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Efficiency of sol–gel derived Y3−xAl5O12:Cex
3+ (YAG:Ce) and Y3−xMg2AlSi2O12:Cex

3+ (YMASG:Ce) phos-
phors, which are prospective for application in white light emitting diodes (LED), is studied. Sets of
samples containing different cerium amount x from 0.015 to 0.06 and sintered at different temperatures
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(1400–1550 ◦C) were investigated. Importance of absorption peculiarities in agglomerates of phosphor
nanocrystals is demonstrated by studying the excitation wavelength dependence of quantum efficiency
and by applying PL measurements in confocal mode. Emission saturation is demonstrated to occur at
higher excitation intensities than those typical for operating white LEDs.

© 2011 Elsevier B.V. All rights reserved.
ptical properties
uminescence

Good spectral matching of absorption band with the emission of
he most efficient InGaN-based light emitting diodes (LEDs) emit-
ing at 465 nm and high quantum efficiency (typically 77% [1]) put
orward the YAG:Ce phosphors as the currently most efficient con-
erters of the light emitted by InGaN-based LEDs into the yellow
pectral region in white LEDs produced on commercial scale nowa-
ays. Commercial phosphor conversion white LEDs with YAG:Ce as
single phosphor are quite efficient, but have high correlated color

emperature (>5000 K) due to the lack of emission in the red region.
onsequently, the color rendition ability of these daylight dichro-
atic LEDs is insufficient for general lighting and other lighting

pplications requiring high color fidelity [2].
The emission band of Ce3+ ions in a crystal matrix is red-shifted

ue to crystal field. The crystal field in a matrix with garnet struc-
ure can be increased by an increased diameter of the ion on the
odecahedral site. In contrast to that, an increased average diame-
er of the ions located onto the octahedral and/or tetrahedral sites
esults in an increase covalent interaction with surrounding oxy-
en anions and thus in less covalent interaction between the same

xygen anions and the ions located at the dodecahedral site [3,4].
his feature has been used to shift the YAG:Ce emission further to
onger wavelengths by the partial substitution of Y3+ in the garnet
attice by Gd3+ [5,6] or Tb3+ [7,8]. However, the red shift achieved

∗ Corresponding author.
E-mail address: getjonas@gmail.com (J. Jurkevičius).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.03.032
is not large enough to pay off, and this approach is not followed on
commercial scale. Attempts to red-shift and broaden the emission
band by the incorporation of N3− ions into the coordination spheres
of a part of Ce3+ ions (the source of N3− was Si3N4) were successful,
but efficiency of these phosphors is limited by strong concentration
quenching of the low-energy Ce3+ ions with the modified coordi-
nation sphere [9]. In another approach, emission of Eu2+ ions in
different matrices (chalcogenides [10–12], nitridosilicates [13–15],
oxynitride [16,17]) has been employed. However, either low effi-
ciency, structural instability, or high firing temperatures needed
for synthesis or combinations of these drawbacks hinder a wide
application of the Eu2+-based red phosphors in dichromatic LEDs.
Thus, improvement of the color rendition properties of dichromatic
white LEDs without loosing their efficiency is still an open problem.

YAG:Ce phosphors for commercial LEDs are produced by an
oxide melting process [18]. Meanwhile, inexpensive methods of
YAG:Ce fabrication at reduced temperatures received increasing
interest [19–22]. On one hand, these techniques are convenient for
searching new matrices able to shift the Ce3+ emission band fur-
ther to the red region. On the other hand, they are also prospective
for commercial use due to the low cost of phosphor fabrication.
However, the quantum efficiency of the YAG:Ce phosphors derived

using these techniques is usually lower than that of the YAG:Ce
phosphors produced by a oxide melting process [23].

