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A blue-color-emitting phosphor, (Sr1-x,Bax)3MgSi2O8:Eu2+ (SBxMS:Eu2+), with various Ba contents, was synthesized,
and its thermal stability was evaluated. Depending upon the Ba content, the dominant emission wavelength of the
SBxMS:Eu2+ phosphor could be tuned, and good photoluminescence (PL) properties were obtained under an excitation
by a 147 nm source. The PL behavior showed that the thermal stability of SBxMS:Eu2+ baked at 500 °C was
dependent upon the Ba content. On the basis of the results of electron spin resonance on Eu2+ and Rietveld
refinement against neutron powder diffraction data of the phosphor, it was found that the improved thermal stability
of SBxMS:Eu2+ could be ascribed to Eu2+ occupying preferred Sr sites among three possible locations depending
upon the amount of Ba substitution. It is also inferred from this observation that the average interatomic distances
between Eu2+ and O (dEu-O) of the different Sr sites may play an important role in the thermal stability of the
phosphor.

1. Introduction

At present, plasma display panels (PDPs) are the most
popular devices among large-area flat panel display devices.
However, the performance of PDPs still requires improve-
ment with respect to efficiency and lifetime. In particular,
these properties are closely related to phosphors excited by
vacuum ultraviolet (VUV) energy, which is generated by Xe
plasma discharge, as the excitation source of phosphors.
Because phosphors convert VUV photons to visible light,
enhancement of the luminous efficiency is a key issue for
PDP phosphors.1-6

Therefore, much attention has been paid to finding new
or advanced color-emitting phosphors so as to improve the
performance of PDPs. As far as the development of
phosphors is concerned, Eu2+ ions were used frequently as
an activator ion for various host lattices. This occurs because
the 4f7 electron configuration of the Eu2+ ion shows efficient
luminescence owing to the 4f f 5d transition, and the
luminescence colors or wavelengths change widely from
near-ultraviolet to red regions depending upon the nature of
a host lattice. In particular, Eu ions usually exist in a trivalent
oxidation state in various compounds. Under reducing
conditions, Eu2+ ions can be stable on alkaline earth sites.
However, when Eu2+ ions are heated within a certain
temperature range in the air, they may be oxidized as follows:

Eu2+fEu3++ e-

Therefore, there is a luminescence decrease of the Eu2+-
activated phosphor during the PDP manufacturing process,
in which the phosphor layer formed by screen printing goes
through several heat treatments up to 500 °C in the air. That
is, such a thermal history has a large impact on the thermal
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stability of a color-emitting phosphor.4,6,7 Therefore, Eu2+-
activated phosphors are desired to have a high thermal
stability for PDP application during the baking process.

For example, the thermal stability of blue-emitting BaMgAl10-
O17:Eu2+ (BAM:Eu2+), less stable than red-emitting or green-
emitting counterparts, has been studied intensively, particu-
larly after the baking process at 500 °C in the air for 30
min. There have been many attempts to understand the origin
of the observed thermal stability of BAM:Eu2+.7-12 Many
aspects have been discovered; however, we are still far from
a complete understanding. In addition, there are almost no
in-depth studies related to the thermal stability of phosphors
except BAM:Eu2+. Furthermore, to develop a new color-
emitting phosphor for PDP application, certain criteria are
needed to select a host lattice having a strong thermal stability
for Eu2+ ions.

On the basis of this motivation, we have studied the
thermal stability of several blue-emitting PDP phosphors and
obtained experimental results indicating that the crystal
structure of a host lattice might have large influence on its
thermal stability during the baking process. Through the
study utilizing a polymorph of BaAl2Si2O8:Eu2+, it was
suggested that the average interatomic distances (dEu-O)
between Eu2+ and the neighboring oxygen being short could
be considered as an important factor in a host lattice showing
thermal stability during the baking process.13

In order to check the validity of this hypothesis, we have
furtherevaluatedvariousphosphorsystemssuchaLaMgAl11O19:
Eu2+(LAM:Eu2+),CaMgSi2O6:Eu2+(CMS:Eu2+),andCaAl2Si2O8:
Eu2+ (CAS:Eu2+) and compared the phosphors with a
commercial BAM:Eu2+ phosphor.14-16 Table 1 shows the
result of a thermal stability test on various phosphor systems.
As shown in Table 1, it seemed that phosphors having the
shorter dEu-O showed stronger thermal stability in comparison

with the BAM:Eu2+ phosphor due to the Eu2+ ion, which
may be protected from an outer oxidation atmosphere
successfully. In addition, from checking the various phosphor
systems in terms of the thermal stability, our proposed
mechanism seems to work well.

