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Using density functional theory, we studied band structure, density of states, optical properties and Mulliken population of the pure and SiN doped BaMgAl10 O17 :Eu2+ (BAM:Eu2+ )
phosphors. Calculation results showed that the bands of BAM:Eu2+ were of low band energy dispersion, indicating large joint density of states, hence high performance of optical
absorption and luminescence. BAM:Eu2+ showed stronger absorption intensity while Eu2+
occupied the BR sites instead of the mO sites. The concentration of Eu2+ at BR sites
increased while that at mO sites decreased after Si−N doping. The influence of the variation of Eu2+ distribution on the spectra was stronger than the influence of the decrease
of Eu2+ PDOS when SiN concentration was lower than 0.25, therefore the absorption and
luminescence intensity of BAM:Eu2+ were enhanced. Mulliken population of Si−N bond
was higher than Al−O bond, while that of Eu−N bond was higher than Eu−O bond as well,
indicating that Si−N bonds and Eu−N bonds possessed higher covalence than Al−O bonds
and Eu−N bonds respectively. The existence of Si−N bonds and Eu−N bonds enhanced the
local covalence of Eu2+ , hence the optical stability of BAM:Eu2+ .
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I. INTRODUCTION
2+

In recent years, (oxo)nitridosilicate phosphors have
been widely investigated due to their excellent chemical,
thermal and anti-oxidation properties [14−19], and SiN
plays significant role. Thus, our group drew out a novel
procedure to enhance the optical stability of BAM:Eu2+
by SiN doping. Due to the similar bond length and
property of Si−N bonds and Al−O bonds, Si−N pairs
can partly substitute Al−O pairs without leading to significant distortion. Furthermore, Si−N bond (dissociation energy De =1.2×10−6 cm−1 ) is stronger than Al−O
bond (De =1.08×10−6 cm−1 ) [20], while the electronegativity of N is smaller than O, which could enhance the
local covalence of the lattice around Eu2+ , and then
enhance the optical stability of BAM:Eu2+ [19, 21]
In our previous experimental works, we have indicated that the optical stability of BAM:Eu2+ were reinforced by SiN doping [21, 22]. The intensity of excitation and emission spectra was enhanced along with
the increase of SiN concentration up to x=0.25. The
spectra intensity of SiN doped BAM:Eu2+ increased after baked at 600 ◦ C in air for 1 h, whereas the spectra intensity of pure BAM:Eu2+ decreased. Furthermore, the study on the crystal structure of SiN doped
BAM:Eu2+ has been performed, and the most stable
configuration of SiN doped BAM:Eu2+ was determined,
in which Si−N were formed and substituted the Al−O

2+

BaMgAl10 O17 :Eu
(BAM:Eu ) has been used
widely as the commercial blue light emitting phosphor
in various luminescent equipments such as LEDs and
PDPs due to its remarkable performance in terms of luminescence intensity, quantum efficiency, chromaticity
and etc. However, BAM:Eu2+ suffers from instability
[1−4]. BAM:Eu2+ lattice is constituted by two parts:
the spinal blocks constructed by Al−O pairs and Mg;
and the mirror layers constructed by Ba and O, in which
Eu2+ exists. As well known, the mirror layers process
high activity, and Eu2+ could be oxidized to Eu3+ by
heating or lighting in the air, thus debasing the luminescence efficiency, which is considered as the main origin
of the optical instability of BAM:Eu2+ [1−11].
A great many of effort have been devoted to improving the optical stability of BAM:Eu2+ , such as coating
[12], compositional variation [13], and baking in a
non-oxidizing atmosphere [6]. However, most of these
methods could hardly be used in mass production due
to their complicated technological conditions.
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FIG. 1 The configuration of (a) pure-BAM:Eu2+ , (b) SiN doped BAM:Eu2+ , and (c) the BR, mO, aBR sites in mirror layer.

pair on the border of the spinel layer, and the Eu2+
preferred to bonding with Si−N [21, 22].
In this work, in order to investigate the mechanism
of the enhanced optical stability of BAM:Eu2+ by SiN
doping in theory, we have carried out the first-principles
calculations of band structure, density of states, optical property and Mulliken population of pure and SiN
doped BAM:Eu2+ ,

