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Abstract: The efficient green phosphor
Ba3Si6O12N2:Eu2+ and its solid-solution
series Ba3�xSrxSi6O12N2 (with x�0.4
and 1) were synthesized in a radio-fre-
quency furnace under nitrogen atmos-
phere at temperatures up to 1425 8C.
The crystal structure (Ba3Si6O12N2,
space group P3̄ (no. 147), a=7.5218(1),
c=6.4684(1) �, wR2= 0.048, Z=1) has
been solved and refined on the basis of
both single-crystal and powder X-ray
diffraction data. Ba3Si6O12N2:Eu2+ is a
layer-like oxonitridosilicate and con-
sists of vertex-sharing SiO3N-tetrahe-
dra forming 6er- and 4er-rings as fun-
damental building units (FBU). The ni-
trogen atoms are connected to three
silicon atoms (N[3]), while the oxygen
atoms are either terminally bound
(O[1]) or bridge two silicon atoms (O[2])

(numbers in superscripted square
brackets after atoms indicate the coor-
dination number of the atom in ques-
tion). Two crystallographically inde-
pendent Ba2+ sites are situated be-
tween the silicate layers. Luminescence
investigations have shown that
Ba3Si6O12N2:Eu2+ exhibits excellent lu-
minescence properties (emission maxi-
mum at �527 nm, full width at half
maximum (FWHM) of �65 nm, low
thermal quenching), which provides
potential for industrial application in
phosphor-converted light-emitting di-

ACHTUNGTRENNUNGodes (pc-LEDs). In-situ high-pressure
and high-temperature investigations
with synchrotron X-ray diffraction indi-
cate decomposition of Ba3Si6O12N2

under these conditions. The band gap
of Ba3Si6O12N2:Eu2+ was measured to
be 7.05�0.25 eV by means of X-ray
emission spectroscopy (XES) and X-
ray absorption near edge spectroscopy
(XANES). This agrees well with calcu-
lated band gap of 6.93 eV using the
mBJ-GGA potential. Bonding to the
Ba atoms is highly ionic with only the
4p3/2 orbitals participating in covalent
bonds. The valence band consists pri-
marily of N and O p states and the con-
duction band contains primarily Ba d
and f states with a small contribution
from the N and O p states.
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Introduction

Nitrido- and oxonitridosilicates as well as binary silicon ni-
tride (e.g., Si3N4,

[1–3] SiAlONs,[4] Sr2Si5N8:Eu2+ ,[5–7]

Eu2Si5N8
[8,9]) are known to exhibit interesting physical[10,11]

and luminescence properties.[12–16] During the last ten years,
Eu2+-doped nitrido- and oxonitridosilicates emerged as
promising materials applicable for phosphor-converted light-
emitting diodes (pc-LEDs) owing to their high chemical and
physical stability, their extraordinary quantum efficiency of
the luminescence process (up to �95 %), and their very low
thermal quenching. Namely M2Si5N8:Eu2+ [6,7,12,17–19] and
MSi2O2N2:Eu2+ (M=alkaline earth metal)[20–24] are excellent
examples for highly effective red-orange (2-5-8) and yellow-
green (1-2-2-2) phosphors, respectively.[25] Thereby, the first
warm white all-nitride pc-LED has been realized, exhibiting
unprecedented color quality and stability with temperature
and drive.[12] Another important red phosphor is the nitri-
doaluminosilicate CaAlSiN3:Eu2+ [26,27] and its derivatives.
As the quest for higher energy efficiency represents one of
the most fundamental and exigent challenges to be solved
by modern science and technology, it becomes apparent that
the search for novel and ecologically acceptable energy
sources is indispensable. Addressing this challenge, LEDs
become more and more important due to their ongoing im-
proved efficiency, their remarkable durability as well as
their environmentally friendly production process and waste
disposal. Nowadays AlGaInP-based LEDs are accessible
emitting in the red to yellow range of the spectrum. It was
not before the pioneering work of Nakamura in the 1990s
that the technological access to efficient blue LEDs was pro-
vided.[28,29] Further band-gap engineering has made Al-
GaInN-based LEDs accessible emitting in the UV to green
range of the spectrum. The concept of down conversion of
blue light from InGaN LEDs by suitable color converters
(i.e., phosphors) is appropriate for efficient lighting[30] and
provides monochrome light of high color purity, especially
in the wavelength range in which direct emitting LEDs are
relatively inefficient (”yellow gap“). The spectral position of
the emission of these down-conversion phosphors doped
with rare-earth ions (e.g. Ce3+ or Eu2+) depends very much
on the ligand field of the rare-earth ions in the host lattice,
with stronger covalent interactions driving the emission into
the red region of the spectrum (nephelauxetic effect).

The new green-emitting phosphor Ba3Si6O12N2:Eu2+ has
been discovered recently,[31,32] and its luminescence proper-
ties emerged to be promising[31, 32] due to a small Stokes shift
and a narrow emission band. However, no detailed crystallo-
graphic description based on single-crystal structure deter-
mination has been reported for Ba3Si6O12N2:Eu2+ nor for
the related solid solutions with Sr as yet.

As phosphor materials may show phase transitions at ele-
vated temperatures and/or pressures, in-situ investigations of
these solids can decisively contribute to a better understand-
ing and optimization of their manufacturing process. In ad-
dition, from a more fundamental point of view, new modifi-
cations with different luminescence properties (e.g., due to

higher symmetry or a lower number of cation sites) may be
revealed by applying non-ambient reaction conditions.
These aspects are addressed in this work by a systematic in-
vestigation of the high-pressure and high-temperature be-
havior of Ba3Si6O12N2:Eu2+ .

Furthermore, important material properties (e.g., conduc-
tivity, optical absorption, chemical bonding, energy gap) are
determined by the electronic structure. For example, the
band gap of efficient phosphors must be large enough to
avoid the lowest Eu d states being too close to the conduc-
tion band, which can result in thermal ionization of the pho-
toexcited 5d-electron of Eu2+ . Therefore, the local partial
density of states (LPDOS) of Ba3Si6O12N2:Eu2+ has been
probed by soft X-ray spectroscopy (SXS) utilizing synchro-
tron radiation, namely by X-ray absorption near edge spec-
troscopy (XANES) and X-ray emission spectroscopy (XES),
and is compared to our theoretical calculations within the
density functional theory (DFT) framework.

Results and Discussion

Synthesis : Two different methods for sample synthesis were
applied:

1) Mixtures of MCO3 (M =Ba,Sr), SiO2 and an excess of a-
Si3N4 were heated in a radio-frequency (RF) furnace[33]

at maximum temperatures of 1425 8C under nitrogen at-
mosphere according to the reaction below [Eq. (1)].

3 ðBa,SrÞCO3 þ 4:5 SiO2 þ 1:5 a-Si3N4
1425 �C, N2

EuF3
�����!