On the basis of this information, the (Sr1-x,Bax)3MgSi2O8

(SBxMS) phosphor was selected as a host lattice for the Eu2+

activator. Because SBxMS does not have an open layer in
the host lattice and its structure has three different sites for
Eu2+ ions, it is suitable in terms of our previous findings
about the interatomic distance between the Eu2+ ion and its
neighboring oxygen ions. With consideration of structural
information, we have studied the present (Sr1-x,Bax)3MgSi2O8:
Eu2+ (SBxMS:Eu2+) phosphor with various Ba contents and
evaluated its thermal stability. Furthermore, the cause of the
thermal degradation of SBxMS:Eu2+ was investigated using
electron spin resonance (ESR) and Rietveld refinement
against its neutron powder diffraction data. To investigate
Ba substitution sites in the host lattice, geometry optimization
calculations for each given Eu site were performed with the
Cambridge Serial Total Energy Package (CASTEP) code,
which employs density functional theory, pseudopotential,
and a plane-wave basis set to provide a good atomic-level
description of all manners of materials and molecules.
Consequently, this study investigates the variation in thermal
stability of SBxMS:Eu2+ added with Ba after the baking
process and introduces a new blue-emitting phosphor for PDP
application.

2. Experimental Section

2.1. Sample Preparation. Powder samples of SBxMS:Eu2+ were
prepared by a solid-state reaction method. To synthesize the
phosphor samples, SrCO3 (Aldrich, 99.99%), BaCO3 (Aldrich,
99.99%), MgO (Aldrich, 99.99%), SiO2 (Kojundo, 99.99%), and
Eu2O3 (Aldrich, 99.99%) were used as raw materials. In this study,
through the optimization process of an activator ion, the concentra-
tion of Eu2+ was fixed to 0.02 mol for Sr elements. The raw
materials were mixed using an agate mortar for 1 h and subsequently
heated in a temperature range of 1300-1400 °C in a reducing
atmosphere of H2 (5%) and N2 (95%) for 3 h.

2.2. Photoluminescence (PL) Measurement. The emission
spectra of SBxMS:Eu2+ were obtained using a standard DARSA
PRO PL System (Professional Scientific Instrument Co, Korea)
spectrometer, which utilizes a deuterium lamp as an excitation
source. The sample chamber was maintained at about 5 × 10-5

torr using a turbo pump. PL spectra were obtained in a wavelength
region scanned from 360 to 600 nm under excitation of 147 nm
radiation from the deuterium lamp at room temperature. The
excitation spectrum in the VUV region was corrected by sodium
salicylate. In order to investigate the effect of the baking process
on the luminescent property of SBxMS:Eu2+, the phosphor samples
were baked at 500 °C in the air for 30 min and compared with one
another.

2.3. Structural Analysis of SBxMS:Eu2+ Phosphor. Neutron
powder diffraction data of the SBxMS:Eu2+ phosphor were collected
over scattering angles ranging from 0° to 140° using 1.8348 Å
neutrons on a high-resolution powder diffractometer at the Hanaro
Center of the Korea Atomic Energy Research Institute. The General
Structure Analysis System (GSAS) program was used to perform
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Table 1. PL Behaviors of Various Phosphors after Baking Process at
500 °C

phosphor
crystal

structure
∆I ()[(Ifresh -

Ibaked)/Ifresh] × 100)
Interatomic

distance (Å):dEu-O

BAM:Eu2+ hexagonal 25% 2.942
H-BAS:Eu2+13 hexagonal 34% 3.114
M-BAS:Eu2+13 monoclinic 0% 2.934
KBP:Eu2+ orthorhombic 7% 2.822
LAM:Eu2+ hexagonal 2% 2.734
CMS:Eu2+14,15 monoclinic 0% 2.497
CAS:Eu2+16 triclinic 8% ≈2.8
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the Rietveld refinement on the diffraction data.17 A pseudo-Voigt
function was chosen as a profile function among the profile
functions available in GSAS.

2.4. Electron Spin Resonance Analysis. To analyze the change
in Eu2+ ion sites, ESR (JES-FA200) measurements were carried
out at the X-band frequency at room temperature. These measure-
ments were expected to help to provide insight into the behavior
of Eu2+ ions at room temperature.