II. CALCULATION DETAILS

Pure BAM belongs to hexagonal crystal system, the
space group is P63/mmc and the lattice constants are
determined as follows: a=b=5.6269 Å, c=22.6620 Å,
α=β=90◦ , γ=120◦ [23]. The optimal concentration
of Eu2+ in Ba1−x Eux MgAl10 O17 system is 0.12. To
simulate this concentration, we have built a 2×2×1
supercell and substituted one Eu2+ for one Ba2+
(Fig.1(a)). Thus, the concentration of Eu2+ in the
supercell is 0.125, which is very close to the experimental value. The structure of SiN doped BAM:Eu2+
is shown in Fig.1(b), SiN concentration is y=0.125 in
BaMgAl10−y O17−y Siy Ny system.
First-principles calculation was carried out by
the Cambridge Sequential Total Energy Package
(CASTEP) code [24−26]. The CASTEP code employed
the plane-wave basis sets to treat valence electrons and
pseudo-potentials to approximate the potential field of
ion core [27, 28]. Both of the plane-wave basis sets and
the pseudopotentials are efficient tools of density functional theory. The ultrasoft pseudopotential and local
density approximation (LDA) were used in our calculations [29].
Calculations for pure-BAM:Eu2+ and SiN doped
BAM:Eu2+ require full geometry optimization first. We
set cut-off energy to be 550 eV, k-point to be 3×3×1
and survey of consumer finances (SCF) tolerance to
be 1 µeV/atom. Parameters for geometry optimization
DOI:10.1088/1674-0068/25/04/398-402

TABLE I The potential energy of Eu2+ at three sites.
Eu2+ sites
BR
mO
aBR

Energy/eV
−21353.6409
−21353.3940
−21350.2641

∆E/meV
0
246.9
3376.8

convergence control were set as follows: 10 µeV/atom
for energy, 0.03 eV/Å for force, 0.05 GPa for stress, and
0.001 Å for displacement. Lattice constants of optimized structure of pure-BAM:Eu2+ are a=b=5.5463 Å,
c=22.2629 Å, while that of SiN doped BAM:Eu2+ are
a=b=5.5471 Å, c=22.2330 Å. The maximum deviation
between experimental and calculated lattice constants
is 1.9%, which is within the tolerance range.

III. RESULTS AND DISCUSSION
A. Position of Eu2+

There are three sites that Eu2+ might occupy in
the mirror layer: BR (Beevers-Ross) site, aBR (antiBeevers-Ross) site, and mO (mid-oxygen) (Fig.1(c))
[23]. The potential energy of each site could be
acquired by optimizing the structures with Eu2+ at
these sites respectively. Calculation results are listed in
Table I. It is obvious that the potential energy of aBR
site is much higher than the other two sites, indicating
that the probability is low for Eu2+ to occupy the
aBR sites. Whereas the potential energies of BR and
mO are much close, implying that Eu2+ may occupy
both the BR and mO sites. However, the mO sites
become unstable after SiN doping, Eu2+ transfers from
mO sites to BR sites during geometry optimization.
Therefore, the properties calculations are based on the
structure with Eu2+ at BR sites.
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FIG. 2 The band structure of (a) pure and (b) SiN doped BAM:Eu2+ .

FIG. 3 The calculated total DOS and Eu PDOS of (a) pure and (b) SiN doped BAM:Eu2+ .

B. Band structure

Figures 2 and 3 show the calculated band structure
and density of states (DOS) of pure and SiN doped
BAM:Eu2+ respectively. States near Fermi level are
composed by 4f states of Eu2+ , which shows little split.
It is similar to the level of free ions, due to the screening
effect caused by 5s and 5p electrons, which isolate the 4f
level from the influence of the crystal field. BAM:Eu2+
phosphor shows a direct band gap, which is propitious
to luminescence since the transition probability of the
direct band gap is higher than that of the indirect band
gap due to no phonons involved in the transition process [30]. Furthermore, both the valence and conduction
bands are of low band energy dispersion in E(k), indicating large joint density of states, hence the optical
absorption and luminescence [31].
C. DOS and absorption spectra

Figures 3 and 4(a) show the calculated density of
states and absorption spectra of the pure and SiN doped
DOI:10.1088/1674-0068/25/04/398-402

BAM:Eu2+ with Eu2+ at BR sites respectively. The
absorption spectrum of pure-BAM:Eu2+ consists two
bands in near-UV region, with the peaks near 310 nm
(peak I) and 260 nm (peak II) respectively, which is
well matched with the experimental excitation spectra
(Fig.4(b)). The near-UV absorption bands are assigned
to the well known electronic transitions from 4f7 levels
to 4f6 5d1 levels of Eu2+ . Especially, peak I and peak II
are correlated with the transitions from peak γ to peak
α and peak β in DOS respectively.
Variations take place in the distribution of DOS after SiN doping. Especially, the PDOS of Eu at peak
δ decreased. The relationship of the DOS and the absorption spectra is determined as follows:
I ∝ Nv Nc

