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Abstract

The quantum efficiency and luminescence properties of double activated terbium aluminum garnet samples were investigated in the

present study. A mathematical procedure and PL measurement system are developed for express analysis of quantum efficiency of

luminescent materials. The energy-level diagram was proposed to explain the luminescence mechanism. Application of TAG:Ce,Eu with

improved CIE and CRI in LED device is demonstrated.

r 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The development of wide band gap III–V nitride
compound semiconductors has led to the commercial
production of high-efficiency LEDs [1,2]. The recent
advent of blue InGaN technology has made it possible to
produce a conventional white LED in which white light
is obtained by coating a Y3Al5O12:Ce (YAG) or
Tb3Al5O12:Ce (TAG) phosphor onto a blue LED chip
[3–5]. In this device, known as a two-band white LED,
white light is generated by additive color mixing of the blue
light emitted by the blue LED and the yellow light emitted
by the YAG or TAG phosphors. However, the spectral
composition of the light produced by the conventional two-
band white LED differs from that of natural white light,
particularly in the red region. To improve the color
properties of the device there are two different ways. First
of them is based on adding another component to create a
white LED with three emission bands (a three-band white
LED). Blue LEDs have been combined with phosphors to
e front matter r 2007 Elsevier Inc. All rights reserved.
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convert part of the blue light to red and green light, to
produce white light [6]. In this study we propose other way
by double activation TAG phosphor with rare-earth (RE)
elements. RE phosphors can be separated into two types:
broad band emitting owing to the 5d–4f transition (Eu2+,
Ce 3+) or narrow band emitting owing to the transition
between the 4f levels (Eu3+, Tb3+, Sm3+). For white light
in blue LED the broad band emitting phosphors are
preferred. Our results of co-doping TAG:Ce3+ with Eu3+

are presented in this contribution.
To determine or estimate the quantum efficiency (QE) of

investigated materials we need in a simple and accurate
experimental method. Ideally, such a technique for express
analysis should require minimal sample preparation and
should be simple in application. In this paper we report a
technique that satisfies these criteria.

2. Experimental

2.1. Materials

The powder samples were prepared by a conventional
solid-state reaction. According to the nominal composition
of Tb3Al5O12:Ce, Eu, the starting materials Tb4O7, Al2O3,
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CeO2 and Eu2O3 (99% for Al2O3, 99.9% for all other
oxides) were weighed and milled. Synthesis took place in a
furnace heated by induction using a sealed alumina tube in
a reducing atmosphere of H2/N2 to stabilize the Tb3+ state.
The crucible was made out of Al2O3. BaF2, LiF and H3BO3

as flux materials were used. The synthesis lasted approxi-
mately 2 h at temperature of about 1500 1C. The samples
were prepared with different Ce (1, 3 and 5mol%) and Eu
(1, 3, 5, 7, 9, 11 and 13mol%) concentrations.

2.2. Methods

Phosphor samples were characterized by crystalline
structure and luminescence properties. Particle sizes and
morphologies of the investigated phosphors were deter-
mined by scanning electron microscope (SEM) Hitachi-S-
3000N. To control the particle size and to find the size
distribution the laser diffraction was carried out using
HELOS particle size analysis system. The crystal structure
and the composition of powder samples were characterized
by X-ray diffraction using an X-ray diffractometer D/
max–RC, Rigaku, Japan with CuKa radiation (4l ¼
1.54056A).

Optical spectroscopy and PL characteristics were esti-
mated on the basis of emission and excitation spectra
registered at room temperature (Xe 500W lamp) with
DARSA PRO 5100 PL System (Professional Scientific
Instrument Co, Korea). Excitation spectra were corrected
for the energy distribution of the Xe-lamp. The excitation
was performed with a 460 nm radiation, which is usually
used in blue LED, as well as with selectively excited
emission to establish the luminescence mechanism in
cerium–europium double activated terbium aluminum
garnet phosphor.

Emission, excitation, and reflection spectra have to be
measured for calculation the quantum efficiency of
phosphors. The QE of a luminescent material is defined
as the ratio of the number of photons emitted to the
number of photons absorbed. Two monochromators and
Xe lamp as excitation source are necessary. (YGd)3
Al5O12:Ce (YAG) phosphor with known QE could be
proposed as standard test sample. If the spectroscopic
system does not have a special integrated sphere (ISO40-
SF/IG, for example), and does not allow to measure the
guantum efficiency directly, the reflectance spectra mea-
surements have to be carried out.

