a phosphor-converted w-LED (PC-LED), which is
composed of an InGaN-based blue LED and visible light-
emitting inorganic phosphors, such as oxides and nitrides
doped with Ce®* or Eu®* as an active center.””* The 5d—4f
parity-allowed transitions of these active centers have several
advantages in phosphors for w-LEDs, such as luminescence
color variation and broad absorption and luminescence spectra
with a large absorption cross section and high quantum
efficiency.’~"" These phosphors are required to have excellent
thermal quenching behavior because the LED chip reaches
temperatures up to ~200 °C in recent high-power w-LED
applications.

Ce’"-doped oxide garnets are the most prominent phosphor
in w-LEDs. Since the discovery of YAG:Ce®" as a LED-
phosphor, many alternative phosphors have been de-
signed;u_14 but still, owing to the excellent spectral conversion
characteristics, high stability under the extremely high photon
flux and operating temperature, YAG:Ce® is applied in most w-
LEDs and can be observed as a yellowish powder on top of the
LED chip in w-LEDs. The thermal quenching temperature of
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the luminescence is a crucial parameter for LED phosphors.
The excellent thermal quenching behavior of the Ce®*
luminescence in YAG:Ce3" is well established, but the
mechanism for thermal quenching remains unclear. In general,
two processes of thermal quenching in Ce**-doped materials
with the Sd—4f luminescence are considered.'” One is the
thermally activated cross over'® from the 5d excited state to the
4f state; the other is the thermal ionization from the 5d excited
state to the bottom of the conduction band (CB)."” Thermally
activated cross over is the nonradiative relaxation process from
the 5d potential curve to the 4f ground potential curve through
the crossing point in a configuration coordinate diagram.
Thermal ionization is the thermally activated electron transfer
process to the CB. Among various Ce**-doped garnets,
Gd;Al;0,, (GAG) and Tb;AlO,, (TAG) are suitable
candidates of orange phosphors for warm white LEDs.
However, the quenching temperature (Tsy) of GAG:Ce®*
and TAG:Ce* is much lower than Y;ALO,,(YAG):Ce®".
Chiang et al. explained that the thermal quenching is caused by
the difference of activation energies in the thermally activated
cross-over process using a configuration coordinate diagrarn.18
On the basis of the photoconductivity measurement as a
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function of temperature and excitation wavelength, we
demonstrated that the Ce**:5d—4f luminescence quenching in
Y,Gas0,,(YGG):Ce** and Y;Al,Gay0;,:Ce®* is caused by
autoionization and thermal ionization, respectively.'” In our
photoconductivity study up to 300 K it was found that the
energy gap between the lowest 5d level (5d;) of Ce* and the
bottom of the CB decreases with increasing Ga content in
Y,Al;_,Ga,0,:Ce*."” In other Ce*-doped Ga-substituted
garnets such as Gd;Al;_,Ga,0,,:Ce’" 20 and
Ca,LaZr,Ga;0,,:Ce*,*" the luminescence quenching process
was also determined to be thermal ionization due to the small
band gap energy. However, the quenching process of YAG:Ce**
with high band-gap energy has not yet been elucidated properly
even though YAG:Ce’" has been used as the main phosphor for
general-purpose w-LEDs for almost 20 years.