2.5. Geometry Optimization Calculation with CASTEP. The
geometric optimization calculation was done using CASTEP,
developed by Payne et al.18 The CASTEP code employs the plane-
wave basis set to treat valence electrons and pseudopotentials to
approximate the potential field of ion cores. Both the plane-wave
basis set and the pseudopotentials are efficient tools used in density
functional theory (DFT) and are especially suitable for calculations
involving geometric optimization for various structures. The
ultrasoft pseudopotentials and Perdew-Burke-Ernzerhof general-
ized gradient approximation functions were used for all calcula-
tions.19 The energy cutoff was set to be above 310 eV for every
element of SBxMS phosphor. Parameters for convergence control
of the geometry optimization were 0.2 × 10-5 eV/atom for total
energy, 0.05 eV/Å for maximum force, 0.1 GPa for stress, and 0.002
Å for displacement. The Momkhuorst-Pack scheme was used to
produce a uniform grid of k points along the three axes in reciprocal
space.20

3. Results and Discussion

3.1. Luminescent Properties of SBxMS:Eu2+ Phos-
phor. The excitation and emission spectra of SB0MS:Eu2+

are shown in Figure 1a. In the PL spectra, the emission peak
of SB0MS:Eu2+ was centered at about 460 nm. Its emission
band corresponds to the transition from the 4f65d excited
state to the 4f7 ground state of a Eu2+ ion. Because of the
strong crystal field around Eu2+ ions, the lowest 5d level
would become lower than the 6P7/2 level.21 Although the
optimization procedures were not performed perfectly, the
initial PL intensity of SB0MS:Eu2+ was about 75% of that
of a commercial BAM:Eu2+ under VUV excitation. The
obtained CIE color coordinates of the synthesized SB0MS:
Eu2+ were x ) 0.157 and y ) 0.083. Figure 1b shows the
dominant wavelength of SBxMS:Eu2+ depending upon Ba
content. With an increase in Ba content, a change of the
emission band to shorter wavelengths was observed. This
may be attributed to changes in the crystal field around Eu2+

with the addition of Ba. Although the 4f electrons of Eu2+

are not sensitive to their surroundings due to shielding by
the electrons present in the outer shell, the 5d electrons are
split by the crystal field, which may lead to a shift in the
emission peak of SBxMS:Eu2+.22 In a SBxMS:Eu2+ phosphor
system, the dominant emission wavelength could be easily

tuned from 434 to 460 nm depending upon the Ba content.
For example, at a Ba content of x ) 0.2, we could obtain a
dominant wavelength of 450 nm, similar to that of a
commercial BAM:Eu2+. As noted earlier with regard to
demand for a high degree of performance of PDPs, there is
strong demand for high color purity in the development of
a blue-emitting phosphor. Therefore, the tunability of the
emission wavelength of SBxMS:Eu2+ is a very attractive
property for a blue-emitting phosphor.

In order to investigate the aging property under a plasma
discharge environment, test panels adopting BAM:Eu2+

(commercial) and SB0.2MS:Eu2+ phosphors were fabricated
by a screen printing process and evaluated in a discharge
chamber maintained at 70 torr. The discharge gas was
prepared by mixing Xe (10%) and He (90%). The lumines-
cent properties of the panels were measured while driving
at 700 V and 20 kHz. The aging characteristics of the
phosphors using the test panels are demonstrated in Figure
2. The initial intensities of both phosphor panels decreased
due to contamination of the measurement system. However,
the aging property of the SB0.2MS:Eu2+ phosphor panel was
superior to that of the BAM:Eu2+ panel. Thus, Xe ion
bombardment appears to be rather inconsequential with
respect to the deterioration of SB0.2MS:Eu2+ in comparison
with BAM:Eu2+. Thus, SBxMS:Eu2+ could be a good
candidate for PDP blue phosphor, since it has a long lifetime
under a plasma environment.

In order to investigate their thermal stability after a baking
process, the SBxMS:Eu2+ phosphors were baked in the air
at 500 °C for 30 min. Figure 3 shows the relative PL intensity
of the SBxMS:Eu2+ phosphor samples in accordance with
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Figure 1. (a) Excitation and emission spectra of SB0MS:Eu2+ phosphor.
(b) The emission spectra of SBxMS:Eu2+ with different Ba contents. The
insert shows the dependence of peak wavelength on the Ba composition
parameter x.
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Ba content after the baking process. In particular, the PL
intensity of SB0MS:Eu2+ decreased significantly by as much
as 38% of the initial intensity, after the baking process.
However, with increasing Ba content, a reduction of the
decrease ratio was observed, as shown in Figure 3. When
Ba content introduced into the host lattice was above x )
0.3, the initial PL intensity of SBxMS:Eu2+ was maintained
after the baking process. This means that the addition of Ba
to the host lattice significantly affected the thermal stability
of the phosphor during the baking process. As noted earlier,
the thermal stability of phosphors during the manufacture
of PDPs is the most important demand for color-emitting
phosphors. Although the PL properties of SBxMS:Eu2+ were
excellent in terms of long-term stability under plasma
discharge and color purity, SBxMS:Eu2+ was not used as a
PDP phosphor. Therefore, it is worth it to investigate the
large variation of thermal stability in SBxMS:Eu2+ phosphor
samples.