Sol–gel technique has been successfully applied for the fabri-
cation of YAG:Ce with a stable garnet phase [24]. Recently, stable
garnet phase, high efficiency, and a substantial band shift to the red

dx.doi.org/10.1016/j.jallcom.2011.03.032
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:getjonas@gmail.com
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egion (emission peak position at ∼610 nm) have been evidenced
n sol–gel combustion derived Y3−xMg2AlSi2O12:Cex

3+ (YMASG:Ce)
hosphor [25,26]. Structural characteristics of the phosphor were
eported in [26]. In this paper, we study the quantum efficiency
f the sol–gel derived garnet phosphors YAG:Ce and YMASG:Ce
ontaining different amounts of cerium ions and sintered at differ-
nt temperatures. We demonstrate that red YMASG:Ce phosphors
xhibit a very high quantum efficiency and are prospective for
ommercial use in white dichromatic LEDs with improved color
endition properties.

. Experimental

A detailed synthesis descriptions can be found in our previous publications
24–26]. Briefly, sol–gel and sol–gel combustion techniques were employed in
reparation of YAG:Ce and YMASG:Ce, respectively. Target materials were prepared
rom Y2O3 (99.999% ChemPur), Ce(NO3)3·6H2O (99.9% ChemPur), Mg(NO3)2·6H2O
≥98% Sigma–Aldrich), Al(NO3)3·9H2O (≥98% Sigma–Aldrich), nano-scale SiO2

99.0% Merck), 1,2-ethanediol (≥99% Sigma–Aldrich), and tris(hydoxymethyl)-
minomethane (99.9% Merck).

In the sol–gel synthesis of YAG:Ce, yttrium oxide was dissolved in 0.2 M acetic
cid solution. Then, stoichiometric amounts of aluminum and cerium nitrates were
dded. Furthermore, 1,2-ethanediol was added as a complexing agent and the result-
ng mixture was concentrated by slow evaporation at 65 ◦C under constant stirring.
he obtained (Y,Ce)–Al–O acetate–nitrate–glycolate gels were oven (110 ◦C) dried,
reheated at 800 ◦C for 2 h and subsequently sintered for 10 h at 1000 or 1300 ◦C in
ir.

In the sol–gel combustion synthesis of YMASG:Ce yttrium oxide was dissolved in
ot diluted nitric acid and the solution was evaporated till dryness in order to remove
n excess of nitric acid. The residue was dissolved in distilled water and stoichio-
etric amounts of aluminum, magnesium, cerium nitrates and silica were added.

he obtained mixture were stirred for 1 h at 65–75 ◦C and tris(hydroxymethyl)-
minomethane was added with the molar ratio of 1:1 to all metal ions. The mixture
as stirred for 1 h at the same temperature and, after concentrating by slow evapo-

ation, the sols turned into transparent gels. Then, temperature was raised to 250 ◦C
nd self-maintaining gel combustion process, accompanied with evolution of large
as amount, started. The resulting black powders were oven (120 ◦C) dried, pre-
eated at 900 ◦C for 2 h in air and subsequently sintered for 4 h at 1400–1550 ◦C
nder CO atmosphere. A corundum crucible was half filled with active carbon. Then,
smaller crucible with precursor was placed inside. The bigger crucible was closed
nd annealed.

Measurements of the photoluminescence quantum efficiency (QE) were carried
ut using an integrating sphere (Sphere Optics) and following the method suggested
y de Mello et al. [27]. Briefly, the method allows determining the sample QE by
easuring the ratio between the number of photons emitted (Nem) and the number

f those absorbed (Nabs) by the sample using the relation

E = Nem

Nabs
= Isample

Iexc − I′
exc

(1)

here Isample is the spectrally integrated photoluminescence (PL) intensity of the
ample excited inside the sphere, Iexc indicates the integrated intensity of the exci-
ation light with the sample being removed from the sphere, while I′

exc designates
he integrated intensity of the excitation light with the sample being excited in the
phere. Since Iexc and I′

exc correspond to the number of photons incident on the sam-
le and to the number of photons transmitted or reflected (i.e. not absorbed) by the
ample, respectively, their difference equals the number of photons absorbed by the
ample. Eq. (1) is a simplified expression of the one derived in Ref. [27] and is well
uited for the determination of PL QE in small volume samples featuring a negligible
bsorption of the emitted light reflected from the sphere walls and redirected onto
he sample.