Spectral photon irradiance is expressed as:

E�pðlÞ ¼
dEp

dl
; Ep ¼

Z 1
0

E�pðlÞ dl. (1)

For quantum efficiency of investigated sample and
standard one we have:

axqx

astqst

¼
Epx

Epst

, (2)

where qx and qst are the quantum efficiencies of the
specimen investigated and the standard (commercial YAG
material, for example), and a is an absorption coefficient

qx ¼
ð1� RstÞ

R1
0

E�pxðlÞ dl

ð1� RxÞ
R1
0

E�pstðlÞ dl
qst. (3)

The following formula is applied in the calculations:

qX ¼
ð1� RSTÞ

ð1� RXÞ

FX

FST
qST, (4)

where RX and RST are the reflectance of the specimen and
the standard, and FX and FST are the total measured
luminescence efficiency (the integrated area under the
emission spectrum) of the specimen and the standard,
respectively.
The reflectance RX and RST, respectively, of the

investigated and standard samples are calculated from
the formula

RN ¼
ARN

ARB
0:97, (5)

where RN stands for a sample reflectance (N ¼ X and ST
for investigated powders and the YAG standard, respec-
tively), and ARN and ARB are total areas under the
measured reflection spectra for the sample investigated
and the MgO, respectively. In this formula the number 0.97
represents the reflectance of the MgO powder. (Instead of
MgO, BaSO4 with index 0.91 can be used.)
In Fig. 1 we show the scheme of experiment, which is

realized with photoluminescent DARSA system for reflec-
tance measurements.
Two monochromators are needed to be synchronized at

the excitation wavelength. At the fixed excitation wave-
length of the first monochromator the emission spectra
around this wavelength are measured by the second
monochromator for the reference sample (MgO) and
examined phosphors. Because of the Stokes shift (phos-
phors emit the light at the other wavelength that excites)
the measured spectra are the reflectance spectra. The
emission and excitation spectra of examined and standard
samples are also registered by traditional methods.

3. Results and discussion

Fig. 2 compares excitation and emission spectra of
investigated sample Tb3Al5O12:Ce

3+ (TAG) and one of
double activated Tb3Al5O12:Ce

3+, Eu3+ with commercial
(YGd)3Al5O12:Ce

3+ (YAG).
It is seen from Fig. 2 that the luminescence spectra of

specimens are very similar in the shape and varies in
intensities. The two broad bands from 310 to 380 nm in the
long-wavelength UV region and from 400 to 520 nm in the
blue spectral region correspond to the 4f–5d transitions of
Ce3+ in YAG and TAG [7,8]. Two weak peaks around
375 nm coincide f–f transition of Tb3+. We can do this
conclusion because the same activator Ce3+ was intro-
duced in the two different host lattices YAG (1) and TAG
(2,3). Only in the TAG we observe these weak peaks.
Batentschuk et al. [9] ascribe this due to the absorption by
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Fig. 1. The scheme of QE measurement with DARSA system.
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Fig. 2. Excitation (a) and emission (b) spectra of investigated samples Tb3Al5O12:Ce
3+ (2) and double activated Tb3Al5O12:Ce

3+, Eu3+ (3) with

commercial (YGd)3Al5O12:Ce
3+ (1).

Fig. 3. Diffuse reflection spectra of the Tb3Al5O12:Ce
3+ (2), double

activated Tb3Al5O12:Ce
3+, Eu3+ (3) and commercial (YGd)3Al5O12:Ce

3+

(1) in comparison with MgO (straight line at 0.97).
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the TAG sublattice, the Tb3+ in TAG acted both host and
activator itself showing host lattice emission.

The comparison of the luminescence spectra of the
TAG-based phosphors with the emission of the comm-
ercial YAG convinces us that the latter can serve as a
very convenient reference material against which the
emission efficiency of our phosphors can be judged.
Since the emissions of all materials investigated fall
within exactly the same spectral region, there is no
need to correct the emission spectra for the photo-
multiplier response to make a reasonable calculation of
the quantum efficiencies of the emissions of the various
TAG powders. Reliable judgment of the real efficiencies
of the emissions from the various specimens requires
an accurate determination of the amount of light
absorbed by each of the phosphors investigated. This is
especially important in our case, since the various
specimens are characterized by different microstructures
and the activator concentration. To compare the amount
of light absorbed by an actual specimen, we measured
reflection spectra for each of them and related them to
the reflectivity of our standard commercial YAG
phosphor and to the reflectivity of MgO. Eq. (5)
shows the relationship between the reflectance of the
specimen investigated and the reflectance of the standard
powder MgO.
In Fig. 3 we show reflection spectra for the commercial
YAG and the TAG samples (one of them (2) is doped with
6mol% of Ce3+ and other (3) with 3mol% of Ce3+ and
3mol% of Eu3+), together with the spectrum of MgO. The
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Fig. 5. The quantum efficiency of (1) Tb3Al5O12:Ce
3+ (6mol% Ce3+) and