The thermal quenching of the Ce® luminescence in YAG
was already studied in 1973, when Weber measured the
temperature dependence of the Sd—4f luminescence in
YAG:Ce® and YAG:Pr** and reported that the lifetime of the
5d, excited state rapidly decreases above 600 K in YAG:Ce**.*
He tried to explain the quenching process by multiphonon
emission from the 5d state to the 4f ground state. In 1991, Lyu
and Hamilton reported a similar quenching curve (Tsg, ~ 630
K) based on lifetime measurements in YAG:Ce>*.”’ Similar
quenching curves have also been reproduced by Bachman and
Meijerink et al., and they showed the Ty, increases above 700
K for very low Ce* concentrations.”* From the rough
agreement between the quenching activation energy (6500
cm™, 0.81 eV) and the 5d,-CB energy gap estimated from
excited state absorption spectra (10000 cm™, 1.24 eV),*>*
Lyu and Hamilton suggested that the quenching process is
caused by the thermal ionization. The energy location of the
Ce®* ground state with respect to the CB in YAG:Ce®* was
determined from photoconductivity measurements to be 3.8
eV'??% and from the vacuum-referred binding energy (VRBE)
diagram presented by Dorenbos to be 3.78 eV.”” By subtracting
the 4f—S5d, transition energy (457 nm, 2.71 eV) from these 4f-
CB energy gaps, the 5d;-CB energy gap can be estimated to be
approximately 1.1 eV, which is in line with the value of 1.24 eV
estimated from the excited state absorption spectrum. The
question is whether electrons in the 5d; level can be transferred
to the CB, i.e, over an energy barrier of approximately 1.1 eV
by thermal stimulation at 600 K. In 2013, Ivanovskikh and
Meijerink et al. constructed precise configuration coordinate
diagrams for YAG:Ce**, YAG:Pr**, Lu;Al;0,, (LuAG):Ce™,
and LuAG:Pr’* from low-temperature spectroscopy and
compared the energy gap between the 5d, level and the next
lower 4f level with the Sd—4f luminescence quenching
temperature in each sample.”® On the basis of the good
agreement between the configuration coordinate diagrams and
the quenching temperature, they suggested that the quenching
process of the Sd—4f luminescence in these materials is caused
by the thermally activated cross-over process. However, there is
no direct evidence of the thermally activated cross-over
quenching process in YAG:Ce®".

In this study, we investigated the thermal quenching of
YAG:Ce®* by measuring thermoluminescence (TL) glow
curves. TL is caused by detrapping of charges that were
previously trapped followed by recombination on a luminescent
center. Charge trapping occurs when electrons in the excited
state of luminescence centers are transferred to the CB (e.g,
through thermal ionization) and then captured by traps in the
host. By measuring the TL intensity as a function of the

charging wavelength, a TL excitation (TLE) spectrum is
obtained that provides information on the threshold energy
that causes the thermal ionization. Here, we measured the TL
glow curves of YAG:Ce’" as a function of charging wavelength
and temperature and observed a 5d, excitation band in the TLE
spectrum above 573 K (300 °C), which is the onset
temperature of the thermal quenching. This provides evidence
that the onset of the thermal quenching of the Ce’*
luminescence coincides with thermally induced ionization. We
will discuss the quenching process of YAG:Ce*" in relation to
the energy location of the Ce**:5d,, Sd, bands relative to the
CB.

2. EXPERIMENTAL SECTION

For the synthesis of polycrystalline ceramics of Y;Al;O;,:Ce®"
(0.5% at the Y site), the chemicals Y,0; (99.99%), ALO,
(99.99%), and CeO, (99.99%) were used as starting materials.
The powders were mixed by ball milling (Fritsch, Premium
Line P-7) with ethanol. The obtained slurry was dried and
pulverized and then pressed at 50 MPa into 10 mm-¢ X 2 mm
thick pellets. The pellets were sintered at 1600 °C for 6 h in
vacuum. The crystal phase was identified as a single phase of
the garnet structure using the X-ray diffraction measurement
system (Rigaku, Ultima IV). Thermoluminescence (TL)
measurements were performed with a RIS® TL/OSL reader
model DA-15 and a controller model DA-20. The TL
luminescence was detected with three 2 mm BG-39 filters
(transmission between 320 and 650 nm) placed in front of an
EMI9635QA photomultiplier tube (PMT). Samples were
illuminated with monochromatic light obtained from a Xe
lamp (Newport, 66921) and a monochromator (Newport,
74004). All measurements were performed under a flow of
nitrogen gas. For the thermoluminescence excitation spectra
(TLE), the samples were illuminated with the monochromatic
light and after the illumination phase the TL glow curve was
measured. The temperature dependence of photoluminescence
(PL) was measured with the same RIS@ TL/OSL reader model
DA-15 and a QE65000 spectrometer from room temperature
until 550 °C under 450 nm excitation. The temperature
dependence of the lifetime was measured with Quantaurus-Tau
(Hamamatsu Photonics, C11367-01) from 100 to 800 K under
340 nm picosecond LED excitation.