(1)

I represents the absorption intensity, Nv and Nc represent the density of states of valence and conduction
band respectively [32].
As a result, decrease of DOS leads to decrease of absorption intensity, which is clearly reflected in absorpc
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FIG. 4 Calculated absorption spectra of pure BAM:Eu2+ and SiN doped BAM:Eu2+ with Eu2+ at BR site (a), and the
experimental excitation and emission spectra with varying SiN concentrations x (b), I and II represent the two absorption
peaks of BAM:Eu2+ .

tion spectrum. The variation trend of calculated absorption spectra is somewhat mismatched with the experimental spectra, because the redshift of experimental
spectra is not so remarkable and the intensity of experimental spectra increase while the concentration of
SiN is less than 0.25. We consider the mismatches between experimental and calculated spectra are related
to the variation of Eu2+ concentration in different sites
after SiN doping. Thus, we carried out the absorption spectra of pure-BAM:Eu2+ with Eu2+ at mO sites
as shown in Fig.5. Compared with the spectrum of
pure-BAM:Eu2+ with Eu2+ at BR sites, the spectrum
with Eu2+ at mO sites shows redshift and intensity decrease, which is similar to the spectrum of SiN doped
BAM:Eu2+ shown in Fig.4(a).
In summary, an explication was propounded for the
contradiction of experimental and calculated spectra
shown in Fig.4 as follows: there are a considerable
amount of Eu2+ occupying the mO sites in pureBAM:Eu2+ lattice, and the experimental spectrum is
a superposition of the spectra of the configurations
with Eu2+ at BR sites and mO sites. For SiN doped
BAM:Eu2+ , the mO sites become unstable, and the
Eu2+ ions transfer from mO sites to BR sites. As a
result, the concentration of Eu2+ at BR sites increases
whereas the concentration of Eu2+ at mO sites decreases. Thus, the influence of SiN doping on the absorption spectra could be divided into two respects: on
one hand, the PDOS of Eu decreases after SiN doping,
which induce redshift and intensity decrease in absorption spectra; on the other hand, the concentration of
Eu2+ at BR sites increases after SiN doping, which induce blueshift and intensity increase in absorption spectra. While the amount of SiN is low, the decrease of
Eu PDOS is not distinct. Thus, the influence of the
first respect is weaker than the second, which induce
the intensity increase of absorption spectrum. Whereas
the amount of Eu2+ at BR sites will not increase after SiN amount is higher than a critical value, due to
the total concentration of Eu2+ being finite. While the
SiN amount is considerable, the decrease of Eu PDOS
DOI:10.1088/1674-0068/25/04/398-402

FIG. 5 Calculated absorption spectra of pure-BAM:Eu2+
at BR and mO sites.

becomes significant. Thus, the influence of the first respect is stronger than the second respect, which induces
the intensity decrease of absorption spectra. A critical SiN concentration could be determined to make the
absorption intensity become optimal. In our previous
work, the critical SiN concentration is 0.25 [20].
D. Mulliken population analysis

The Mulliken population of Eu−O, Eu−N, Al−O,
and Si−N bond are 0.04, 0.12, 0.46, and 0.89, respectively. It is clear that the Mulliken population of
Eu−O∗ , Eu−N, Al−O, and Si−N are positive, which
means all of the four bonds are covalent. The Mulliken
population of Si−N bond is 0.89, higher than Al−O
bond (0.46), indicating that the covalence of Si−N bond
is stronger than Al−O. On the other hand, the Mulliken
population of Eu−N bond is 0.12, higher than Eu−O
(0.06), which means Eu−N bonds have higher covalence
than Eu−O bonds. The stronger covalence of Eu−N−Si
reduces the activity of mirror layers, thus enhances the
stability of the valence state of Eu2+ , and the stability
of BAM:Eu2+ phosphor. Figure 6 shows the electron
density distribution near Eu2+ . It is obvious that the
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FIG. 6 Electron density distribution near Eu2+ in pureBAM:Eu2+ (a) and SiN doped BAM:Eu2+ (b).

electron density on Eu−N−Si is stronger than that on
Eu−O−Al, certificating that the covalence of Eu−N−Si
is stronger than Eu−O−Al, which is coincided with the
Mulliken population.
IV. CONCLUSION

First-principles studies indicate that, the concentration of Eu2+ at BR sites increases while that of Eu2+ at
mO sites decreases. The influence on the spectra caused
by the variation of Eu2+ distribution in different sites is
stronger than that caused by the variation of DOS when
SiN concentration is lower than 0.25, leading to the enhanced optical absorption. Mulliken population analysis shows that the covalences of Si−N bond and Eu−N
bond are stronger than Al−O bond and Eu−O bond
respectively, indicating that the stability of BAM:Eu2+
is enhanced by SiN doping, which provides a theoretical
basis for the experimental results.
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[3] T. Jüstel, H. Bechtel, W. Mayr, and D. U. Wiechert, J.
Lumin. 104, 137 (2003).
[4] S. Zhang, T. Kono, A. Ito, T. Yasaka, and H. Uchiike,
J. Lumin. 106, 39 (2004).
[5] K. S. Sohn, S. S. Kim, and H. D. Park, Appl. Phys.
Lett. 81, 1759 (2002).