ðBa,SrÞ3Si6O12N2 : Eu2þ þ 3 CO2 þ a-Si3N4

ð1Þ

During synthesis EuF3 was used as a dopant. The reac-
tion product was inhomogeneous, but contained single-
crystals of (Ba,Sr)3Si6O12N2:Eu2+ , suitable for X-ray
structure analysis

2) A more homogeneous bulk product of highly crystalline
material (in this case without europium) was obtained
from BaSi2O2N2

[23] (synthesis with small impurities of dif-
ferent Ba oxosilicates and a-Si3N4 according to refer-
ence [23]) by high-pressure/high-temperature (HP/HT)
synthesis employing the multianvil press technique[34–36]

at a pressure of 14 GPa and 1200 8C according to the re-
action below [Eq. (2)].

BaSi2O2N2 : Eu2þ þ 2 BaOþ 4 SiO2 þ a-Si3N4 !
Ba3Si6O12N2 : Eu2þ þ a-Si3N4

ð2Þ

The atomic ratio M:Si:O:N= 3:6:12:2 of Ba3Si6O12N2 was
confirmed by EDX measurements (see Experimental Sec-
tion). However, samples obtained by high-pressure synthesis
did not contain single-crystals suitable for X-ray diffraction
analysis.
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Structure determination : The crystal structure of
Ba3Si6O12N2:Eu2+ and its solid-solution series
Ba3�xSrxSi6O12N2 (with x�0.4 and 1) was solved by direct
methods[37] and refined[38] in space group P3̄ (no. 147) by
using anisotropic displacement parameters for all atoms.
The atomic parameters for Ba and Sr occupying the same
site in the solid solution were constrained to be equal. How-
ever, the site occupancies were refined and the presence of
Eu2+ in the structure (2 mol %) was neglected in these re-
finements. The details of the single-crystal structure refine-
ment are listed in Table 1. Occupied Wyckoff sites and re-
fined atomic coordinates from the single-crystal diffraction
data are shown in the Supporting Information (Table S1).
The interatomic distances and angles are within the typical
range, selected data are given in Table 2.

The refined crystal structure
of Ba3Si6O12N2 solved by single-
crystal diffraction was con-
firmed by X-ray powder diffrac-
tion on a sample obtained from
HP/HT synthesis. Crystallo-
graphic data and details of the
Rietveld refinement[39] are
listed in Table 3 and in the Ex-
perimental Section. The ob-
served and calculated X-ray
powder diffraction patterns as
well as their difference curve
after Rietveld refinement are
shown in Figure 1.

Structure description : A de-
tailed insight into the crystal
structure of Ba3Si6O12N2 is re-
quired to understand its lumi-
nescent properties. Here a com-
prehensive crystallographic
structure description is present-
ed, which is based on the struc-
ture refinements described
above. The structural parame-

ters given by Mikami et al. are basically correct.[31,32]

The structure of Ba3Si6O12N2 consists of layers of vertex-
sharing SiO3N tetrahedra of Q3-type, building 6er- and 4er-
rings as fundamental building units (FBU),[40] which leads to
a degree of condensation of k=n(Si):n ACHTUNGTRENNUNG(O,N)=0.43 for the
[Si6O12N2]

6� substructure.
According to Pauling�s rule[41] and

{uB,3,112}[(Si6
[4]O6

[1]O6
[2]N4/2

[3])6�][42,43] the O atoms bridge
two Si atoms (O[2]) or are terminally bound (O[1]), respec-
tively, whereas the N atoms connect three silicon tetrahedral
centers (N[3] ; see Figure 2) (numbers in superscripted square
brackets beside atoms indicate the coordination number of
the atom in question). According to lattice energy calcula-
tions (Madelung part of lattice energy, MAPLE)[44–46] there

Table 1. Crystallographic data for Ba3Si6O12N2, Ba2.56Sr0.44Si6O12N2 and Ba2SrSi6O12N2.
[a]

Formula Ba3Si6O12N2 Ba2.56Sr0.44Si6O12N2 Ba2SrSi6O12N2

Mr [gmol�1] 800.58 778.70 750.86
crystal system trigonal trigonal trigonal
space group P3̄ (no. 147) P3̄ (no. 147) P3̄ (no. 147)
a [�] 7.5218(1) 7.4830(6) 7.4624(2)
c [�] 6.4684(1) 6.4513(5) 6.4234(2)
V [�3] 316.935(8) 312.84(4) 309.78(9)
Z 1 1 1
1calcd [gcm�3] 4.195 4.133 4.025
m [mm�1] 9.857 10.474 11.230
F ACHTUNGTRENNUNG(000) 362 355 344
crystal size [mm3] 0.07 � 0.05 � 0.03 0.01 � 0.01 � 0.02 0.04x 0.04 � 0.02
T [K] 293(2) 293(2) 293(2)
2q range [8] 6.28–60.78 6.28–54.80 6.30–67.52
total reflns 3294 1423 4591
independent reflns 625 479 838
observed reflns 482 338 757
parameters 36 38 38
GOF 0.921 0.919 1.072
R values [I>2s(I)] R1 =0.0256

wR2 =0.0479
R1 =0.0389
wR2 =0.0609

R1 =0.0165
wR2=0.0327

R values (all data) R1 =0.0406
wR2 =0.0506

R1 =0.0764
wR2 =0.0718

R1 =0.0210
wR2=0.0340

max/min residual electron density [e ��3] 1.660/�1.146 1.422/�1.138 0.678/�0.558

[a] Lattice parameters for Ba3Si6O12N2 were taken from the Rietveld refinement based on powder diffraction
data. The refined compositions for the solid solution series are: Ba2.56(2)Sr0.44(2)Si6O12N2 and
Ba2.01(2)Sr0.99(2)Si6O12N2.

Table 2. Selected bond lengths [in �] and angles [in 8] of Ba3Si6O12N2,
Ba2.56Sr0.44Si6O12N2 and Ba2SrSi6O12N2 derived from single-crystal data
(standard deviations in parentheses).

