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bstract

The structural and luminescence characteristics of sol–gel derived Y3Al5O12:Eu3+ (YAG:Eu3+) phosphors were investigated using synchrotron
adiation. VUV-excited luminescence studies reveal that two major excitation peaks formed at 178 and 238 nm are responsible for producing
he characteristic red emission of Eu3+ ions. The emission characteristics of the sol–gel derived YAG:Eu3+ phosphors depend significantly on
he calcination temperature and cationic ratios. The Rietveld refinement analysis and luminescence studies indicate that increasing either the

alcination temperature or the aluminum ion content can result in a more symmetrical anionic environment for Eu3+ ions in the YAG host, thereby
nhancing the luminescence of the synthesized phosphors. YAG:Eu3+ phosphors with reduced particle sizes and improved emission characteristics
ere successfully prepared in this study via controlling the calcination temperature and cationic ratios.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The development of new-generation, high-resolution dis-
lays demands phosphors with controlled morphology and
nhanced luminescence properties. Yttrium aluminum garnet
oped with europium ions (Y3Al5O12:Eu3+, YAG:Eu3+) is an
mportant phosphor because of its versatile applications in many
uminescent and optical devices. The synthesis and lumines-
ence properties of this phosphor prepared via the conventional
olid-state route have been reported [1,2]. The results indicate
hat Eu3+ ions substitute at Y3+ sites in the YAG host and produce
n intense red emission. The YAG-based phosphors prepared via
he solid-state reaction are known to produce low luminescence
ue to the presence of impurity phases [3]. The as-prepared phos-
hors usually exhibit irregular morphology, large particle size,
nd wide particle size distribution. For application to new optical

evices such as field emission displays (FED) and plasma dis-
lay panels (PDP), phosphors need to have high emission inten-
ity and small particle size with uniform narrow distribution [4].

∗ Corresponding author.
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Ultrafine YAG:Eu3+ phosphors can be synthesized at low
emperatures without coexistence of impurity phases using var-
ous soft chemical processes such as the sol–gel methods and
he combustion method [5–10]. In most of the previous studies,
V-light was utilized to analyze the luminescence properties
f the phosphors prepared via the soft chemical processes. The
uminescence properties are highly dependent on the excitation
avelength. To be applicable to PDP devices, the phosphors
ust first be investigated under vacuum ultraviolet (VUV)

xcitation. Earlier studies on VUV excited luminescence have
dentified a 178 nm excitation band resulting from the intrinsic
undamental absorption of the YAG host for phosphors prepared
ia the conventional route [11]. However, VUV excited emis-
ion for the sol–gel derived phosphors and the effects of the
reparation conditions have not been explored in detail.

In this study, YAG:Eu3+ phosphors were prepared via a
ol–gel process employing citric acid and ethylene glycol as the
olymerizing agents. The prepared phosphors were investigated
nder VUV excitation to understand their luminescence prop-

rties. The effects of the calcination temperature and chemical
ompositions on the VUV excited luminescence of the prepared
hosphors were also studied. The Rietveld refinement method
12] was employed to analyze the crystal structure. The sites
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Fig. 1. X-ray diffraction patterns of the sol–gel derived (Y2.85Eu0.15)Al5O12
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ccupied by Eu3+ and defects in the prepared phosphors were
etermined according to the XRD data collected using high-
ntensity monochromatic synchrotron radiation.

. Experimental

Yttrium aluminum garnet phosphors were prepared via the sol–gel pro-
ess employing citric acid and ethylene glycol as the polymerizing agents.
nalytical-grade yttrium nitrate and aluminum nitrate were individually dis-

olved in deionized water. Europium oxide was dissolved in dilute nitric acid.
he concentrations of aluminum, yttrium and europium ions in the solutions
ere fixed at 0.25, 0.15 and 0.15 M, respectively. The prepared solutions were
ixed in accordance with the ratio of Y3+:Al3+:Eu3+ = 2.85:m:0.15. The m value