3.2. Analysis of Ba Substitution Sites of SBxMS:Eu2+

Phosphor in Terms of Their Effects on Thermal
Stability. 3.2.1. Confirmation of Differences for Eu2+

Sites via ESR Analysis. The decrease of the PL intensity
of SBxMS:Eu2+ (x ) 0, 0.1, 0.2) can be attributed to either

the lattice degradation or the decrease of Eu2+ concentra-
tion.7,13 One of our previous studies showed that lattice
degradation of BaAl2Si2O8:Eu2+ phosphor did not affect its
PL intensity in a low-temperature region of about 500 °C.13

When the neutron powder diffraction (NPD) patterns of fresh
SBxMS:Eu2+ were compared with those of SBxMS:Eu2+

baked at 500 °C in the air, no impurity phase was found in
either. This result indicates that the concentration change of
Eu2+ ions which occurs in the air causes a PL intensity
decrease of SBxMS:Eu2+. These Eu2+ ions may occupy
preferred substitutional sites, which may influence the
thermal stability of the phosphor. There are three different
Sr sites in the SBxMS host lattice, and Eu2+ ions may occupy
substitutable sites depending upon the Ba content.

Bearing this in mind, the behavior of the PL decrease ratio
with various Ba contents in SBxMS:Eu2+ after the baking
process was investigated via an ESR experiment performed
on Eu2+ ions of these phosphor samples. The ESR technique
can deliver local information about the surroundings of the
Eu2+ ions, because the ESR signal from Eu2+ ions is highly
sensitive to different surroundings around Eu2+ ions (4f7, S
) 7/2, L ) 0, J ) 7/2).7,14 Figure 4 depicts the ESR spectra
of SBxMS:Eu2+ with various Ba contents. As shown in Figure
4, there are basically three different surroundings of Eu2+ in
the host lattice: at Ba contents x ) 0, x ) 0.1, and from x )
0.2 to x ) 0.4. The difference in the ESR signals can be
attributed to either the change of the space group or the
change of Eu2+ sites in the host lattice with Ba addition.
However, when structural refinements were carried out on
the SBxMS:Eu2+ phosphor samples, the structural parameters
of all samples using the same space group were determined
successfully. This indicates that Eu2+ ions could occupy the
different Sr sites in the host lattice depending upon the Ba
content. It is known that there are three different substitu-
tional sites of Eu2+ ions in this host lattice. And they have
different local structures and crystal fields due to different
coordinations and bond lengths between neighboring oxygen
and the Sr atoms for each Sr site. Comparing the relative
PL decrease ratio with the ESR results, it appears that the

Figure 2. Aging characteristics of test panels of BAM:Eu2+ and SB0.2MS:
Eu2+ phosphor.

Figure 3. Relative PL intensity of before and after baking process of
SBxMS:Eu2+ with various Ba contents.

Figure 4. ESR spectra of SBxMS:Eu2+ with various Ba contents.
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thermal stability of SBxMS:Eu2+ is closely related to the
substitutional site of Eu2+ in the host lattice.

3.2.2. Selection of Eu2+ Substitution Amount for
Each Sr Site via Structural Refinement and Quantum
Calculation. In order to determine which substitutional site
Eu2+ ions occupy, NPD analyses were carried out for the
SBxMS:Eu2+ phosphor samples. NPD analyses are particu-
larly useful in obtaining information on the oxygen atoms
in SBxMS:Eu2+.24 And NPD can discriminate adjacent atomic
species such as Mg2+ and Si4+ in SBxMS, because neutron
scattering is not dependent upon the number of electrons in
an atom. Unfortunately, because the concentration of Eu2+

ions in the host lattice was very small in comparison with
those of other elements, it was difficult to directly determine
which substitutional sites Eu2+ ions occupy via any analytical
tools. And, Eu content is also independent of Ba content ()
x) because the solubility limit of Eu2+ (>0.18) in the SBxMS
host lattice is a quite large amount compared with the 0.02
of Eu2+. Therefore, to determine the substitutional site of
Eu2+ for each Sr site, determination of the Ba substitutional
site was carried out using the Rietveld refinement method.
Because the ionic radius of Ba2+ (1.52 Å, n ) 10) is larger
than that of Eu2+ (1.35 Å, n ) 10), Eu2+ ions could substitute
for Sr2+ (1.36 Å, n ) 10) sites easily.25 Upon the incorpora-
tion of Ba ions into three different sites of Sr2+, Eu2+ ions
will substitute for Sr2+ sites having a similar ionic radius
rather than sites occupied by Ba2+, which have a larger ionic
radius. Therefore, it is very important to determine Ba
substitutional sites in the SBxMS host lattice depending upon
Ba content. In addition, the neutron scattering length between
Ba (0.52 × 10-12 cm) and Sr (0.69 × 10-12 cm) is sufficient
to discriminate each site occupancy of Ba.