Ba3Si6O12N2 Ba2.56Sr0.44Si6O12N2 Ba2SrSi6O12N2

Ba1�O2 (6 � ) 2.744(3) 2.687(5) 2.660(2)
Ba2�O2 (3 � ) 2.819(3) 2.815(5) 2.819(2)
Ba2�O2 (3 � ) 2.902(3) 2.902(6) 2.884(2)
Ba2�N1 (2 � ) 2.997(6)/3.471(6) 3.02(2)/3.44 (2) 3.017(3)/3.407(3)
Si1�O2 (1 � ) 1.587(3) 1.582(6) 1.586(2)
Si1�O1 (2 � ) 1.649(3)/1.650(4) 1.635(5)/1.651(6) 1.644(2)/1.647(2)
Si1�N1 (1 � ) 1.735(2) 1.737(3) 1.7311(6)

O2-O1-O1 134.6(5) 133.9(3) 133.2(8)
O2-N1-O2 86.3(4) 87.0(2) 87.7(5)
O1-N1-O1 160.1(5) 158.8(2) 158.0(5)

Table 3. Crystallographic data of Ba3Si6O12N2 derived from Rietveld re-
finement.

formula Ba3Si6O12N2

Mr [gmol�1] 780.54
crystal system trigonal
space group P3̄ (no.147)
a [�] 7.5218(1)
c [�] 6.4684(1)
V [�3] 316.935(8)
Z 1
T [K] 293
data range, step width 5�2q�608, 0.018
background treatment 18 fixed background points
profile function pseudo-Voigt (no. 7)
RBragg 1.56
GoF 1.6
reduced c2 2.66
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is a clear assignment of N/O.[41, 32] As expected the MAPLE
of Ba3Si6O12N2 is almost identical with the sum of the re-
spective MAPLE values of the constituting binary compo-
nents BaO, SiO2 and a-Si3N4 (see Table 4). The two crystal-

lographically independent Ba2+ ions occupy the Wyckoff
sites 1a and 2d. They are situated between the silicate layers
and are six- or sevenfold coordinated by (O,N) atoms, re-
spectively (see Figure 3). The crystal structure of
Ba3Si6O12N2, which is isotypic with recently discovered
Sr3P6O6N8,

[47] can be derived from the structure of b-Si3N4.
[48]

The isosteric Si6N14 layers in b-Si3N4 are linked in the third
dimension through SiN4 tetrahedra. A formal derivation of
the structure of Ba3Si6O12N2/Sr3P6O6N8 from b-Si3N4 can be
achieved by a separation of the Si6N14 layers in b-Si3N4 and
intercalating Ba2+ ions (see Figure 2). Similar layered ar-
rangements of Si/O/N tetrahedra with different degrees of
condensation can be found in other Ba oxonitridosilicates as
well, namely Ba3Si6O9N4

[49] and BaSi2O2N2.
[23]

While in BaSi2O2N2 only 3er-rings can be found,
Ba3Si6O9N4

[49] exhibits a structure related to Ba3Si6O12N2,
which however contains different 6er-rings and additional
3er-rings.[50]

The bond lengths Si�O/N in Ba3Si6O12N2 are in the typical
range with 1.59–1.73 � (Ba3Si6O9N4: Si�O/N= 1.60–
1.75 �,[49] BaSi2O2N2: Si�O/N =1.66–1.73 �).[23] The distan-
ces Si�O[1] and Si�O[2] range between 1.59 � for O[1] and
1.61–1.71 � for O[2] and are therefore comparable with re-
lated Ba oxonitridosilicates (e.g. Ba3Si6O9N4: Si�O[1]: 1.60 �,
Si�O[2]: 1.65 �,[49] BaSi2O2N2: Si�O[1]: 1.66 �).[23] Within the
tetrahedra, the Si�N[3] distance is, as expected, the longest
one with 1.73 � (Ba3Si6O9N4: Si�N[3] =1.73–1.75 �,[49]

BaSi2O2N2: Si�N[3] 1.72–1.73 �).[23] The (O,N)-Si-(O,N)
angles range from 103–1168 and correspond well with other
Ba oxonitridosilicates (Ba3Si6O9N4: 103–1148,[49] BaSi2O2N2:
99–1188).[23] Compared to other Ba oxonitridosilicates the

Figure 1. Observed (circles) and calculated (line) X-ray powder diffrac-
tion pattern together with their difference curve after Rietveld refine-
ment (l= 0.709026 �). The upper row of reflection marks corresponds to
Ba3Si6O12N2 and the lower one to b-Si3N4 (25 % w/w).

Figure 2. Comparison of Ba3Si6O12N2 and b-Si3N4: Ba3Si6O12N2 view along
[001] (top), view along [010] (middle), and b-Si3N4 for comparison
(bottom, view along [010]), removing every second Si-atom layer (black)
and substituting the emerging terminal N-atoms by O-atoms results in
layers, topologically similar to those in Ba3Si6O12N2 (Si atoms white, N
black, Ba1 light gray, Ba2 dark gray and O gray).

Table 4. Madelung part of lattice energy (MAPLE) values for
Ba3Si6O12N2 (values given in kJ mol�1).[a]

Ba3Si6O12N2 BaO SiO2 a-Si3N4

MAPLE 105684.75 3527.40 15347.60 53017.53
atom[a] Ba12+ Ba22+ Si4+ (O1[2])2� (O2[1])2� (N[3])3�

MAPLE 1916.15 1890.63 9254.26 2987.00 2303.67 6358.86

total MAPLE (Ba3Si6O12N2) exptl 105684.75
total MAPLE (3 BaO+4.5 SiO2 +0.5a-Si3N4) 106155.17
difference D/% 0.44

[a] Typical partial MAPLE values [kJ mol�1]: Ba2+ : 1500–2000, Sr2+ :
1500–2000, Si4+ : 9000–10200, (O[2])2� : 2400–2900, (O[1])2� : 2050–2800,
N[3]3� : 5200–6300.[72]
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Si-N[3]-Si angle in Ba3Si6O12N2 (1188) is in the same range as
in Ba3Si6O9N4 (118–1208)[49] and BaSi2O2N2 (116–1218).[23]

Cation coordination polyhedra in Ba3Si6O9N4 and
Ba3Si6O12N2 are very similar as well.

In Ba3Si6O12N2 the oxygen atoms in the coordination
sphere of Ba1 form a trigonal antiprism, which can be de-
scribed as well as a distorted octahedron with six equal dis-
tances (Ba1[6]�O =2.74 �), but some angles (see Figure 3)
deviating from 908 (Ba3Si6O9N4: Ba1[6]�O=2.69–2.82 �).[49]

The coordination polyhedron around Ba2 can be described
for Ba3Si6O12N2 as well as for Ba3Si6O9N4 as a capped dis-
torted octahedron (Ba3Si6O12N2: Ba2[7]�O/N=2.82–3.00 �,
Ba3Si6O9N4: Ba2[7]�O/N= 2.70–3.16 �).[49]

In contrast to Ba3Si6O9N4, Ba3Si6O12N2 features excellent
luminescence properties. Mikami[32] has suggested that this
may be due to the longer Ba�N distances and a lower
energy host absorption band of Ba3Si6O9N4 in comparison to
Ba3Si6O12N2.

Solid-solution series of Ba3�xSrxSi6O12N2:Eu2+ : The influence
of the Ba2+ substitution by Sr2+ in the solid-solution series
Ba3�xSrxSi6O12N2:Eu2+ (with x�0.4 and 1) has been studied.
In Ba3�xSrxSi6O12N2:Eu2+ a substitution of Ba2+ by smaller
Sr2+ mainly affects the Ba1 site (see Figure 3), which might
be due to the smaller coordination number of this site. The
substitution of Ba2+ by Sr2+ significantly influences the
bond length Ba1/Sr1-O2, which decreases with increasing
amount of Sr2+ (Ba3Si6O12N2: 2.74 �, Ba2SrSi6O12N2:
2.66 �) as the silicate layers approach along [001] upon sub-
stitution. Thereby, the curvature of the corrugated layers in-
creases as well, especially around the Ba1/Sr1 sites. Table 2
shows the interatomic distances of selected atoms for
Ba3Si6O12N2, Ba2.56Sr0.44Si6O12N2 and Ba2SrSi6O12N2, respec-
tively.