3. RESULTS AND DISCUSSION

To investigate the thermal quenching of Ce®" luminescence,
both the luminescence lifetime and the integrated intensity of
Ce®" luminescence were measured for YAG:Ce**(0.5%). Figure
1 shows the temperature dependence of (a) the Ce®":5d,
lifetime and (b) the integrated Sd;-4f PL intensity for the
luminescence band around 540 nm. From the lifetime data, the
onset temperature of quenching (Tys) and the quenching
temperature (Tsgy), which are the temperatures at which the
lifetime (or PL intensity) become 95% and 50% of that at low
temperatures, are estimated to be 580 (307 °C) and 668 K
(395 °C), respectively. From the PL intensity, Tos, and Tisgo
are estimated to be 533 (260 °C) and 643 K (370 °C),
respectively. T, from lifetime and PL intensity has a similar
value and is in good agreement with the previous values of 650
and 630 K in YAG:Ce* reported by Weber and Lyu et al,
respectively.””>’ Compared with the Tgy (>700 K) in
YAG:Ce®" (~0.03%) reported by Bachman et al. the Tsy in
our YAG:Ce* (0.5%) is lower, probably due to thermally
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Figure 1. Temperature dependence of (a) Ce* luminescence lifetime
(Aem = 540 nm, for 340 nm excitation with a ps LED) and (b)
integrated PL intensity and TL intensity for YAG:Ce**(0.5%). TL
intensity was integrated between 623 (350 °C) and 773 K(500 °C) in
each TL glow curve after 450 nm excitation at different temperatures
from 303 (30 °C) to 648 K (375 °C). Blue and red dashed lines
express the temperatures RT (no quenching) and 300 °C (onset of
quenching), where the TLE experiments were conducted.
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activated energy migration at higher concentration.

Activation energies are derived from the temperature depend-
ence of lifetime and PL intensity according to the single-barrier
quenching model, eqs 1 and 2, respectively

1
1) = T, + I, exp(—E/kT) (1)
1D ) = !
I, 1 + (Iy/T, )exp(—E/kT) (2)

where 7 is the lifetime, I is the PL intensity, I, is the radiative
rate, I is the attempt rate of the nonradiative process, E is the
activation energy, k is the Boltzmann constant, and T is the
temperature. The activation energies from lifetime and PL
intensity are found to be 0.79 + 0.01 and 0.77 + 0.01 eV,
respectively, in good agreement with previous results.”*
Thermoluminescence excitation (TLE) spectroscopy is a
powerful tool to investigate if thermal ionization from the
excited 5d state occurs.””” The observation of a peak in a TL
glow curve is direct evidence for thermal ionization. To
establish if thermal ionization occurs upon photoexcitation at
high temperatures, it is crucial that there are high-temperature
TL peaks corresponding to deep traps that are stable at the high
temperatures where thermal quenching is studied. In order to
establish the presence of shallow and deep traps in the
presently investigated YAG:Ce*" samples, TL glow curves were
recorded after excitation in the higher Sd band of Ce®* at 340
nm. Figure 2 a and 2b shows the thermoluminescence (TL)
glow curves after charging with 340 nm for 20 s in the
YAG:Ce* sample at 303 (30 °C) and 573 K (300 °C). After
charging at 573 K (300 °C), the sample was cooled down to
room temperature and then TL glow curves were measured.
The shape and maximum position of TL glow curves are
modified by the thermal quenching of recombination
luminescence.”” Therefore, all TL glow curves were corrected
by dividing the TL intensity by the Ce** PL intensity (blue line

Temperature (K)
300 400 500 600 700

@) i '

3 . . 41.0
F— Measured TL \— PL intensity

— —— Corrected TL

:9 >
=2t :
5 05E
< ;
a 1F

'—

0 0.0

" 340 nm charging for 20s at 30°
(b)

- 3t 340 nm charging
S for 20s at 300°C
E 2| —Measured TL
‘@ " —— Corrected TL
I3
£
P 1

0

1 1

0 200 400
Temperature (°C)

Figure 2. TL glow curves for YAG:Ce*(0.5%), as measured and
corrected, after charging by 340 nm for 20 s at (a) 303 (30 °C) and
(b) 573 K (300 °C). TL glow curves are recorded for 540 nm
luminescence from Ce*. Black lines represent the glow curves as
recorded. Red lines are glow curves after correction for the thermal
quenching of the Ce®* luminescence at high temperatures (blue line in
a).

in Figure 2 a). The corrected TL glow curves are shown in red
in Figure 2 a and 2b. In the corrected TL curve after charging at
303 K (30 °C), five TL peaks were observed with maxima T, at
378 + 1 (105 °C), 438 + 1 (165 °C), 489 + 1 (216 °C), 590 +
1 (317 °C), and 657 + 1 K (384 °C), which are referred to as
traps 1, 2, 3, 4, and S, respectively. From eq 3, based on first-
order kinetics’ ~** and assuming a frequency factor, s, of 1 X
10" s and a heating rate, f3, of 5 K/s, trap depths E of the
traps 1, 2, 3, 4, and 5 were roughly estimated to be 0.86, 1.00,
1.12, 1.36, and 1.52 eV, respectively

PE _ s exp| £
et P Tk

©)

Similar TL peaks in YAG:Ce®" were previously reported by
other groups.”*™*” These TL peaks can be related to intrinsic
defects in YAG:Ce*.