quals 4.5, 5.0 and 5.5 in systems I, II and III, respectively. When m equals 5,
he prepared powders have a chemical formula of (Y2.85Eu0.15)Al5O12. 0.5 M
itric acid solution was used to chelate the metal ions and to polymerize with
thylene glycol to form gels. The metal nitrate and citric acid solutions were
ixed and stirred for 1.5 h, followed adding ethylene glycol and citric acid into

he solution. The mixed solution was then heated and stirred continuously on a
ot plate at 130 ◦C for 1.5 h. This solution was then heated at 350 ◦C to evap-
rate excess water and initiate the polymerization reaction. A large amount of
rownish gas was spurted, and the clear solution turned into white-yellowish
els. The precursors were obtained via grinding the dried gels.

The precursors were calcined at 800–1400 ◦C for 2 h. The phase purity and
rystallinity of the obtained powders were analyzed using an X-ray diffrac-
ometer (XRD, MAC science MXP3). The morphology and particle sizes were
xamined using a scanning electron microscope (SEM, Hitachi S-800), respec-
ively. High energy X-ray with λ = 1.32679 Å from synchrotron radiation was
mployed at National Synchrotron Radiation Research Center (NSRRC, Tai-
an) to investigate the crystal structure of the non-stoichiometric YAG:Eu3+

hosphors. The VUV light produced in the center was dispersed with a high-
ux cylindrical grating monochromator. The intensity of this VUV light was
onitored by means of light reflected from a LiF beam splitter. A small frac-

ion of the reflected beam passed one additional LiF plate and became incident
n a glass window coated with sodium salicylate. The fluorescence signal was
ubsequently detected by a photomultiplier tube in a photon-counting mode.

. Results and discussion

.1. Structural and luminescence characteristics of
AG:Eu3+ phosphors

Fig. 1 illustrates the X-ray diffraction patterns of
Y2.85Eu0.15)Al5O12 (in system II) calcined at various temper-
tures ranging from 800 to 1400 ◦C for 2 h. The XRD pattern
or 800 ◦C-derived powder reveals amorphous structure (curve
). Fig. 1(b) reveals the presence of a cubic garnet phase for
he powder calcined at 900 ◦C. The obtained diffraction pattern
s consistent with the data reported for Y3Al5O12 in the ICDD
le No. 33-0040, indicating that single-phased YAG was suc-
essfully prepared with 900 ◦C-calcination. This temperature is
00 ◦C lower than that required in the conventional solid-state
oute [13]. No other intermediate phases are formed during the
alcination processes, suggesting that the sol–gel derived precur-
ors transform directly into the crystalline YAG phase without
oing through the complicated reaction processes reported in
olid-state methods [14]. Due to thorough mixing of the start-
ng materials in the sol–gel process, the required temperature

or synthesizing YAG is markedly lowered and the reaction
equence is simplified. As shown in Fig. 1(b)–(e), the diffrac-
ion intensity of YAG:Eu3+ phosphor increases with raising the
alcination temperature, revealing the enhancement in the crys-
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hosphors calcined for 2 h at (a) 800 ◦C, (b) 900 ◦C, (c) 1000 ◦C, (d) 1200 ◦C, and
e) 1400 ◦C. Inset shows the dependence of the crystallite size on the calcination
emperature.

allinity of the prepared samples. The crystallite sizes of the
btained phosphors were calculated using Scherrer’s equation
15]. As illustrated in the inset of Fig. 1, the crystallite size is
ound to increase with raising the calcination temperature.