High-pressure and high-temperature behavior : In-situ high-
pressure and high-temperature studies of luminescent mate-
rials were shown to be useful in optimizing the manufactur-
ing process of several (oxo-)nitridosilicate phosphors. There-
fore, ex-situ and in-situ investigations of Ba3Si6O12N2 were
performed from 0.15 to 18 GPa and temperatures ranging
from 100 to 1500 8C in order to evaluate the stability. This
should be representative for the Ba/Sr solid-solution series
as well. Ex-situ investigations at ambient conditions on HP/
HT treated samples in the range from 9 to 18 GPa and at
temperatures from 800 to 1200 8C using a Walker-type multi-
anvil press were carried out. Formation of small amounts of
b-Si3N4 besides Ba3Si6O12N2 indicate that Ba3Si6O12N2 might
not be stable above 14 GPa. In-situ high-pressure X-ray dif-
fraction investigations at the synchrotron (MAX80, Beam-
line F2.1 Desy/Hasylab Hamburg) confirmed the instability
of Ba3Si6O12N2 and elucidated the underlying mechanism.
Above 0.15 GPa decomposition into the related Ba oxonitri-
dosilicate BaSi4O6N2

[51] was identified already at room tem-
perature. This suggests that the formation of at least one
amorphous phase is likely, since no other crystalline phase
could be observed, particularly no Si3N4. The quantity of
crystalline BaSi4O6N2 increased in comparison to the re-
maining Ba3Si6O12N2 as the pressure was increased. At
9 GPa the sample showed distinct signs of amorphization,
which was reversible after pressure release. Again at ambi-
ent pressure the powder pattern indicates mainly
Ba3Si6O12N2; however, slight traces of BaSi4O6N2 still could
be detected. Therefore, the pressure-induced transformation
from Ba3Si6O12N2 into BaSi4O6N2 is mostly reversible. The
same transformation is also observed at elevated tempera-
tures (�0.15 GPa) and the relative amount of BaSi4O6N2 in-
creases from 100 to 1500 8C successively. Furthermore,
above 1200 8C two other decomposition products emerge:
BaSi2O2N2

[23] and b-Si3N4.
[48]

The temperature- and pressure-induced transformations
of Ba3Si6O12N2, as observed under in-situ conditions, mainly
agree with the final products detected ex-situ after HP/HT
treatment. The formation of b-Si3N4 results from excursion
to high temperatures above about 1200 8C (or at high pres-
sures already at lower temperatures), either as a result of
the instability of Ba3Si6O12N2 or from crystallization of ini-
tially amorphous and therefore in XRD not detectable
Si3N4.

Luminescence : Samples of Ba3Si6O12N2 were doped with
2 mol % Eu2+ in order to study photoluminescence.
Ba3Si6O12N2:Eu2+ exhibits an intense green body color due
to 4f7ACHTUNGTRENNUNG(8S7/2)!4f65d absorption of Eu2+ in the blue to green
spectral range. Under near-UV to blue light irradiation a sa-
turated green emission band with a peak wavelength of
�527 nm is observed (full width at half maximum (FWHM)
�65 nm). The broad excitation band enables efficient exci-
tation at wavelengths below 450 nm.

The excitation (PLE) and emission (PE) spectra of sever-
al samples of Ba3�xSrxSi6O12N2:Eu2+ are shown in Figures 4
and 5. For x=0 the broad emission band almost matches the

Figure 3. Coordination polyhedra and the corresponding angles of the
two different Ba sites in Ba3Si6O12N2 (N atoms black, Ba1 light gray, Ba2
dark gray and O gray).
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spectrum of Eu2+-activated BaSrSiO4:Eu2+ phosphors[52]

and resembles typical Eu2+ spectra observed for other oxo-
nitridosilicate compounds (e.g., MSi2O2N2:Eu2+).[53] For
11 % Sr the emission spectrum nearly coincides with that of
SrSi2O2N2:Eu2+ . The spectral half-width of 2310 cm�1 (0 %
Sr) lies between the values observed for BaSi2O2N2:Eu2+

(1340 cm�1) and SrSi2O2N2:Eu2+ (2423 cm�1).[53] The former
exhibits an exceptionally small FWHM value that corre-
sponds to direct emitting cyan-green LEDs and can be at-
tributed to the presence of only one very symmetrical crys-
tallographic M2+ site as well as a small Stokes shift.

Ba3Si6O12N2:Eu2+ has a Stokes shift of �2600 cm�1 which
is higher than the values for BaSi2O2N2:Eu2+ (1030 cm�1),
but significantly lower than the Stokes shift of
SrSi2O2N2:Eu2+ (4740 cm�1).[53] Partial substitution of Ba by
Sr causes a noticeable red-shift and broadening of the emis-
sion band (see Table 5). As expected, the unit cell contracts
with increasing amounts of Sr2+ (see crystallographic data,
Table 1). Typically, such a unit-cell contraction involves de-
creasing interatomic distances between Eu2+ and its ligands
and thus results in a larger crystal field strength at the acti-
vator site, leading to a red-shift of the emission band. An-
other factor that may affect the spectral shift and half-width

is the presence of two different crystallographic sites, Ba1
and Ba2, which exhibit slightly different coordination (see
Figure 3) and interatomic distances (see Table 2).

Due to their smaller but very similar ionic radii, Sr2+ as
well as Eu2+ (compared to Ba2+) should both preferentially
occupy the distorted octahedral Ba1 site. Unless more than
1/3 of Ba is substituted by Sr and Eu, Eu2+ can always com-
pete with the larger Ba2+ for the smaller Ba1 site. The spec-
tral shift in the Ba/Sr-mixed compound is mainly caused by
a unit-cell contraction. The increase in spectral width at
higher Sr concentration can be attributed to an increasing
Stokes shift. However, Mikami et al. suggested emission
from Eu2+ primarily occupying the Ba2 site.[32]

Band structure and density of states : The band structure cal-
culations (Figure 6) indicate that the material has an indirect
band gap of 4.80 eV (using GGA), which is in good agree-

ment with the previously reported value of 4.63 eV[32] using
GGA. The band gap calculated using a modified Becke-
Johnson potential with GGA (mBJ-GGA)[54] is 6.93 eV and
accounts for the typical underestimation of the band gap.
The modified potential is a semi-local exchange potential
that allows for the correct calculation of the band gap in in-
sulators and semiconductors. This potential is ab initio and
requires no further input during the calculation. The total
density of states (DOS) and partial DOS is derived from in-
tegrating momentum space and is shown for all atomic sites

Figure 4. Excitation (gray), reflectance (light gray) and emission (black)
spectra of Ba3Si6O12N2: Eu2+ (2 mol % Eu2+).