From the temperature quenching curves (Figure 1) it is clear
that the luminescence in YAG:Ce®" (0.5%) starts to quench at
573 K (300 °C), while at 303 K (30 °C) there is no quenching.
To study the thermal ionization process, TL excitation (TLE)
spectra were measured at both temperatures for excitation in
the lowest d state (Sd;) at 450 nm and the next higher 5d state
(5d,) at 340 nm. In Figure 2, the TL glow peaks (traps 1-3)
are absent after charging at $73 K (300 °C) because the traps
involved are not stable at this high temperature. The traps
responsible for the TL glow peak at $90 K (trap 4) have an
electron trap depth distribution, and only the deepest ones are
sufficiently stable to appear in Figure 2b. In order to compare
the TLE spectra at 573 (300 °C) and 308 K (30 °C), only the
TL intensity related to trap S, integrated between 623 (350 °C)
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and 773 K (500 °C), is taken into account. The TLE spectra
obtained are shown in Figure 3. At 303 K (30 °C) a TLE band
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Figure 3. Thermoluminescence excitation (TLE) spectra at two
charging temperatures: 303 (30 °C) and 573 K (300 °C). TLE spectra
were recorded by measuring the integrated intensity for the high-
temperature TL peak around 657 K for different excitation
wavelengths between 250 and 550 nm with 20 s charging time.

is observed at around 340 nm, while at 573 K (300 °C) an
additional TLE band is observed at around 450 nm. The TLE
bands at 450 and 340 nm are attributed to the transition from
the 4f ground level to the lowest 5d level (5d,) and the second
lowest 5d level (5d,), respectively. Because trap filling proceeds
by electron transport through the conduction band, these
results provide evidence that electrons in the 5d, level are
thermally ionized to the conduction band already at 303 K (30
°C), but electrons at the Sd; level are only thermally ionized
efficiently at higher temperatures of around 573 K (300 °C).
The glow curves for estimating activation energies of thermal
ionization process are collected in Figure 4, showing the change
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Figure 4. Corrected TL glow curves after charging by (a) 340 and (b)
450 nm at various charging temperatures varying from 298 (25 °C) to
673 K (400 °C).

of the TL glow curves with charging temperature under 340
(Figure 4a) and 450 nm (Figure 4b) illumination, which
correspond to the 4f—5d, and 4f—5d; absorption, respectively.
The sample was cooled down to room temperature after
illumination at the charging temperature, and then the TL glow
curve was recorded. In the analysis of the change of TL
intensity by the thermally activated ionization at different
temperatures, only the TL peak related to trap 5 was integrated
because this TL peak is not affected by the thermal detrapping
up to approximately 623 K (300 °C). The TL intensity related
to trap S as a function of charging temperature after 450 nm
illumination is shown in Figure 1b as filled red circles. With
increasing temperature, the peak 5 TL intensity increases while
the Ce®* PL intensity decreases. This correlated opposite
tendency strongly indicates that the mechanism responsible for
the thermal quenching of the Ce®" luminescence is thermal
ionization.

To estimate the thermal activation energy for the thermal
ionization, Figure S shows the Arrhenius plot of peak S TL
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Figure S. Arrhenius plot of TL intensity related to trap S charged by
340 and 450 nm.