The scanning electron micrographs of the prepared
Y2.85Eu0.15)Al5O12 phosphors (system II) are shown in Fig. 2.

ell-dispersed nanoparticles with a size around 60 nm were
btained after 900 ◦C-calcination for 2 h (Fig. 2(a)). As the
alcination temperature increased to 1000 (Fig. 2(b)), 1200
Fig. 2(c)) and 1400 ◦C (Fig. 2(d)), the particle sizes increased
o around 90, 120 and 200 nm, respectively. Both of the par-
icle size and crystallite size of YAG:Eu3+ phosphor increase
ith a rise in calcination temperatures. In the sol–gel process

ncorporating ethylene glycol as a polymerizing agent, numer-
us tiny cages are formed due to cross-linking reaction during
olymerization. Cationic sols are trapped inside these tiny cages
nd subsequently convert into YAG crystallites during calcina-
ion, rendering restricted particle growth within the tiny cages.
herefore, the sol–gel route using polymerizing agent leads to

he formation of nanosized particles.
Fig. 3 illustrates the emission spectra of the sol–gel derived

AG:Eu3+ (5%) phosphors (system II) calcined at temperature
anging from 900 to 1400 ◦C upon 147 nm VUV light excita-
ion. The intensities of emissions were carefully normalized with
he beam current of synchrotron. All the samples were studied
nder the same size and geometrical position. By this means,
e can quantitatively compare the normalized intensities of the

L spectra for different samples. Similar emission spectra were
bserved for all samples. It was found that the emission inten-
ities of YAG:Eu3+ phosphors increased with an increase in the
alcination temperature. The increase in luminescence intensity
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Fig. 2. Scanning electron micrographs of the sol–gel derived (Y2.85Eu0.15)Al5O12 pho

Fig. 3. Emission spectra (λexcitation = 147 nm) of the sol–gel derived
(Y2.85Eu0.15)Al5O12 phosphors calcined for 2 h at (a) 900 ◦C, (b) 1000 ◦C, (c)
1200 ◦C, and (d) 1400 ◦C. Inset shows the dependence of the intensity ratio
between emissions at 608 and 590 nm (I608/I590) on calcination temperature.
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sphors calcined for 2 h at (a) 900 ◦C, (b) 1000 ◦C, (c) 1200 ◦C, and (d) 1400 ◦C.

s due to improved phosphor crystallinity after calcination at
levated temperatures.

The emission spectra display a number of emission peaks in
he wavelength range of 580–720 nm with prominent peaks at
90, 596, 608 and 709 nm. The emission spectra obtained for
he sol–gel derived YAG:Eu3+ phosphors are similar in nature
o those reported for YAG:Eu3+ prepared by solid-state reactions
1,2]. The assignment of the various emission peaks to transi-
ions involving 5D0 to the stark split sublevels of 7FJ (J = 1, 2, 3
nd 4) are also shown in Fig. 3. Two strong emission peaks at 590
nd 709 nm were observed for all samples. On the other hand, the
mission at 608 nm was consistently relatively weak. The emis-
ion peak at 590 nm corresponds to magnetic dipole transition
5D0 → 7F1) and the intensity of this transition is independent of
he site symmetry of Eu3+ ions [16]. Whereas the emission peak
t 608 nm corresponds to the forced electric dipole transition
5D0 → 7F2) and its intensity is very sensitive to the site sym-
etry of Eu3+ ions. A strong emission due to the hypersensitive
ransition (5D0 → 7F2) will appear when Eu3+ ions occupy a
ite without inversion symmetry. On the other hand, the absence
f emission produced by hypersensitive transition (5D0 → 7F2)
ignifies the presence of inversion symmetry for Eu3+ ions [16].
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ig. 4. Excitation spectra (λemission = 590 nm) of the sol–gel derived
Y2.85Eu0.15)Al5O12 phosphors calcined for 2 h at 900, 1000, 1200, and 1400 ◦C.

The intensity ratio (I608/I590) between 5D0 → 7F2 (at 608 nm)
nd 5D0 → 7F1 (at 590 nm) transitions can be used to evaluate
he site symmetry for Eu3+ [17,18]. The ratios calculated for
he sol–gel derived samples are given in the inset of Fig. 3,
hich shows decreasing I608/I590 ratio with an increase in the

alcination temperature. This reveals that greater deviation from
nversion symmetry is formed with lower calcination tempera-
ure. Since a decrease in the calcination temperature results in
he formation of nanosized particles as illustrated in Fig. 2, it is
easonable to figure that the trend of increasing asymmetry at
ow temperatures is probably ascribed to the distorted chemical
urroundings of the nano-sized particles.