Figure 5. Excitation (PLE) and emission (PE) spectra of
Ba3�xSrxSi6O12N2:Eu2+ (several samples) with varying Sr contents. Excita-
tion and emission spectra with 0 % Sr are depicted in black, with 11 % Sr
in light gray, with 34 % Sr in dark gray.

Table 5. Peak emission wavelength and spectral half-width of
Ba3�xSrxSi6O12N2, depending on the partial substitution of Ba by Sr (Eu2+

content 2%).

Sr concentration [%] lmax [nm] FWHM [cm�1]

0 523 2310
11 532 2360
34 549 2510

Figure 6. The total density of states (right, measured in states/eV-unit
cell) and the band structure (left) of Ba3Si6O12N2:Eu2+ show the calculat-
ed direct (5.08 eV) and indirect (4.80 eV, A–G) band-gap values. The den-
sity of states (DOS) is broadened by a Gaussian function with a FWHM
of 0.1 eV to aid in visual analysis.
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in Figure 6 and 7, respectively. The DOS shows that
Ba3Si6O12N2 exhibits a mixture of ionic bonding and weak
covalent contributions. The Ba 5s electrons are highly local-
ized and exhibit orbital-like behavior with no bonding.
There is no indication of any Ba 6s states, thus the respec-
tive electrons of Ba are fully transferred to the N and O
anion sites. The Ba 5p states are split by total angular mo-
mentum; the j= 1/2 are highly localized and non-bonding,
while the j=3/2 participate largely in the valence band (VB)
covalent bonds with a small degree of participation in the
conduction band (CB). The Ba 4f states play a key role in
the formation of the CB, exhibiting a large peak (localized
concentration of states) buried 5 eV into the CB. The CB
states that are situated below 10 eV are primarily unfilled
Ba 5d states. The Si s,p,d states show a large degree of hy-
bridization with the O and N sites in conjunction with a
large amount of charge transfer to the anion sites. The N
and O sites suggest weak covalent bonds to the Si atoms;
the N2d and O6g#2 2s states are highly localized with little or
no bonding, but the N and O p states have a large degree of
hybridization. The O6g#1 2s states, however, show an affinity
to form covalent bonds with Si, extending further to the
O6g#1 2p band as well. The N and O 2p states make up the
majority of the VB with modest contribution to the CB.

Band-gap determination using soft X-ray spectra : The par-
ticipation of the N and O p states in both the VB and CB

makes studying the K-edge spectra of these elements an ex-
cellent probe for the electronic structure properties in gener-
al and the band gap in particular. We will first focus on the
oxygen spectra.

Figure 8 shows the O K-edge soft X-ray spectroscopy
measurements; this includes the O Ka X-ray emission spec-
tra (XES) and O 1s X-ray absorption near edge spectra
(XANES). There are three distinct features labelled d–g
(see Figure 8) in the Ba3Si6O12N2:Eu2+ O 1s XANES spec-
trum. The calculated O 1s XANES spectrum reproduces all
the marked features and the general shape of the experi-
mental spectrum very well. The true XANES spectrum con-
sists of a summation of two spectra from the two non-equiv-
alent O sites. These O 1s binding energies differ by 1.92 eV,
owing to the different local symmetry (bridging bonds and
tetrahedral bonds), which was determined with density func-
tional theory (DFT) calculations. However, the energy sepa-
ration seen in the measured XANES spectra is 1.76 eV,
owing to the effect of an O 1s core hole. There is a small
disagreement between the calculated and measured spec-
trum, mainly feature f (see Figure 8) is more intense in the
measured spectrum than in the calculated spectrum. The
added intensity is due to a third contributing spectrum,
which is most likely from SiO2 contamination. One of the

Figure 8. Non-resonant O Ka XES and O 1s XANES (left), and resonant
O Ka XES (right) of A) measured Ba3Si6O12N2:Eu2+ , B) total calculated
Ba3Si6O12N2:Eu2+ , C) measured SiO2, D) calculated O6g#1 site, and E) cal-
culated O6g#2 site are shown. The main features in the O Ka XES and
O 1s XANES spectra for Ba3Si6O12N2:Eu2+ are marked a–g. The right
panel shows the resonant excitation energy of O Ka XES with the excita-
tion energy indicated above each spectrum. The dashed lines indicate the
contribution from SiO2. The effect of the core hole is demonstrated with
the simulated XANES spectra without the inclusion of the core hole, this
is displayed as the dashed line plot in the left panel. The second deriva-
tives of the experimental spectra are displayed in the lower left panel.
The valence band (Ev) and conduction band (Ec) edges are indicated on
the scatter line (the resonant XES spectra with the excitation energy in-
dicated above, u=O6g#2:Ev), the solid black line (the experimental
Ba3Si6O12N2:Eu2+ spectra, v=O6g#1:Ev, w =O6g#1:Ec, x=O6g#1:Ec) and the
gray line plots (the experiment SiO2 spectra, y= SiO2:Ev, z=SiO2:Ec).

Figure 7. The density of states (DOS) is split into atomic site and electron
symmetry contributions. The panels are labelled according to their Wyck-
off site, furthermore the O6g#1 site refers to the site that forms bridging
bonds to silicon. The s states are displayed black (solid), p states gray
(solid), d states black (dotted) and f states gray (dotted). The DOS were
broadened with a constant Gaussian of 0.1 eV FWHM and displayed in
energy scale such that 0 eV corresponds to top of the valence band (i.e.,
the filled states). The large intensity peaks were scaled; the Ba1a 5s states
(reduced by 80%), 5p1/2 states (reduced by 80%), 4f states (reduced by
80%), and the Ba2d 5s states (reduced by 85 %), 5p1/2 states (reduced by
88%), 4f states (reduced by 80 %).
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starting materials for synthesis of Ba3Si6O12N2:Eu2+ is a-
Si3N4, and there are significant amounts left after synthesis.
Also, this material forms a surface SiO2 layer under atmos-
phere readily, which will provide a spectral contribution to
the O 1s XANES spectrum. This contamination and the two
non-equivalent O sites were explored further with resonant
XES. In the O Ka XES spectrum of Ba3Si6O12N2:Eu2+ three
spectral features can be found. Feature c (see Figure 8) is
very subtle and is a high-energy shoulder that has been in-
creased in intensity due to SiO2 contamination. The low-
energy peak a (see Figure 8) not seen in the simulated spec-
trum is also due to SiO2. The two non-equivalent O sites are
shifted by the difference in the 1s binding energy mentioned
above (and not corrected for core hole effect since it is not
present in the XES final state). In these spectra the excita-
tion energy is tuned to resonant features of the XANES
spectra. This allows the excitation of specific atomic sites
within the lattice. Feature a in the O Ka resonant XES in-
creases in intensity with excitation energies of 555.1 to
541.7 eV. The 541.7 eV excitation corresponds to the maxi-
mum absorption cross section in SiO2, which is why the SiO2

feature is the most intense. Feature c (see Figure 8) also in-
creases in intensity, which is due to SiO2 and confirms that
SiO2 is present on the surface. Tuning the excitation to even
lower energy reduces the contributions of these peaks.