When Ba2+ ions are incorporated into the crystal structure
of SBxMS, Ba2+ ions may substitute for all cationic sites,
that is, Sr2+, Mg2+, and Si4+. However, considering their
respective ionic radius and allowed oxygen-coordination
number (n), Mg2+ (0.72 Å, n ) 6), Si4+ (0.26 Å, n ) 4),
Sr2+ (1.36 Å, n ) 10), and Eu2+ (1.35 Å, n ) 10), it is
difficult for Ba2+ ions to substitute for Mg2+ or Si4+ ions.25

Therefore, the structural refinement proceeded under the
assumption that Ba2+ ions substituted only for Sr2+ sites.
The occupancies of the Ba2+ and Sr2+ sites were constrained
such that the total occupancy of Ba2+ and Sr2+ ions was
maintained to be unity depending on the Ba content () x).

Structural refinements were carried out for the SBxMS:
Eu2+ phosphor. A reasonable approximation of the actual
crystal structure as a starting model is required to perform
the crystal structural refinement. The starting structural model
for SBxMS:Eu2+ was built with crystallographic data reported
by Moore and Araki.23 Figure 5 shows the crystal structure
of SB0MS and three different Sr sites with their correspond-
ing coordination number. SB0MS (merwinite), which belongs
to a monoclinic space group (P21/a), consists of a [MgO6]
octahedral and a [SiO4] tetrahedral group.23 Sr ions are

present at three different sites in a unit cell, that is,
12-coordinated Sr(I), 10-coordinated Sr(II), and Sr(III) sites.

Figure 6 shows Rietveld refinement patterns of SBxMS:
Eu2+. The final weighted R factors, Rwp, of all samples were
successfully converged to a satisfactory level (Rwp )
4.39∼5.09%). The refined structural parameters, selected
atomic distances, and bond angles of SB0.4MS:Eu2+ are listed
representatively in Tables 2 and 3. The structural parameters
of SBxMS:Eu2+ have been determined successfully by the
Rietveld refinement method.

Figure 7a shows the relative amount of substitutional
elemental Ba at three different Sr sites as obtained by the
Rietveld refinement. As shown in Figure 7a, at a Ba content
of x ) 0.1, the amount of Ba substitution for three Sr sites
showed a similar weight between 30 and 35%. This indicates
that Ba ions randomly occupied each Sr site in the initial
stage. However, with increasing Ba content, the amounts of
Ba substitution varied distinctly depending upon the sites,
particularly the Sr(I) and Sr(III) sites. Notably, the Sr(III)
site had very little substitution by Ba ions at x ) 0.3 and
0.4. On the basis of the calculated relative amount of
substitutional Ba atoms, the occupation probability of Eu2+

ions for each given Sr site was defined and estimated as
follows:

occupation probability of Eu2+ions for each Sr site)
Sr mol % at each site

Sr mol % of (Sr(I)+ Sr(II)+ Sr(III) site)

Due to the similar ionic radius between Eu (1.35 Å, n )
10) and Sr (1.36 Å, n ) 10) atoms, it was initially assumed
that Eu2+ ions mainly substituted for the Sr site rather than
Ba (1.52 Å, n ) 10). Using the equation defined above, the
occupation probabilities of Eu2+ ions for each Sr site are
listed in Table 4. As shown in Table 4, the occupation
probability of Eu2+ at the Sr(II) site was not changed with
Ba addition. However, in the cases of the Sr(I) and Sr(III)
sites, the occupation probability of Eu2+ was dramatically
changed with increasing Ba content. Therefore, it is evident
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Figure 5. Crystal structure and cation polyhedra arrangements of SBxMS:
Eu2+ phosphor.
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that the amount of Eu2+ ions in the Sr(I) and Sr(III) sites
plays an important role in the thermal stability. The proposed
mechanism that Eu2+ ions occupy substitutional sites selec-
tively depending on Ba content is schematically illustrated
in Figure 8. As noted in earlier results pertaining to ESR
with various Ba contents, there are basically three different
surroundings of Eu2+ in the host lattice. The effect of the
amount of Ba substitution for Sr sites showed good agree-
ment with the ESR results. Consequently, the difference in
the thermal stability of SBxMS:Eu2+ with various Ba contents
could be explained by the preference of Eu2+ for Sr sites.

The difference in Eu2+ substitution site serves as a shield
for Eu2+ against the oxidizing atmosphere during the baking
process.