Fig. 4 shows the excitation spectra of YAG:Eu3+ (5%)
hosphors (system II) monitored at 590 nm emission using
ynchrotron radiation. The excitation spectra can be divided
nto two parts according to the band-gap energy level of
AG at 190 nm [19]. The excitation band at 178 nm corre-
ponds to the fundamental absorption of YAG host [11], and
he one at 238 nm is ascribed to the charge transfer between
u3+–O2− pairs [10]. The excitation intensity of the 178 nm
eak reduces with a decrease in the calcination temperatures.
or the samples calcined at 900, 1000 and 1200 ◦C, the intensity
f the excitation peak at 238 nm (the charge transfer band) is
bserved to be unchanged. Notably, the intensity of the exci-
ation peak at 238 nm significantly increases for the sample
alcined at 1400 ◦C. When the sol–gel derived precursors are
alcined at low temperatures, nano-particles are formed with
ots of surface defects due to their large surface-to-volume ratio.
hese defects provide an additional non-radiative relaxation
ath, thereby reducing the intensity. When the precursors are
eated at elevated temperatures, enhanced excitation intensity

s observed as a result of the larger particle size and fewer
urface defects in the formed powder. Therefore, heating at ele-
ated temperatures leads to increased luminescence, as shown
n Fig. 4.
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o
t
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YAG:Eu3+ (5%) phosphors have been also prepared via the
olid state reaction method. The powders were calcined at
500 ◦C for 2 h. The quantum efficiencies of the phosphors
repared by the solid-state method and sol–gel method were
easured and the values were about 8%. The obtained results

onsisted with the value reported by Dong and Deng [20]. The
ifetimes of the phosphors were also measured. The lifetimes
f the phosphors prepared by the solid-state process and the
ol–gel process were 2.74 and 3.54 ms, respectively. The slight
ncrease in lifetime for the sol–gel derived powders probably
esults from fewer defects formed in obtained powders because
f the homogeneous compositional distribution and low calci-
ation temperature in the sol–gel process.

.2. Analysis of the crystal structure of non-stoichiometric
AG:Eu3+

YAG exhibits a garnet structure. The unit cell of a garnet
ompound contains eight formula units with a general formula
3B2C3O12, where A stands for an ion A at dodecahedral sites,
denotes to an ion B located at octahedral site, and C represents

o an ion C at tetrahedral site. According to the Wyckoff nota-
ion, these different symmetry sites can also be represented as
4(c), 16(a), and 24(d), respectively. The oxygen ions occupy in
eneral positions, 96(h) in Wyckoff notation [21]. Each oxygen
on is a member of two dodecahedra, one octahedral, and one
etrahedron. In yttrium aluminum garnet, yttrium ions occupy
he A site, and aluminum ions locate at the B and C sites [22].
herefore, aluminum ions have two un-equivalent positions.

The effects of non-stoichiometry on the phase purity and
rystal structure of the sol–gel derived YAG:Eu3+ phosphors
re investigated. System II corresponds to the stoichiometric
AG:Eu3+ phosphors, and systems I and III represent, respec-

ively, the phosphors containing deficient and excess aluminum
ons. The sol–gel derived precursors in each system were cal-
ined at 1400 ◦C for 2 h, and the resultant XRD patterns are
llustrated in Fig. 5. In systems II and III, only the phase belong-
ng to YAG is detected. On the other hand, trace amounts of

4Al2O9 (YAM) and YAlO3 (YAP) are found in the aluminum-
on deficient sample (system I).