At an excitation energy of 535.5 eV, the emission spec-
trum changes drastically showing no signs of the O6g#1 site or
the features of the SiO2 contamination. The emission stems
now purely from the O6g#2 p states and matches the calculat-
ed spectrum perfectly.

The lower energy resonant XES spectra are the same
except that there are contributions from the other O atoms
in the material; these are more apparent since the absorp-
tion cross sections of all the O atom sites are very low.
These results suggest that the calculated spectrum for XES
and XANES are correct if we properly consider the SiO2

contamination.
The use of XES and XANES spectra to determine the

top of the valence and bottom of the conduction band is not
trivial due to the inherent experimental broadening mecha-
nisms, difficulties in energy calibration, and the effect of the
core hole on the absorption spectra. The energy positions of
the conduction and valence band edges are determined by
taking the second derivative of the experimental spectra
(see Figure 8) and the first peak (above the level of noise)
in the second derivative is used as the edge location.[55] The
comparison of the SiO2 second derivative to the non-reso-
nant Ba3Si6O12N2:Eu2+ shows that the SiO2 valence band
edge is located somewhere between the two edges of the
oxygen non-equivalent sites. The conduction band edge of
SiO2 is much higher in energy than Ba3Si6O12N2:Eu2+ (this is
due to the very large band gap) and should present no prob-
lem for determining the bottom of the conduction band of
Ba3Si6O12N2:Eu2+ with O 1s XANES. The top of the valence
band, however, can be more accurately determined by using
resonant XES. Since the valence band edge of the O6g#1 site
is very close to SiO2, we determined the edge of the O6g#2

site. The O Ka XES spectrum with excitation energy of
535.5 eV is used to determine the O6g#2 site valence band
edge; this was shown earlier to resemble the calculated
spectrum best for that site. The edge locations of the O6g#1

are determined from the site splitting that is calculated,
which makes the band gaps identical. The determined band
gap for this site is 7.10�0.20 eV and the corresponding VB
and CB edge values are listed in Table 6. The details of the
band-gap determination are further discussed in the experi-
mental section.

We now turn to the discussion of the nitrogen spectra.
The N 1s XANES spectrum of Ba3Si6O12N2:Eu2+ exhibits
three features k–m (see Figure 9), which are reproduced
well in the calculated Ba3Si6O12N2: Eu2+ N 1s XANES spec-
trum. The position of feature l is slightly distorted, because
of the presence of a-Si3N4 (as discussed previously). The ad-
dition of this spectrum increases the spacing between the
features k and l in the experiment with comparison to the
calculated N 1s XANES spectrum. Feature m remains rela-
tively unchanged because the a-Si3N4 N 1s XANES spec-
trum is very smooth in this region. The effect of this impuri-
ty is readily seen in the N Ka XES spectra. The non-reso-
nant N Ka XES spectrum displays the features h–j, which
are reproduced in the calculated spectrum as well (see
Figure 9). There remains still moderate agreement between
features i and j in experiment; however feature h is overesti-
mated in the calculated spectrum. This can be explained
with the consideration of a-Si3N4 contribution to the mea-
sured spectrum. Feature h is present in the calculated spec-
trum and appears not to be present in the measured spec-
trum. However, this feature is present and has been re-
moved due to the summation of Ba3Si6O12N2:Eu2+ and b-
Si3N4. Furthermore, it is enhanced with selective excitation
as seen in the resonant XES spectra. Many of the resonant
N Ka XES spectra look very similar except for the two ex-
cited at 404.4 and 407.3 eV. In these spectra features h and i
are enhanced and provide better agreement with the calcu-
lated spectrum. These spectra are the result of exciting on
the two resonant features k and l in the N 1s XANES spec-

Table 6. Band-gap determination using data from XES and XANES
spectra in conjunction with DFT results. The sites are labelled according
to their Wyckoff sites. The measured valence band and conduction edge
locations are presented. The core hole effect has been rounded to the
nearest 0.05 eV, and the final value of the band gap is average of the two
independent determined values of the O K-edge and N K-edge. The
measured band gap is compared the values obtained using GGA-PBE
and mBJ-GGA.

N2d O6g#1 O6g#2

valence band edge [eV] 394.45�0.15 528.45�0.15 526.55�0.15
conduction band edge [eV] 401.20�0.15 535.10�0.15 533.35�0.15
core hole shift [eV] 0.25 0.45 0.30
site band gap [eV] 7.00�0.20 7.10�0.20 7.10�0.20

average measured band gap [eV] 7.05�0.25
calculated band gap (GGA-PBE) [eV] 4.80
calculated band gap (mBJ-GGA) [eV] 6.93
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trum, which are attributed to Ba3Si6O12N2:Eu2+ . This shows
that the calculated spectrum is a very reasonable representa-
tion of the material with the consideration of a-Si3N4 that is
present in the sample. The band gap has also been deter-
mined using the N sites. The DOS results show that 1) both
the N and O electron states contribute to the band gap and
2) that the band gaps determined from the N and O site
should be identical. The same method used for the oxygen
sites and explained above is applied to the nitrogen sites;
resonant XES again is used to preferentially excite the ni-
trogen atoms that are part of the Ba3Si6O12N2:Eu2+ matrix.
The second derivative of a-Si3N4 has a valence band edge
that is higher in energy than Ba3Si6O12N2:Eu2+ and the con-
duction band edge is higher in energy as well. The band
gaps of these materials are predicted to be very similar[32, 56]

and the offset in the spectra is due to the differences in the
nitrogen-bonding environment (the N 1s binding energy is
slightly different). The a-Si3N4 contribution to the N Ka

XES spectrum is removed as much as possible through reso-
nant XES to obtain the best determination of the N valence
band edge.

The excitation energy of 407.3 eV of the resonant XES
spectrum was used to determine the valence band edge. The
band gap obtained is identical to the one obtained for the

O K-edge 7.00�0.2 eV and the corresponding VB and CB
edge values are summarized in Table 6. To summarize, the
average band gap obtained from both oxygen and nitrogen
sites is 7.05�0.25 eVThese agree with each other within the
experimental precision (�0.25 eV), and are determined
from the experimental spectra with a small correction de-
rived in our calculations to account for the presence of the
core hole and non-equivalent sites.