DOI:10.1088/1674-0068/25/04/398-402

[6] G. Bizarri and B. Moine, J. Lumin. 113, 199 (2005).
[7] B. Dawson, M. Ferguson, G. Marking, and A. L. Diaz,
Chem. Mater. 16, 5311 (2004).
[8] J. Lambert, G. Wallez, M. Quarton, T. L. Mercier, and
W. van Beek, J. Lumin. 128, 366 (2008).
[9] H. Tanno, S. X. Zhang, T. Shinoda, and H. Kajiyama,
J. Lumin. 130, 82 (2010).
[10] B. Moine and G. Bizarri, Opt. Mater. 28, 587 (2006).
[11] B. Howe and A. L. Diaz, J. Lumin. 109, 51 (2004).
[12] S. H. Sohn, J. H. Lee, and S. M. Lee, J. Lumin. 129,
478 (2009).
[13] Z. H. Zhang and Y. H. Wang, Mater. Lett. 61, 4128
(2007).
[14] J. W. H. van Krevel, J. W. T. van Rutten, H. Mandal,
H. T. Hintzen, and R. Metselaar, J. Solid State Chem.
165, 19 (2002).
[15] R. J. Xie, M. Mitomo, K. Uheda, F. F. Xu, and Y.
Akimune, J. Am. Ceram. Soc. 85, 1229 (2002).
[16] N. Hirosaki, R. J. Xie, K. Kimoto, T. Sekiguchi, Y.
Yamamoto, and T. Suehiro, Appl. Phys. Lett. 86, 1905
(2005).
[17] W. R. Liu, C. W. Yeh, C. H. Huang, C. C. Lin, Y. C.
Chiu, Y. T. Yeh, and R. S. Liu, J. Mater. Chem. 21,
3740 (2011).
[18] C. Hecht, F. Stadler, J. Schmidt, J. S. A. der Guenne,
V. Baumann, and W. Schnick, Chem. Mater. 21, 1595
(2009).
[19] X. Xu, J. Y. Tang, T. Nishimura, and L. Y. Hao, Acta
Mater. 59, 1570 (2011).
[20] K. P. Huber and G. Herzberg, Molecular Spectra and
Molecular Structure IV, New York: Van Nostrand Reinhold Company, (1979).
[21] Y. F. Wang, X. Xu, L. J. Yin, and L. Y. Hao, J. Am.
Ceram. Soc. 93, 1534 (2010).
[22] Y. F. Wang, Ph.D. Dissertation, Hefei: University of
Science and Technology of China, (2011).
[23] Z. H. Wu and A. N. Cormark, J. Electroceram. 10, 179
(2003).
[24] Y. C. Cheng, X. L. Wu, J. Zhu, and L. L. Xu, J. Appl.
Phys. 103, 3707 (2008).
[25] M. D. Segall, P. J. D. Lindan, M. J. Probert, C. J.
Pickard, P. J. Hasnip, S. J. Clark, and M. C. Payne, J.
Phys. Condens. Matter 14, 2717 (2002).
[26] C. J. Duan, X. J. Wang, and J. T. Zhao, J. Appl. Phys.
101, 3501 (2007).
[27] G. Kresse and D. Joubert, Phys. Rev. B 59, 1758
(1999).
[28] V. Milman, B. Winkler, J. A. White, Int. J. Quantum.
Chem. 77, 895 (2000).
[29] D. Vanderbilt, Phys. Rev. B. 41, 7892 (1990)
[30] P. S. Kireev, Semiconductor Physics, Moscow: Mir
Publishers, (1978).
[31] J. G. Sole, L. E. Bausa, and D. Jaque, An Introduction to the Optical Spectroscopy of Inorganic Solid, New
York: John Wiley & Sons Ltd., (2005).
[32] R. C. Fang, Solid State Spectroscopy, Hefei: University
of Science and Technology of China Press, (2003).

c
°2012
Chinese Physical Society