The Rietveld refinement method was adopted to analyze the
ffects of non-stoichiometry on the crystal structures of the pre-
ared samples in three systems. The structural parameters of
AG, YAM and YAP are based on the values reported by Euler
nd Bruce [23], Yamane and Shimada [24] and Vastlechko et
l. [25], respectively. The obtained reliability factor Rp is 11.87,
1.70 and 10.05% for systems I, II and III, respectively. This
ndicates that the content of YAG, YAM and YAP phases in
ystem I is 0.9291 (3), 0.0551 (3) and 0.0158 (3) (in mol%),
espectively. In the other two systems, only YAG was found.
he simulated diffraction patterns of the samples in these three
ystems are illustrated in Fig. 6, where “+” marks represent the
xperimental diffraction data, the solid curves denote the simu-

ated diffraction data, and the dotted lines indicate the deviation
f the experimental values from the simulated values. Based
n the reliability factors and the deviation curves illustrated,
he refinement results provide consistent models of the crystal
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Table 1
Occupancy of various sites in the sol–gel derived YAG:Eu3+ phosphors

Occupancy

Oxygen-ion
site

Yttrium-ion
site

Eu3+ in
yttrium-ion site

Aluminum-ion
site (octahedral)

Eu3+ in aluminum-ion
site (octahedral)

Aluminum-ion
site (tetrahedral)

Eu3+ in aluminum-ion
site (tetrahedral)

System I (m = 4.5) 1.0 0.96 (4) 0.04 (4) 0.99 (2) 0.01 (2) 1.0 0.0
System II (m = 5.0) 1.0 0.96 (4) 0.04 (4) 1.0 0.0 1.0 0.0
System III (m = 5.5) 1.0 0.93 (2) 0.04 (2) 1.0 0.0 1.0 0.0

The molar ratio of Y3+, Al3+ and Eu3+ ions in each system is set to be 2.85:m:0.15, where m = 4.5, 5 and 5.5 for system I, II and III, respectively.

Fig. 5. X-ray diffraction patterns of the sol–gel derived YAG:Eu3+ phos-
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Fig. 6. Rietveld refinement results of the sol–gel derived phosphors
calcined at 1400 ◦C for 2 h: (a) 1.425Y2O3–0.075Eu2O3–2.25Al2O3

(
1

a
e

T
L

S

S

S

Y

hors calcined at 1400 ◦C for 2 h: (a) 1.425Y2O3–0.075Eu2O3–2.25Al2O3

system I), (b) 1.425Y2O3–0.075Eu2O3–2.5Al2O3 (system II), and (c)
.425Y2O3–0.075Eu2O3–2.75Al2O3 (system III).

tructure of the samples in each system. The Rietveld refinement
esults of the samples in these three systems are summarized in
ables 1 and 2.

Table 1 lists the occupancy of the sites in YAG phase in each
ystem. For the stoichiometric sample (system II), all Eu3+ ions
nter into yttrium-ion sites of the YAG phase. For system III, the

ccupancy of Eu3+ ions was found at around 4% in the yttrium-
on sites and 0% in the aluminum-ion sites. However, the overall
ccupancy of all cations in yttrium sites is noted to be much
ess than unity in system III suggesting that certain vacancies

t
H
d
i

able 2
attice parameters of the sol–gel derived YAG:Eu3+ phosphors

Lattice constant

a b

ystem I (m = 4.5) YAG 12.0391 (4) 12.0391 (4)
YAM 7.4063 (3) 10.4732 (1)
YAP 5.3306 (5) 7.3765 (6)

ystem II (m = 5.0) YAG 12.0267 (5) 12.0267 (5)

ystem III (m = 5.5) YAG 12.0066 (3) 12.0066 (3)

AG, YAM, and YAP refer to the phases of Y3Al5O12, Y4Al2O9, and YAlO3, respec
system I), (b) 1.425Y2O3–0.075Eu2O3–2.5Al2O3 (system II), and (c)
.425Y2O3–0.075Eu2O3–2.75Al2O3 (system III).

re introduced into the yttrium-ion sites due to the presence of
xcess aluminum ions. In system I, the occupancy of Eu3+ in
he yttrium-ion sites is similar to that in the other two systems.