Conclusion

The high color purity, the small thermal quenching[57] at ele-
vated temperatures, and the intense green color with a
broadband emission spectrum peaking at �527 nm and a
FWHM of �65 nm renders Ba3Si6O12N2:Eu2+ a promising
phosphor for pc-LED based general illumination and dis-
play applications.[12, 31,32 , 52,58, 59]

Especially important for the luminescence properties is
the band gap being large enough to avoid the lowest Eu d
states being too close to the conduction band and the ther-
mal ionization of the photoexcited 5d electrons of Eu2+ .[32]

In the case of Ba3Si6O9N4:Eu2+ this effect becomes very ap-
parent; the narrower band gap and a smaller crystal field
splitting provide quite different optical properties compared
to Ba3Si6O12N2:Eu2+ . Although the crystal structure and
chemical formula of Ba3Si6O9N4

[49] appear rather similar to
the one of Ba3Si6O12N2, its luminescence properties render it
inapplicable for use in pc-LEDs.

Structural studies at high-pressure and high-temperature
reveal a decomposition of Ba3Si6O12N2, mainly into
BaSi4O6N2, and can explain the sintering behavior of this
material.

The band gap is an important parameter for the lumines-
cent properties. Synchrotron-based soft X-ray emission and
absorption spectra were measured and compared to the re-
spective density functional theory calculations. The calculat-
ed band gap from these calculations is 4.80 eV (indirect)
using GGA-PBE; however, this method strongly underesti-
mates the band gap. The XES and XANES spectra were cal-
culated and show excellent agreement with the experimental
ones when the presence of the core hole is taken into ac-
count. The calculations were also used to discuss and deter-
mine energy shifts due to the presence of the core hole and
site splitting in the two non-equivalent oxygen sites. These
considerations allow a reliable experimental determination
of the band gap of Ba3Si6O12N2:Eu2+ , which is found to be
7.05�0.25 eV for both the N and O K-edge measurements.
This value agrees with the calculated band gap of 6.93 eV
(mBJ-GGA) within experimental error. Furthermore, the
valence band is shown to be primarily made up of N and
O p states and the conduction band of primarily Ba d and f
states, with a small contribution from the N and O p states.
The bonding of the Ba atoms is highly ionic with only the
4p3/2 participating in covalent bonds, which makes this mate-
rial ideal for cation substitution.

Figure 9. Non-resonant N Ka XES and N 1s XANES (left), and resonant
N Ka XES (right) of A) measured Ba3Si6O12N2:Eu2+ , B) total calculated
Ba3Si6O12N2:Eu2+ , and C) measured a-Si3N4 are shown. The main fea-
tures in the N Ka XES and N 1s XANES spectra for Ba3Si6O12N2:Eu2+

are denoted h–m. The panel on the right hand side shows the resonant
N Ka XES with the excitation energy indicated above each spectrum.
The dashed lines indicate the peaks that result from the remaining a-
Si3N4. The effect of the core hole is demonstrated with the simulated
XANES spectra without the inclusion of the core hole, this is displayed
as the dashed line plot. The second derivatives of the experimental spec-
tra are displayed in the lower left panel. The valence band (Ev) and con-
duction band (Ec) edges are indicated on the scattered line (the resonant
XES spectra with the excitation energy indicated above, u= N2d:Ev), the
solid black line (the experimental Ba3Si6O12N2:Eu2+ spectra, v =N2d:Ec)
and the grey line plots (the experiment a-Si3N4 spectra, w=Si3N4:Ev, x=

Si3N4:Ec).
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As a consequence of this, our future research will focus
on in-situ investigations of material properties to intention-
ally access new compounds with respect to the specific re-
quirements for efficient phosphors.

Experimental Section

High-pressure synthesis of Ba3Si6O12N2 and ex-situ high-pressure investi-
gations : The high-pressure synthesis of Ba3Si6O12N2 was carried out by
using the multianvil technique[34–36] with a hydraulic press (Voggenreiter,
Mainleus). Cr2O3-doped MgO-octahedra (Ceramic Substrates & Compo-
nents, Isle of Wight) with an edge length of 10 mm were used. Eight trun-
cated tungsten carbide cubes separated by pyrophyllite gaskets served as
anvils for the compression of the octahedra. The truncation edge length
was 5 mm. Powder of ambient-pressure BaSi2O2N2

[23] was loaded into a
cylindrical capsule of hexagonal boron nitride (Henze, Kempten) with a
capacity of 4 mm3 and sealed with a BN cap. The capsule was centered
within two nested graphite tubes, which acted as an electrical resistance
furnace. The remaining volume at both ends of the sample capsule was
filled out with two cylindrical pieces of magnesium oxide. The arrange-
ment was placed into a zirconia tube and then transferred into a pierced
MgO octahedron. Two plates of molybdenum provided electrical contact
for the graphite tubes. The assembly was compressed up to 14 GPa at
room temperature within 2.5 h and then heated up to 1000 8C within
12 min. Under these conditions, the sample was held for 12 min and
cooled down to 600 8C within 30 min. The sample was then quenched to
room temperature, followed by decompression over 9.6 h. By this proce-
dure about 5 mg of Ba3Si6O12N2 were obtained as a dark gray substance.
The temperature was calculated from the electrical power applied to the
furnace which was determined on the basis of calibration curves from
measurements with W97Re3W75Re25 thermocouples, as described in ref.[60]

Ex-situ high-pressure measurements were performed at 9, 12, 14, 16, and
18 GPa, respectively.

Single-crystal synthesis : To synthesize single crystals of Ba3Si6O12N2,
BaCO3 (0.49 mmol, powder, Alfa Aesar, 98 %), SiO2 (0.75 mmol, Aero-
sil

�

A380 nano-powder, Degussa, � 99.8 %), crystalline a-Si3N4

(0.25 mmol, excess, powder, UBE Industries, 98%), and EuF3

(0.01 mmol, powder, Aldrich Chemical, 99.99 %) were mixed together,
ground in an agate mortar, and placed into a tungsten crucible inside a
glovebox under Ar atmosphere (Unilab, Fa. Braun, Garching, O2

<1 ppm, H2O <1 ppm). The crucible was then heated inductively in the
water cooled quartz reactor of a radio-frequency furnace (typ TIG 10/
100, frequency: 100 kHz, max. electrical output: 10 kV, Huettinger, Frei-
burg) under N2 atmosphere (purified by passing columns of silica gel
(Merck), KOH (Merck, �85%), molecular sieve (Merck, 4 �) and P4O10

(Roth, Granulopent
�

) to 1150 8C with a rate of about 23 8C min�1. The
temperature was then increased to 1350 8C over a period of 9 h, kept at
this temperature for 1 h, and was then again increased to 1400 8C over a
period of 20 h. After another temperature enhancement to 1425 8C over
a period of 1 h, the sample was cooled down to 650 8C with a rate of
about 0.33 8C min�1 to offer best conditions for good crystallinity.
Ba3Si6O12N2 showing green luminescence when excited with UV-light was
obtained in the shape of a hard and flat ingot coated with a transparent
Matrix of glassy like a-Si3N4 which has to be removed to achieve single
crystals. To get samples of the solid-solution series SrCO3 (powder, Alfa
Aeser, 98%) was used beside the other reactants.