(2) Tb3Al5O12:Ce
3+, Eu3+(3mol% Ce3+ and 3mol% Eu3+) in depen-

dence of excitation wavelength.
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results leave no doubt that, for reliable estimation of the
quantum efficiency of an emission, it is definitely not
enough to compare just the luminescence efficiency—it is
also necessary to take into account the variations in the
amounts of light absorbed by each of the samples. Despite
the fact that all TAG specimens presented in Fig. 3 have
the same host lattice, their capabilities for reflecting the
incident light vary strongly. It can be explained by the
different Ce3+ activator concentration in the samples (2)
and (3), as well as influence of Eu3+ on the luminescence
properties of the sample (3). Thus the amount of light
accessible for absorption by the Ce3+ ions (able to excite
the phosphor) must also alter. Generally, as expected, with
rising Ce content (6mol% in the sample 2 and 3mol% in
the sample 3) less and less light is being reflected, which
means that a still increasing amount of the light is being
absorbed by the phosphor.

On the basis of the excitation (Fig. 2) and reflection
(Fig. 3) spectra, we decided that for the measurements of
the quantum efficiencies of our phosphors, the most
convenient excitation wavelength would be 460 nm. The
diffuse reflection spectra at this wavelength is presented in
the Fig. 4.

The quantum efficiency of phosphors calculated accord-
ing to Eqs. (4) and (5) and by using the experimental data
from Fig. 4, gives us the 76% for Tb3Al5O12:Ce

3+ (6mol%
Ce) and 40% for Tb3Al5O12:Ce

3+, Eu3+ (3mol% Ce and
3mol% Eu). For comparison, the quantum efficiency of
(YGd)3Al5O12:Ce

3+ is 90%. It is not astonishing, because
the main reason of a low intensity of the last sample is a
lack of Ce activator and weak emission intensity in
comparison with standard sample. The quantum efficiency
practically does not depend on excitation wavelength in the
large excitation area. It is good as shown in Fig. 5 for
our samples and could be explained by the same processes
of energy absorption, energy transfer and emission
at different excitations. The quantum efficiency strongly
Fig. 4. Relative reflectivity of the Tb3Al5O12:Ce
3+ (2), double activated

Tb3Al5O12:Ce
3+, Eu3+ (3) and commercial (YGd)3Al5O12:Ce

3+ (1) in

comparison with MgO at 460 nm excitation.
depends on the sample structure and activator concen-
tration.
Energy absorption need not necessarily take place at the

activator ion itself but can occur at a random place in the
lattice. This implies that energy transfer of the absorbed
energy to the luminescent center takes place before
emission can occur. The migration of the energy absorbed
by the lattice can take place through one of the following
processes:
�
 migration of electric charge (electrons, holes),

�
 migration of excitons,

�
 resonance between atoms with sufficient overlap inte-

grals,

�
 reabsorption of photons emitted by another activator

ion or sensitizer.
The occurrence of energy transfer within a luminescent
material has far-reaching consequences for its properties as
a phosphor. On the one hand the absorbed energy can
migrate to the crystal surface or to lattice defects where it is
lost by radiationless deactivation. As a consequence the
phosphor energy yield, that is the quotient of emitted light
energy to initially absorbed energy, drops. In the same
phosphor structure with the same defect concentration the
energy loss is also the same and emission is determined by
the activator concentration.
Doping with 1–3–5mol% Ce yields a broad-band 5d–4f

Ce3+ luminescence. In addition to the direct Ce excitation
we expect in double activated terbium aluminum garnet to
see also the Eu contribution. Doping with 1mol% Eu leads
to a quenching of the Ce luminescence and to appearance
of the Eu3+ luminescence due to the 5D0-

7FJ transitions
of the Eu3+ ion, peaking at 591, 597, 610, 631, and 708 nm.
The most intensive peak is allowed magnetic dipole
5D0-

7F1 transition. The relative intensity of Eu peak
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(591 nm) in dependence of Eu and Ce concentration and
quenching of the Ce luminescence are presented in Fig. 6.