Through our previous study utilizing a polymorph of
BaAl2Si2O8:Eu2+, it was suggested that two criteria could
be used in selecting a host lattice showing thermal stability
during the baking process, dEu-O and a non-open-structure.13

The average interatomic length was thus calculated to
quantitatively confirm the sensitivity of Eu2+ ions to the outer
oxidizing atmosphere on the basis of a Rietveld refinement.
From the Rietveld refinement results shown in Figure 7b and

Figure 6. Rietveld refinement patterns for SBxS:Eu2+ NPD data: (a) x ) 0.1, (b) x ) 0.2, (c) x ) 0.3, and (d) x ) 4. Dot marks represent the observed
intensities, and the solid line represents calculated ones. A difference (obsd - calcd) plot is shown beneath. Vertical lines in the top position indicate the
reflection positions.

Table 2. Refined Structural Parameters of SB0.4MS:Eu2+ Obtained from the Rietveld Refinement Using NPD Data Taken at Room Temperaturea,b,c,d

SB0.4MS:Eu2+

atom position x y z ge 100 × Uiso/Å2f

Sr (1) 4e 0.2530(8) 0.2501(9) 0.2551(5) 0.203(4) 1.09(5)
Ba (1) 4e 0.2530(8) 0.2501(9) 0.2551(5) 0.797(4) 1.09(5)
Sr (2) 4e 0.0826(9) 0.2457(3) -0.0880(4) 0.666(4) 0.18(8)
Ba (2) 4e 0.0826(9) 0.2457(3) -0.0880(4) 0.334(4) 0.18(8)
Sr (3) 4e 0.0804(6) 0.7515(8) 0.4137(3) 0.931(4) 0.40(2)
Ba (3) 4e 0.0804(6) 0.7515(8) 0.4137(3) 0.069(4) 0.40(2)
Mg 4e -0.0007(1) 0.2434(2) 0.2444(2) 1.0 0.43(6)
Si (1) 4e 0.1359(4) 0.2524(4) 0.5837(7) 1.0 0.12(7)
Si (2) 4e 0.1337(8) 0.7491(2) 0.0807(7) 1.0 0.08(1)
O (1) 4e 0.0896(9) 0.2454(6) 0.4210(4) 1.0 1.41(5)
O (2) 4e 0.0882(2) 0.4865(1) 0.6579(9) 1.0 0.55(6)
O (3) 4e 0.0872(4) 0.0081(4) 0.6586(6) 1.0 0.04(1)
O (4) 4e 0.2466(7) 0.2526(3) 0.5783(7) 1.0 1.15(1)
O (5) 4e 0.0865(8) 0.7531(7) -0.0756(8) 1.0 1.25(4)
O (6) 4e 0.2504(6) 0.7296(4) 0.0755(2) 1.0 0.65(3)
O (7) 4e 0.0898(6) 0.5072(6) 0.1609(1) 1.0 0.34(3)
O (8) 4e 0.0925(4) -0.0125(4) 0.1587(5) 1.0 0.30(5)

a The numbers in parentheses are the estimated standard deviations of the last significant. b Space group: P21/a (No.14) a ) 14.0722(1) Å, b ) 5.5093(1)
Å, and c ) 9.9532(1) Å. R ) 90°, � ) 90.021°, and γ ) 90°. c Constraint on occupancy: g(Ba(1)) + g(Sr(1)) ) g(Ba(2)) + g(Sr(2)) ) g(Ba(3)) + g(Sr(3))
) 1, g(Ba(1)) + g(Ba(2)) + g(Ba(3)) ) 1.2. d Constraint on isotropic atomic displacement factor: Uiso(Ba(1)) ) Uiso(Sr(1)), Uiso(Ba(2)) ) Uiso(Sr(2)),
Uiso(Ba(3)) ) Uiso(Sr(3)). e Occupation factor. f Isotropic atomic displacement factor.
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Table 3, the average interatomic length between Eu2+ and
the oxygen (dEu-O) of the Sr sites dramatically changed
depending on the Ba content () x) due to the site preference
of Ba. In particular, the dEu-O in SB0.4MS:Eu2+ was 2.741(2)
Å in the Sr(III) site, while the dEu-O values of the Sr(I) and
Sr(II) sites are 2.996(1) Å and 2.748(2) Å, respectively. The
difference in dEu-O values of the Sr sites supports Eu2+ ions
substituting the Sr(I) and(II) sites possibly being more
sensitive to the external environmental conditions.