InGaN LED with the emission band peaked at 440 nm was used as an excitation
ource. Sample PL and excitation light spectra were simultaneously registered using
spectrometer (Hamamatsu PMA-11) equipped with a back-thinned CCD and cou-
led to the integrating sphere by an optical fiber. A special transparent container
as used to compress the powdered samples into homogeneous layers of a fixed

hickness. Layer thickness was selected to avoid the possible influence of reabsorp-
ion on the emitted light. Before performing the routine measurements, otherwise
dentical samples of different thickness were prepared and QE of these samples was

easured. The QE values measured in samples with thicknesses above ∼0.2 mm
ecreased with increasing sample thickness, while no thickness dependence was
bserved below a thickness of 0.2 mm that was maintained further in all routine
easurements reported here.
The use of an integrating sphere was crucial for reliability of the QE measure-
ents in highly scattering powdered samples, since it allowed both the reflection

nd transmission coefficients to be taken into account simultaneously. Moreover,
he obtained results were insensitive to the angular distribution of emitted light
efined by the refractive index of the material, and to the orientation of the emitting
ipoles within the sample. Although the integrating sphere method is an absolute
Fig. 1. Normalized PL spectra of Y(3–x)CexMg2AlSi2O12 at x = 0.015, TS = 1400 ◦C (1)
and x = 0.06, TS = 1550 ◦C (2), and YAG:Ce and under 440 nm excitation.

method and requires no reference material of known QE for the determination
of sample QE, the accuracy of our QE setup was verified by performing measure-
ments with a reference. Quinine sulfate dissolved in 0.1 M H2SO4 and featuring QE
of 53 ± 2.3% at an excitation wavelength of 366 nm served as a reference [28]. The
excellent agreement of the estimated QE value with that reported for the reference
ensured high reliability of the measurements.

Measurements of photoluminescence spectra with spatial resolution were car-
ried out in confocal mode. A CW He–Cd laser emitting at 442 nm was used for
excitation. Confocal microscope Alpha 300 S manufactured by WITec with high
numerical aperture (NA = 0.9) objective was used and ensured in-plane spatial reso-
lution of approximately 200 nm. For spectral resolution, the microscope was coupled
by an optical fiber to a Cromex spectrometer followed by a thermoelectrically cooled
CCD camera.

All experiments have been carried out at room temperature.

2. Results and discussion

As reported earlier [25,26], the PL spectrum of YMASG:Ce has
one broad band, which consists of two strongly overlapping emis-
sion bands caused by optical transitions between the lowest excited
5d sublevel to 4f sublevels 2F5/2 and 2F7/2 of Ce3+ [29]. The PL spec-
trum is red-shifted in respect of the corresponding spectrum of Ce3+

in the YAG matrix. This redshift slightly increases with increasing
cerium content (at least within the range from 0.015 to 0.06 stud-
ied in our experiments) and increasing sintering temperature (from
1400 to 1550 ◦C). The maximum difference in the red-shift observed
(∼15 nm) is illustrated in Fig. 1, where normalized PL spectra of
Y3−xMg2AlSi2O12:Cex

3+ samples with x = 0.06 and TS = 1550 ◦C and
with x = 0.015 and TS = 1400 ◦C are depicted, together with a typical
spectrum of YAG:Ce, for comparison.

The dependence of the QE of YAG:Ce phosphors sintered at two
temperatures is presented in Fig. 2. The QE measured in the set of
samples sintered at 1000 ◦C exhibits a monotonous decrease from
34% down to 14% with Ce content x increasing from 0.015 to 0.1.
The QE for the set of samples sintered at 1300 ◦C is nearly the same
both at low and high Ce content within the same range of x varia-
tion. However, the QE is bouncing up and down at x = 0.06 and 0.07,
respectively. Similar bouncing at the same x values has been pre-
viously observed in YAG:Ce photoluminescence. Since a separate
phase of crystalline oxide CeO2 was observed in the XRD spectra
of the samples exhibiting the bouncing, this behaviour has been
attributed to the influence of this oxide phase [24].