owever, 1% of Eu3+ ions are observed to enter into the octahe-
ral sites of aluminum ions revealing the entrance of Eu3+ ions
nto both aluminum-ion and yttrium-ion sites in system I. In

c α β γ

12.0391 (4) 90.000 90.000 90.000
11.1043 (2) 90.000 108.680 (5) 90.000

5.1795 (4) 90.000 90.000 90.000

12.0267 (5) 90.000 90.000 90.000

12.0066 (3) 90.000 90.000 90.000

tively.
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Fig. 7. Emission spectra (λexcitation = 147 nm) of the sol–gel derived
phosphors: (a) 1.425Y2O3–0.075Eu2O3–2.25Al2O3 (system I), (b)
1
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I
tural distortion in system III. There is no inconsistency between
the structural analysis and luminescence properties results for
system III.
2 C.-H. Lu et al. / Journal of Alloy

ddition, no vacancies were observed at aluminum-ion sites in
ystem I. This phenomenon is considered attributable to the for-
ation of the yttrium-rich impurity phases (YAP and YAM) that

ffectively consume excess yttrium ions. The Rietveld analysis
lso confirmed that no Eu3+ ions enter into either aluminum-ion
ites or yttrium-ion sites in the YAP and YAM phases.

The calculated lattice parameters of the samples in the three
ystems are summarized in Table 2. It reveals that the lattice con-
tant of (Y2.85Eu0.15)Al5O12 (system II) is 12.0267 (5) Å, which
s slightly larger than that of Y3Al5O12 (12.000 Å) [19] because

3+ ions are substituted by Eu3+ ions having a larger radius.
he calculated Al–O band lengths in the octahedral and tetra-
edral sites are 1.922 (4) and 1.782 (4) Å, respectively, which
re similar to those reported for Y3Al5O12 [19]. However, the
–O bond lengths in the dodecahedral sites are 2.316 (5) and
.433 (5) Å, which are slightly larger than the reported values
19]. The slight increase in the bond-length is associated with
he substitution by Eu3+ ions at Y3+ site.

On the other hand, the aluminum-ion deficient system (sys-
em I) is much more complicated than system II due to the
o-existence of the impurity phases Y4Al2O9 (YAM) and YAlO3
YAP). The adjusted lattice parameter of YAG in system I is
2.0391 (4) Å, which is larger than that in system II. In system
, europium ions occupy both the yttrium-ion and aluminum-ion
ites (Table 1). Since the ionic size of Eu3+ (0.95 Å) is much
arger than that of Al3+ (0.54 Å), the large lattice parameters in
ystem I can be attributed to the partial substitution by Eu3+ ions
t the aluminum-ion sites in system I. The lattice parameters of
AM [23] and YAP [25] are listed in Table 2, which are similar

o those reported in the previous studies. The lattice parameters
nd bond lengths for system III are also listed in Table 2. These
alues are close to those reported for pure Y3Al5O12 [19], indi-
ating less degree of structural distortion occurring in system
II.

.3. Luminescence characteristics of non-stoichiometric
AG:Eu3+ phosphors

Fig. 7 depicts the emission spectra of the 1400 ◦C-calcined
amples in these three systems upon 147 nm excitation using
ynchrotron radiation. The emission peaks in the three sam-
les, regardless of the m value, correspond to the characteristic
mission of Eu3+ ions in the host of YAG. In system I, the
mission of europium-ion doped yttrium aluminum monoclinic
YAM:Eu3+) and europium-ion doped yttrium aluminum per-
vskite (YAP:Eu3+) is not observed in the emission spectra as
hown in Fig. 7(a), implying that Eu3+-ion substitution occurs in
AG lattice rather than in YAM and YAP lattices. This observa-

ion is consistent with the Rietveld refinement results described
n the previous section.