intensity under 340 and 450 nm charging. Since trap 5 can be
partially detrapped above 573 K (300 °C) and the TL peak is
not observed below 423 K (for 450 nm charging), temperature
ranges of 423—573 and 348-573 K are selected for the
Arrhenius analysis of the results under 450 and 350 nm
illumination, respectively. From the linear dependence in the
Arrhenius plots in Figure S activation energies for thermal
ionization under charging by 340 and 450 nm illumination,
Eqp sqp and Eqy gq;, were estimated to be 0.08 + 0.02 and 0.50
+ 0.0S eV, respectively. This result can be explained using the
energy location of 5d;, 5d,, and CB as shown in the vacuum-
referred binding energy (VRBE) diagram in Figure 6. The
VRBE diagram is constructed using the data by our group.””*°
To indicate the trap levels, we simply subtracted the obtained
trap depth energies from the energy at the bottom of the CB.
The 5d;-CB energy gap is much larger than the 5d,-CB energy
gap in the VRBE diagram. Thus, the activation energy from 5d;
is much larger. The activation energy of 0.5 eV for 450 nm
charging is slightly smaller than the activation energies of 0.79
+ 0.01 and 0.76 + 0.02 eV estimated from lifetime and PL
intensity in Figure 1, respectively. This is probably because the
charging temperature affects not only the thermal ionization
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Figure 6. Vacuum-referred binding energy (VRBE) diagram of
YAG:Ce*" showing the energies of the 4f ground state and the Sd,
and 5d, states of Ce>" as well as the conduction band (CB) of the
YAG host. Energy differences (thermal activation energies) between
the 5d excited states and the bottom of the CB, as deduced from the
TLE experiments in this report, are indicated as well as the thermal
trap depths of traps 1—5 estimated from TL glow curves. On the basis
of the large thermal activation energy from the 5d, state to the CB,
thermally activated photoionization is not possible at 30 °C but can
explain thermal quenching starting at 300 °C.

probability from the 5d levels to the CB but also trapping
probability from the CB to the traps. In addition, the band gap
is known to be temperature dependent, which can also result in
a variation of the 5d,-CB energy gap with temperature and
affect the activation energy. These activation energies are also
different from the 5d,-CB energy gap of 1.1—1.2 eV estimated
from the threshold energy of photoconductivity,'”*® ESA
analysis,'® and the VRBE diagram.”” The differences between
the activation energy estimated in the temperature dependence
of PL and lifetime (related to thermally activated processes)
and the 5d,-CB energy gap from the three analysis methods
based on optical excitation can be related to the lattice
relaxation. Optical excitation occurs to an unrelaxed higher
vibrational state according to Franck—Condon principle, while
thermal activation energies correspond to energy differences
between the electronic origins of relaxed states.

On the basis of the relatively large activation energy barrier
from 5d,; to the CB, the excited electron at the 5d; band cannot
be transferred to the CB at room temperature efficiently while
at 573 K (300 °C) thermally activated release into the CB is
possible. From these results, we can assume that when the
energy difference between the lowest 5d excited level and the
CB is around 1 eV in a VRBE diagram, the quenching due to
thermally activated photoionization can be expected around
573 K (300 °C). This relationship between the 5d;-CB energy
gap and the onset quenching temperature can also be applied to
explain the thermal quenching behavior for other Ce*'- or Eu*'-
doped phosphors.

4. CONCLUSIONS

To elucidate the mechanism of thermal quenching of the Ce®"
luminescence in the prominent LED phosphor YAG:Ce,
thermoluminescence excitation (TLE) spectra were recorded at
303 (30 °C) and 573 K (300 °C). At 30 °C only the higher
energy S5d, band at 340 nm gives rise to thermal ionization, as
evidenced by the observation of a TL signal after 340 nm
photoexcitation. At 300 °C, a temperature corresponding to the
onset of thermal quenching of the Ce’" luminescence,
excitation in the lowest 5d; band at 450 nm gives rise to a
TL signal, indicating that thermal ionization is responsible for

thermal quenching of the Ce®" luminescence. Temperature-
dependent measurements show an excellent correspondence
between the thermal quenching of the Ce®" luminescence and
the rise of the TL signal in the temperature range 500—700 K.
This confirms that thermal ionization and not thermally
activated cross over to the 4f ground state is the mechanism
responsible for the thermal quenching of the yellow emission in
the YAG:Ce*" phosphor.

A band diagram with the positions of the 5d; and 5d, states
of Ce’ relative to the YAG host conduction band confirm the
analysis. Activation energies are in line with previous estimates
of the energy differences between the Sd levels of Ce** and the
CB of the host. The present results can aid in further improving
the thermal stability of the Ce®" luminescence in garnets
through band-gap engineering and can also serve to provide
guidelines to relate optical and thermal activation energies
between localized Sd states of Ce** and Eu®* and the host
conduction band to luminescence quenching temperatures.
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