YMASG:Ce with small Ce content exhibits high QE, which is com-

parable with the QE of the YAG:Ce phosphors fabricated using a
similar sol–gel technique. The QE of Y3−xMg2AlSi2O12:Cex

3+ with
x = 0.015 is 31%, 33%, and 35%, for samples sintered at 1500 ◦C,
1450 ◦C, and 1400 ◦C, respectively. However, QE decreases substan-
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ig. 2. Dependence of PL quantum efficiency (a) and carrier nonradiative recombi-
ation time (b) on cerium content in Y3-xAl5O12:Cex phosphors, sintered at different
emperatures TS, indicated.

ially when the cerium content is increased. This concentration
uenching effect is demonstrated in Fig. 3(a). The samples sintered

◦ ◦ ◦
t 1500 C, 1450 C, and 1400 C show a similar trend, though this
ecrease in QE is slightly more pronounced for the samples sintered
t 1400 ◦C than that for those sintered at 1500 ◦C. Samples sintered
t 1550 ◦C have considerably lower QE values and less pronounced
ependence of QE on Ce concentration.

ig. 3. Dependence of PL quantum efficiency (a) and carrier nonradiative recom-
ination time (b) on cerium content in Y3-xMg2AlSi2O12:Cex phosphors, sintered at
ifferent temperatures TS, indicated.
Fig. 4. Cerium content dependence of PL intensity of YMASG:Ce phosphor. Corre-
sponding sintering temperatures are indicated.

The considerable drop in QE of YMASG:Ce phosphors with
increasing Ce content is unfavorable for their applications requir-
ing high emission power per volume of the phosphor. The origin
of this drop is probably concentration quenching. This effect can
be formally treated as an additional channel for nonradiative
recombination. Concentration quenching decreases nonradiative
recombination time and, consequently, QE. QE can be expressed
through radiative and nonradiative recombination times, �r and
�nr, respectively, as:

QE = 1
(1 + �r)/�nr

(2)

Nonradiative recombination time can be extracted using QE and
photoluminescence decay time �PL, which is a directly measurable
parameter and is already reported for this set of samples [26]. Since
the luminescence decay rate equals the sum of radiative and nonra-
diative recombination rates, the nonradiative recombination time
�nr can be expressed as

�nr = �PL

1 − QE
(3)

The dependence of �nr on Ce content in YMASG:Ce phosphors is
presented in Fig. 3(b). The dependence was calculated using Eq.
(2), data on QE presented in Fig. 3(a), and data on �PL previously
reported in Ref. [26]. Nonradiative recombination time is of the
order of 100 ns in the samples with low Ce content and asymptot-
ically approaches a value of ∼60 ns at the further increase of Ce
content.

The cerium content dependence of nonradiative recombination
time extracted for YMASG:Ce phosphors can be compared with the
corresponding dependence for YAG:Ce, which has been extracted
using the same procedure and is presented in Fig. 2(b). The nonra-
diative recombination time of YMASG:Ce with small Ce content is
similar with that for YAG:Ce phosphors, however, the concentra-
tion quenching proceeds faster in YMASG:Ce.

The PL intensity dependence on cerium content and sintering
temperature of YMASG:Ce is presented in Fig. 4. Note that, despite
a lower quantum efficiency, the samples subjected to higher sin-
tering temperature exhibit a higher PL intensity. For example at
x = 0.015, the PL intensity of the sample sintered at 1550 ◦C is twice
as high as of the sample sintered at 1400 ◦C, though the QEs of the

samples are 33% and 35%, respectively. Note also that the PL inten-
sity decrease with increasing Ce content is more pronounced for
samples sintered at a higher temperature.

The observed inconsistency between PL intensity and quantum
efficiency can be explained by different absorption efficiency: the
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of ∼1 �m, i.e. large enough for reabsorption to be important. The
image demonstrates quite an ungradual spatial PL distribution: the
intensity is high at the core of the grain and decreases quite abruptly
on the grain edges.
ig. 5. Dependence of quantum yield on excitation light wavelength in YMASG:Ce ph
xcitation spectra of phosphors Y2.985Mg2AlSi2O12:Ce0.015 sintered at TS = 1400 ◦C (c

bsorption coefficient of samples sintered at higher temperatures
s higher, thus the total PL intensity is higher in spite of their lower
uantum efficiency. This feature has to be taken into account when
ptimizing the fabrication technology for practical applications.