To confirm the results showing preferred Ba substitution
sites obtained by the Rietveld refinement using NPD, we
carried out a quantum calculation based on the CASTEP
program. For the calculation of total energy, we assumed
the following two conditions: (1) Ba ions are substituted for
one or two Sr sites completely, and (2) as the total energy
of the system is lowered, the site in the host lattice becomes
accordingly more stable. Table 5 shows the calculated total
energy of each given Sr site substituted with Ba atoms.
Among the three Sr sites substituted with Ba, the Sr(I) site
was the most stable. Furthermore, Sr(I) and Sr(II) sites had
the lowest total energy for the given combination of Sr sites.
The Rietveld refinement result agreed very well with the total

Table 3. Selected Interatomic Distances and Bond Angles for SB0.4MS:Eu2+ at Room Temperature

SB0.4MS:Eu2+

distance (Å) angle (deg) distance (Å) angle (deg)

Tetrahedron Coordination
Si(1)-O(1) 1.682(1) O(1)-Si(1)-O(2) 105.1(1) Si(2)-O(5) 1.632(2) O(5)-Si(2)-O(6) 112.2(1)
Si(1)-O(2) 1.617(1) O(1)- Si(1)-O(3) 102.5(1) Si(2)-O(6) 1.646(1) O(5)- Si(2)-O(7) 106.2(2)
Si(1)-O(3) 1.670(2) O(1)-Si(1)-O(4) 110.8(1) Si(2)-O(7) 1.655(2) O(5)-Si(2)-O(8) 105.2(1)
Si(1)-O(4) 1.559(2) O(2)- Si(1)-O(3) 106.5(1) Si(2)-O(8) 1.616(2) O(6)-Si(2)-O(7) 109.5(1)

O(2)-Si(1)-O(4) 115.4(1) O(6)-Si(2)-O(8) 115.1(2)
O(3)-Si(1)-O(4) 115.1(1) O(7)-Si(2)-O(8) 107.9(1)

Octahedron Coordination
Mg(1)-O(1) 2.109(2) O(1)-Mg(1)-O(2) 89.7(2) O(2)-Mg(1)-O(7) 91.8(2)
Mg(1)-O(2) 2.103(2) O(1)-Mg(1)-O(2) 90.1(1) O(2)-Mg(1)-O(8) 175.9(1)
Mg(1)-O(3) 2.063(1) O(1)-Mg(1)-O(2) 179.1(1) O(3)-Mg(1)-O(5) 90.5(2)
Mg(1)-O(5) 2.011(1) O(1)-Mg(1)-O(2) 86.1(1) O(3)-Mg(1)-O(7) 175.7(2)
Mg(1)-O(7) 2.091(1) O(1)-Mg(1)-O(2) 86.3(2) O(3)-Mg(1)-O(8) 95.2(2)
Mg(1)-O(8) 2.092(2) O(2)-Mg(1)-O(3) 86.1(1) O(5)-Mg(1)-O(7) 93.1(2)

O(2)-Mg(1)-O(5) 89.7(1) O(5)-Mg(1)-O(8) 94.0(2)
O(7)-Mg(1)-O(8) 86.4(1)

12-Coordinated Polyhedron: Sr(I) Site 10-Coordinated Polyhedron: Sr(II) Site 10-Coordinated Polyhedron: Sr(III) Site
Sr(1)-O(1) 2.791(1) Sr(2)-O(2) 2.761(2) Sr(3)-O(1) 2.792(1)
Sr(1)-O(2) 2.789(2) Sr(2)-O(3) 2.747(1) Sr(3)-O(1) 2.724(2)
Sr(1)-O(3) 2.782(1) Sr(2)-O(5) 2.716(2) Sr(3)-O(1) 2.866(1)
Sr(1)-O(4) 3.082(1) Sr(2)-O(5) 2.798(2) Sr(3)-O(2) 2.750(1)
Sr(1)-O(4) 3.167(1) Sr(2)-O(5) 2.848(1) Sr(3)-O(2) 2.796(2)
Sr(1)-O(4) 3.190(2) Sr(2)-O(6) 2.352(2) Sr(3)-O(3) 2.730(2)
Sr(1)-O(5) 2.831(1) Sr(2)-O(7) 2.778(1) Sr(3)-O(3) 2.792(1)
Sr(1)-O(6) 3.340(1) Sr(2)-O(7) 2.868(2) Sr(3)-O(4) 2.433(2)
Sr(1)-O(6) 3.148(1) Sr(2)-O(8) 2.752(2) Sr(3)-O(7) 2.763(2)
Sr(1)-O(6) 3.154(1) Sr(2)-O(8) 2.860(2) Sr(3)-O(8) 2.761(1)
Sr(1)-O(7) 2.843(2)
Sr(1)-O(8) 2.835(2)

Figure 7. (a) Relative amount of Ba substitution at three different Sr sites
against NPD and (b) interatomic distances between Eu2+ and O2- (dEu-O)
depending on Ba content () x).