It is noted that the emission intensity at 590 nm of the pre-
ared phosphors increases with the value of m. The presence of
he impurity phases (YAM and YAP) in system I probably pro-

ide a non-radiative path and thereby reduce the luminescence.
s mentioned earlier, the intensity ratio (I608/I590) between

D0 → 7F2 (at 608 nm) and 5D0 → 7F1 (at 590 nm) transitions
an be used to assess the deviation from inversion symmetry. The

F
p
1
0

.425Y2O3–0.075Eu2O3–2.5Al2O3 (system II), and (c) 1.425Y2O3–

.075Eu2O3–2.75Al2O3 (system III). Inset shows the dependence of the
ntensity ratio (I608/I590) on the value of m.

hanges in the I608/I590 ratio with various m values are illustrated
n the inset of Fig. 7. A slight decrease in the I608/I590 ratio is
bserved with increasing m value, suggesting that the anionic
nvironment around Eu3+ ions the aluminum-ion excess sam-
le (system III) is more symmetrical than that in systems I and
I. The morphological investigations also indicate less struc-
ig. 8. Excitation spectra (λemission = 590 nm) of the sol–gel derived
hosphors: (a) 1.425Y2O3–0.075Eu2O3–2.25Al2O3 (system I), (b)
.425Y2O3–0.075Eu2O3–2.5Al2O3 (system II), and (c) 1.425Y2O3–
.075Eu2O3–2.75Al2O3 (system III).



s and

r
i
a
t
t
i
t
t
i
S
Y
e
e
c
p
c
p

4

v
a
i
2
e
r
t
r
i
c
e
e
i
d
d

A

N

T
t
H
c
S
s
0

R

[
[

[
[
[

[

[
[

[
[

[
[

C.-H. Lu et al. / Journal of Alloy

The VUV excitation spectra of YAG:Eu3+ phosphors
ecorded at 590 nm emission for systems I–III are illustrated
n Fig. 8. The excitation spectra reveal a charge transfer band
t 238 nm and an excitation band at 178 nm that is lower than
he wavelength of the host absorption (190 nm). The intensi-
ies of the charge transfer band and host absorption band both
ncrease with the aluminum ion content, indicating that varying
he amount of aluminum ions in YAG:Eu3+ phosphors affects
he crystal structure as well as the emission and excitation
ntensities. A shoulder at 185 nm is observed in system III.
ince yttrium vacancies were found in the aluminum-ion excess
AG:Eu3+ sample based on the Rietveld refinement results, the
xcitation band at 185 nm in system III is possibly related to the
xcitons associated with yttrium vacancies. The VUV lumines-
ence investigations reveal that the sol–gel derived YAG:Eu3+

hosphors with reduced particle sizes and improved lumines-
ence characteristics possess great potential for application to
lasma display panels.

. Conclusions

Nano-sized YAG:Eu3+ phosphors were successfully prepared
ia the sol–gel route employing citric acid and ethylene glycol
s the polymerizing agents. VUV-excited luminescence stud-
es indicate that two major excitation peaks formed at 178 and
38 nm were responsible for generating the characteristic red
mission of Eu3+ ions. Increasing the calcination temperature
esults in a more symmetric anionic environment for Eu3+ ions in
he host of YAG and enhanced emission intensity. The Rietveld
efinement analysis reveals that the aluminum ion content signif-
cantly affects the crystal structure and the occupancy in different
ationic sites. Increasing the aluminum-ion content results in
nhanced luminescence intensity and a less distorted anionic
nvironment for the Eu3+ ions. A reduced particle size and
mproved emission characteristics were obtained for the sol–gel
erived YAG:Eu3+ phosphors via controlling the synthesis con-
itions and chemical compositions.
cknowledgements

The authors would like to thank Mr. Hong-Kai Cheng at
ational Synchrotron Radiation Research Center (NSRRC),

[
[
[
[

Compounds 456 (2008) 57–63 63

aiwan for his help in measuring the VUV excitation spec-
ra. The authors would like to thank Dr. Jyh-Fu Lee and Dr.
wo-Shuenn Hsu at NSRRC for their assistance in analyzing the

rystal structure. The authors would also like to thank National
cience Council of the Republic of China, Taiwan for financially
upporting this research under contract no. NSC 94-2214-E002-
05.