From analysis of the experimental results one can
conclude that the excitation of Eu occurs via the Ce
quenching luminescence. It means that here there is an
effect of the Ce3+ ion as a sensitizer for the Eu3+

luminescence. The Eu3+ luminescence can be also activated
by a Tb3+ sensitizing, which is not too surprising as an
energy transfer from Tb3+ to Eu3+ is well known in
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Fig. 6. (a) The relative intensity of Eu peak (591 nm) in dependence of Eu and C

(2)-Ce 3mol%; (3)-Ce 5mol%.

Fig. 7. Energy-level diagram and transfer pathway
literature [10–13]. Therefore, the Tb3+ host lattice acts as a
sensitizer for the activator Eu3+, but also as an activator
itself showing host lattice emission. The fluorescence of
Tb3+ in the TAG is due to the transitions of the Stark
components of the 5D4 level to the Stark components of the
7FJ levels, but the low energy excitation used in blue LED
(460 nm) is not enough to excite these levels. The 227 nm
excitation and more is needed to excite the host lattice.
Nevertheless, one can expect the transfer of energy from
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the Ce3+ to Tb3+ lattice ion due to a slight overlap of the
Ce3+ luminescence in TAG with the 7F6–

5D4 absorption
band of Tb3+ (483 nm). One more mechanism of Eu3+

luminescence is possible in this structure—it is direct
excitation of 5d levels. But usually this luminescence is very
weak, and only when upper F-levels are excited (at UV
excitation), this luminescence becomes stronger.

In the TAG co-doped with Ce3+ and Eu3+, the
excitation into the Ce band at 460 nm leads to a Eu
emission while in the case of the YAG lattice it does not [9].
This means that in TAG, Ce can be used as sensitizer,
which transfers its energy via the Tb sublattice to the
activator Eu. If this Tb sublattice is not available, such a
sensitizing does not work.

The luminescence mechanism could be understood from
the energy-level diagram (Fig. 7).

The first step of the path through which the activation
energy is transferred from the sensitizer Ce to the activator
Eu involves transfer between the 5d-4f 2F5/2;7/2(Ce

3+) and
7F6-

5D4 (Tb3+) transitions. After migration in the Tb
sublattice the activation energy is transferred from Tb3+

(5D4-
7FJ) to a Eu3+ activator (7FJ-

5DJ). Moreover,
one additional way of transfer energy is possible: the
radiation transitions in Tb may excite directly the
neighboring Eu and Ce atoms. In such case, Tb3+ in
TAG does not serve as a doping element but becomes a
part of the host structure. After migration in the Tb
sublattice the activation energy is transferred from Tb3+

(5D4-
7FJ) to a Eu3+ activator (7FJ-

5DJ). This part of the
process was demonstrated for the single-doped case of
TAG:Eu in [9]. In YAG, only a direct simultaneous
excitation of Ce 3+ and Eu3+ at about 370 nm leads to a
weak emission from both of the ions [9].

Application of cerium–europium double activated ter-
bium aluminum garnet phosphor with improved lumines-
cence properties in the light emitting device is
demonstrated in Fig. 8.

Some additional Eu peaks and broadening the spectra in
the red region significantly improves the color rendering
index (CRI), CIE coordinates and luminescent properties
of LED.

4. Conclusions

As discussed above, the Tb3Al5O12 garnets co-activated
with Ce3+ and Eu3+ are interesting materials in which
radiative, nonradiative and energy-transfer processes can
occur simultaneously at room temperature. The new LED-
converter TAG doped with Ce and Eu has been
investigated.
Simple express method of quantum efficiency measure-

ment and calculation using PL spectroscopy system is
proposed and the experimental scheme compatible with PL
DARSA system is suggested.
The methodology of calculation quantum efficiency

from reflection spectra is discussed. The obtained results
show that the quantum efficiency only of an emission, it is
definitely not enough to compare just the luminescence
efficiency—it is also necessary to take into account the
variations in the amounts of light absorbed by each of the
samples.
In co-activated TAG:Ce, Eu the Tb3+ sublattice can

sensitize the luminescence of both the Ce3+ and the Eu3+

ions. Moreover, even Ce3+ ions can transfer energy to
Eu3+ ions, using the Tb lattice for the transport of the
excitation energy. It is suggested that the energy is
transferred from the sensitizer Ce via the Tb sublattice
to Eu.
In order to get the better CRI and high efficiency in

LED with double activated TAG:Ce, Eu very careful
ratios between co-activators have to be chosen. Applica-
tion of cerium–europium double activated terbium
aluminum garnet phosphor in the light emitting
device shows the better CRI and improved luminescence
properties.
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