Table 4. Calculated Occupation Probability of Eu2+ Ions for Occupying
Each Sr Site of SBxMS:Eu2+a

occupation probability of Eu2+ (%)

Ba mol (x) Sr(I) site Sr(II) site Sr(III) site

0.1 33 33 34
0.2 31 32 37
0.3 18 37 45
0.4 11 37 52

a Occupation probability of Eu2+ (%).
Figure 8. Schematic diagram of proposed model for thermal stability
depending upon Ba content.
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energy of the system on the basis of the quantum calculation.
We also considered variation of the total energy for the given
system with Sr sites substituted with Ba atoms. As shown
in Figure 5 and Table 3, the Sr(I) site is located in a relatively
open place (longer dEu-O) among the three Sr sites of SBxMS.
As a result, the Sr(I) site is the most stable site in SBxMS
with increasing Ba content. However, both the Sr(II) and
Sr(III) sites showed a similar value of dEu-O. Although there
is only a slight difference between the Sr(II) and Sr(III) sites
in terms of dEu-O, their atomic coordination and the angle
between Eu2+ and neighboring oxygen showed large differ-
ences, as shown in Table 6. The difference in O-Sr-O

angles supports the data indicating that the Sr(II) environment
appears more isotropic than the Sr(III) one; it may explain
Ba preference for the Sr(II) site. Therefore, it was demon-
strated that preferential occupation of a given Sr site among
three possible Sr sites occurs in SBxMS with Ba addition.

Conclusion

The thermal stability of a blue-emitting SBxMS:Eu2+

phosphor, synthesized by a conventional solid-state reaction,
has been evaluated. The improvement in the thermal stability
with Ba addition can be ascribed to both the preference of
Ba to occupy Sr sites and the average interatomic length
between the Eu2+ ion and the neighboring oxygen ions
(dEu-O). Through various experimental results, we could infer
that the Ba substitution on preferential Sr sites leads to the
repulsion of Eu2+ ions on low-coordinated and smaller Sr
sites and favors the thermal stability of the phosphor. Thus,
due to the increase of occupation probability of Eu2+ for a
Sr site having a shorter dEu-O, the thermal stability of the
phosphor changed dramatically depending upon the amount
of Ba content. Consequently, thermal stability can be
enhanced via the change of a Eu2+ site having a short dEu-O

through the substitution of an element of the host lattice.
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Table 5. Calculated Total Energy of SBxMS System for Occupying
Each Substitutional Site with the Ba Atom

replaced atomic site replacing atom energy (eV)

Sr(III) Ba -2.84324988 × 104

Sr(II) Ba -2.84348694 × 104

Sr(I) Ba -2.84348743 × 104

Sr(I), Sr(II) Ba,Ba -2.78859816 × 104

Sr(II), Sr(III) Ba,Ba -2.78833882 × 104

Sr(I), Sr(III) Ba,Ba -2.78859623 × 104

Table 6. Selected Bond Angles of O-Sr-O for SB0.4MS:Eu2+ at
Room Temperature

Sr(II) site angle (deg) Sr(III) site angle (deg)

O(2)-Sr(2)-O(3) 57.165(1) O(1)-Sr(3)-O(2) 56.416(1)
O(2)-Sr(2)-O(5) 63.674(1) O(1)-Sr(3)-O(3) 119.599(1)
O(2)-Sr(2)-O(6) 91.957(4) O(1)-Sr(3)-O(4) 87.427(0)
O(2)-Sr(2)-O(7) 65.420(3) O(1)-Sr(3)-O(7) 62.170(1)
O(2)-Sr(2)-O(8) 91.933(3) O(1)-Sr(3)-O(8) 119.276(1)
O(3)-Sr(2)-O(5) 64.006(1) O(2)-Sr(3)-O(3) 63.242(2)
O(3)-Sr(2)-O(6) 90.176(4) O(2)-Sr(3)-O(4) 86.315(3)
O(3)-Sr(2)-O(7) 91.905(3) O(2)-Sr(3)-O(7) 118.534(2)
O(3)-Sr(2)-O(8) 66.380(3) O(2)-Sr(3)-O(8) 172.970(0)
O(5)-Sr(2)-O(6) 86.564(0) O(3)-Sr(3)-O(4) 86.429(3)
O(5)-Sr(2)-O(7) 56.304(1) O(3)-Sr(3)-O(7) 174.845(0)
O(5)-Sr(2)-O(8) 56.332(1) O(3)-Sr(3)-O(8) 120.449(1)
O(6)-Sr(2)-O(7) 86.574(3) O(4)-Sr(3)-O(7) 88.850(4)
O(6)-Sr(2)-O(8) 83.525(3) O(4)-Sr(3)-O(8) 87.950(4)
O(7)-Sr(2)-O(8) 55.004(1) O(7)-Sr(3)-O(8) 57.225(1)
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