The importance of absorption peculiarities has also been
bserved by studying the dependence of QE on the wavelength of
ight used for excitation. This dependence for two sets of YMASG:Ce
amples sintered at different temperatures is presented in Fig. 5.
he dependence has the shape of a band peaked at ∼470 nm. The
and shape basically coincides with the shape of the luminescence
xcitation spectrum reported in Ref. [25]. This is an indication
hat the absorption influences not only the emission intensity per
olume (and, consequently, the PL intensity) but also QE, which
enerally should be constant: in the first approach, each excita-
ion photon absorbed should result in emission of a PL photon
ith probability proportional to QE without any dependence on

xcitation wavelength.
The dependence of QE on excitation wavelength might be

xplained by absorption, scattering and escape of light in agglom-
rates of phosphor nanonocystals. Agglomerated morphology of
he phosphor powder has been already reported in Ref. [26]. Light
ith the wavelength at the absorption band peak is absorbed pre-
ominantly in the nanocrystals located at the agglomerate surface.
eanwhile, absorption length increases for the wavelengths at the

lopes of the absorption band. This light is more efficient for excita-
ion of the interior of the agglomerate. Due to the stronger influence
f reabsorption resulting in increased influence of nonradiative
ecombination, the escape probability of the light emitted in the
nterior of the agglomerate is lower than that for the light emit-
ed close to the agglomerate surface. Thus, the resulting QE has a
pectrum, which corresponds to the absorption spectrum.
To reveal the luminescence properties of the agglomerates we
sed PL spectroscopy in confocal mode enabling a spatial in-plane
esolution of 200 nm. These measurements show that the grains
onsist of nanocrystals with diameters below 200 nm. Two images
apping the PL intensity (a) and peak wavelength (b) of a compact
rs sintered at 1400 ◦C (a) and 1550 ◦C (b), cerium content is indicated; luminescence
TS = 1550 ◦C (d).

grain of the YMASG:Ce powder are presented in Fig. 6(a) and (b),
respectively. The total diameter of the smallest grains is typically
Fig. 6. Spatial distributions of luminescence intensity (a) and peak wavelength (b)
of 1 �m sized YMASG:Ce phosphor grain under 441.6 nm excitation by He–Cd laser
at power density of 3.5 MW/cm2.
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ig. 7. Luminescence intensity dependence on excitation power density for phos-
hor Y2.985Mg2AlSi2O12:Ce0.015 sintered at TS = 1400 ◦C under excitation by 441,6 nm
e–Cd laser.

Note that the PL peak at the edges of the agglomerate is red-
hifted in respect to its position at the center. The same trend is also
bserved by scanning the agglomerate in direction perpendicular
o the plane depicted in Fig. 6 (not shown in the figure). This can be
xplained by a different strain experienced by nanocrystals located
t the surface and in the interior of the agglomerate.

The excitation intensity dependence of PL intensity has been
nvestigated using confocal microscopy for small agglomerates
elected from powders of different samples under study. No signif-
cant change in shape or shift in position of the emission bands has
een observed. The PL intensity dependence on excitation power
ensity is presented in Fig. 7. The dependence is linear at low exci-
ation power densities but tends to saturate at pump intensities
levated above ∼0.1 MW/cm2. In real LEDs, however, the phosphors
re typically subjected to excitation power density of the order of
/cm2. Thus, no saturation should be expected when using the

MASG:Ce phosphors in white LEDs.

. Conclusions
In conclusion, sol–gel derived YMASG:Ce phosphors exhibit a
ed shift in comparison with the conventional YAG:Ce phosphor
nd under excitation by blue InGaN LED have a quantum effi-
iency that is comparable to that of conventional YAG:Ce phosphor.
n view of exploitation of this phosphor in white LEDs, a prob-

[
[
[
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lem is the concentration quenching, which is more pronounced in
this phosphor than in YAG:Ce. The total PL output of YMASG:Ce
strongly depends not only on the quantum efficiency but also on
the absorption peculiarities. Thus, absorption parameters have to
be optimized for better performance in practical applications. PL
saturation is observed well above the excitation power densities
typical for the operation of white InGaN-based LEDs.
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