eferences

[1] J.A. Koningstein, Phys. Rev. 136A (1964) 717.
[2] M. Sekita, H. Haneda, S. Shirasaki, T. Yanagitani, J. Appl. Phys. 69 (1991)

3709.
[3] I. Matsubara, M. Parathaman, S.W. Allison, M.R. Cates, D.L. Beshears,

D.E. Holcomb, Mater. Res. Bull. 35 (2000) 217.
[4] G.Y. Hong, B.S. Jeon, Y.K. Yoo, J.S. Yoo, J. Electrochem. Soc. 148 (2001)

H161.
[5] Y.H. Zhou, J. Lin, S.B. Wang, H.J. Zhang, Opt. Mater. 20 (2002) 13.
[6] Y.H. Zhou, J. Lin, S.M. Han, S.B. Wang, H.J. Zhang, Mater. Res. Bull. 38

(2003) 1289.
[7] Y. Zhou, J. Lin, M. Yu, S. Wang, J. Alloys Compd. 375 (2004) 93.
[8] C.H. Lu, W.T. Hsu, J. Dhanaraj, R. Jagannathan, J. Eur. Ceram. Soc. 24

(2004) 3723.
[9] G. Xia, S. Zhou, J. Zhang, S. Wang, Y. Liu, J. Xu, J. Crystal. Growth 283

(2005) 257.
10] Y.P. Fu, J. Alloys Compd. 402 (2005) 233.
11] A. Mayolet, W. Zhang, E. Simoni, J.C. Krupa, P. Martin, Opt. Mater. 4

(1995) 757.
12] H.M. Rietveld, J. Appl. Crystallogr. 2 (1969) 65.
13] X. Guo, K. Sakurai, Jpn. J. Appl. Phys. 39 (2000) 1230.
14] I. Matsubara, M. Paranthaman, S.W. Allison, M.R. Cates, D.L. Beshears,

D.E. Holcomb, Mater. Res. Bull. 35 (2000) 217.
15] B.D. Cullity, S.R. Stock, Elements of X-ray Diffraction, Prentice Hall, NJ,

2001, p. 170.
16] G. Blasse, B.C. Grabmier, Lumin. Mater., Springer-Verlag, 1994, p. 44.
17] W.C. Nieupoort, G. Blasse, Proceedings of the John Hopkins University

Conference, Inter Science, NY, 1967, p. 161.
18] T. Ishizaka, Y. Kurokawa, J. Appl. Phys. 90 (2001) 243.
19] C.W. Thiel, H. Cruguel, Y. Sun, G.J. Lapeyre, R.M. Macfarlane, R.W.

Equall, R.L. Cone, J. Lumin. 94–95 (2001) 1.
20] J. Dong, P. Deng, J. Lumin. 104 (2003) 151.
21] D.A. Pawlak, K. Wozniak, Z. Frukacz, T.L. Barr, D. Fiorentino, S. Seal, J.

Phys. Chem. B 103 (1999) 1454.

22] Y.N. Xu, W.Y. Ching, Phys. Rev. B 59 (16) (1999) 10530.
23] F. Euler, J.A. Bruce, Acta Crystallogr. 19 (1965) 971.
24] H. Yamane, M. Shimada, J. Solid State Chem. 141 (1998) 466.
25] L. Vastlechko, A. Matkovskii, D. Savytskii, A. Suchocki, F. Wallrafen, J.

Alloys Compd. 291 (1999) 57.


	Structural analysis and vacuum ultraviolet excited luminescence properties of sol-gel derived Y3Al5O12:Eu3+ phosphors
	Introduction
	Experimental
	Results and discussion
	Structural and luminescence characteristics of YAG:Eu3+ phosphors
	Analysis of the crystal structure of non-stoichiometric YAG:Eu3+
	Luminescence characteristics of non-stoichiometric YAG:Eu3+ phosphors

	Conclusions
	Acknowledgements
	References