Single-crystal X-ray diffraction : Mechanically isolated green luminescent
(Ba3Si6O12N2:Eu2+) and yellow greenish ((Ba,Sr)3Si6O12N2:Eu2+) single-
crystals obtainend by RF-furnace synthesis were mounted on glass fibres
and checked for quality by Laue photographs on a Buerger precession
camera. Intensity data were collected on a STOE IPDS-I diffractometer
with imaging plate detector and graphite monochromator (Ba3Si6O12N2)
or on a Nonius Kappa-CCD diffractometer with graded multilayer X-ray
optics (Ba2.56Sr0.44Si6O12N2 and Ba2SrSi6O12N2), both using MoKa radiation
(l=0.71073 �). Semiempirical absorption corrections based on equiva-
lent reflections were applied[61] before the structures were solved by

direct methods in space group P3̄ (no. 147).[37] Full-matrix least-squares
refinements of models developed from the initial solutions were executed
with SHELXL[38] with anisotropic displacement parameters for all atoms.
Further details of the crystal structure investigations may be obtained
from Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldsha-
fen, Germany (fax: (+ 49)7247-808-666; e-mail, crysdata@fiz-karls ACHTUNGTRENNUNGruhe.
de, http://www.fiz-karlsruhe.de/request_for_deposited_data.html) on
quoting the depository numbers CSD-421322 (Ba3Si6O12N2), CSD-421323
(Ba2SrSi6O12N2), and CSD-421324 (Ba2.56Sr0.44Si6O12N2).

Powder X-ray diffraction : X-ray diffraction experiments on powder sam-
ples of Ba3Si6O12N2 were performed on a STOE STADI P powder dif-
fractometer in Debye–Scherrer geometry with Ge ACHTUNGTRENNUNG(111)-monochromat-
ized MoKa1 radiation (l=0.709026 �). The sample was enclosed in a
glass capillary with 0.1 mm diameter. A Rietveld refinement was carried
out using the program package Fullprof.[39] Estimated standard deviations
were calculated in agreement with reference [62]. The atomic parameters
agreed with the single crystal data within the standard deviations (2s). b-
Si3N4

[48] was included as a second phase (24.5 % w/w) (see Figure 1).

In-situ high-pressure and high-temperature measurements : In-situ high-
pressure measurements were performed with the multianvil high-pressure
apparatus MAX80 (NRD Tsukuba, Japan), which is located at the Ham-
burger Synchrotronstrahlungslabor (HASYLAB, Beamline F.2.1) for in-
situ high-pressure and high-temperature X-ray diffraction investigations.
Energy-dispersive diffraction patterns were recorded by using white X-
rays from the storage ring DORIS III. The pressure was measured by
using the high-pressure equation of state for admixed NaCl by Decker.[63]

The beamline was equipped with a Ge solid-state detector, situated at
the press frame and tracking the adjustment of the whole apparatus in re-
lation to the X-ray beam.

The multianvil apparatus was equipped with six tungsten carbide anvils
that were driven by a 2.500 N uniaxial hydraulic ram. The top and
bottom anvil were driven directly, the lateral anvils by two load frames
and four reaction bolsters. The maximum pressure for the 8 mm cube set-
up was approximately 9 GPa with temperatures up to 1600 8C, which
were produced by an internal graphite heater. The high-pressure cell con-
sisted of a cube made of boron epoxy resin and the gaskets between the
anvils are formed from the boron epoxy cube�s material during the runs.
The high-pressure cell was filled with the ground sample, the graphite
heater, the pressure standard (NaCl) and the thermocouple, which was
insulated by boron nitride. The sample was surrounded by rings made
from pyrophyllite for electrical insulation and as a quasi-hydrostatic pres-
sure transmitting medium. Copper rings contacted the heater at the top
and bottom anvils.

Luminescence : Photoluminescence measurements were carried out with
a spectrofluorimeter, equipped with a 150 W Xe lamp, two 500 mm
Czerny–Turner monochromators, 1800 1 mm lattices and 250/500 nm
lamps, providing a spectral range from 230–820 nm.

EDX measurements : The carbon coated sample was examined with a
scanning electron microscope (SEM) JSM-6500F (Joel, Japan, maximum
acceleration voltage 30 kV). Qualitative and semi-quantitative elemental
analyses were carried out using an energy dispersive spectrometer
(Model 7418, Oxford Instruments, United Kingdom).

Soft X-ray spectroscopy : The XANES measurements were performed at
the SGM[64] beamline of the Canadian Light Source, Saskatoon, Saskatch-
ewan (Canada). The XANES measurements were taken in total fluores-
cence yield mode with an experimental resolving power E/DE of approxi-
mately 5000. The XES measurements were performed with the soft X-
ray fluorescence spectrometer at Beamline 8.0.1[65] of the Advanced
Light Source, Berkeley, California (USA). The resolving power in the
emission experiments was approximately 700. All measurements were
taken with the sample orientated 308 from normal with respect to the in-
coming beam. A powder sample was pressed into freshly scraped indium
foil in order to minimize background contributions from oxygen during
the measurements. The measured spectra were calibrated with reference
spectra from well-characterized samples. The N K-edge spectra were cali-
brated using hexagonal BN, using the peaks near the band gap with as-
signed values 392.6 eV for XES and 394.4 eV for XANES, respectively.
The O K-edge spectra were calibrated with BGO (Bi4Ge3O12) with peak
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values near to the band gap assigned as 526.4 eV and 532.7 eV for XES
and XANES spectra, respectively. The ab initio density functional theory
(DFT) calculations employed the commercially available WIEN2k DFT
software.[66] This code uses Kohn–Sham methodology with spherical wave
functions to model core orbitals, linearized augmented plane waves
(LAPW), semi-core, and valence states.[67, 68] The exchange interactions
used were the generalized gradient approximation (GGA) of Perdew–
Burke–Ernzerhof[69] and the modified Becke–Johnson potential within
GGA (mBJ-GGA).[54] We note that this approximation is known to
strongly underestimate the band gap, but can provide good agreement
with the shape of the valence and conduction bands and therefore the
measured soft X-ray spectra. The proper simulation of the XES and
XANES measurements requires that one considers the final state of the
system during the measurement. The final state of the XES measurement
can be approximated as the ground state of the system; all of the core
electrons are present. The simulation of this measurement requires no
modification of the system. The final state after a XANES measurement
included a missing core electron. The effects from this core hole were
modelled in the current work by including a single core hole inside of a
supercell. This supercell was a larger cell made by replicating the unit
cell along its common axes approximating the core hole density that is
seen in experimental measurements.

The only input to the calculation was the crystal structure as determined
by X-ray diffraction. The ground-state calculations were carried out on
the unit cell with a 1000 k-point mesh. The sphere sizes used to define
the core electrons were 2.400, 1.800, 1.4810, and 1.1590 Bohr for Ba, Si,
N, and O, respectively, and the energy cut off was set to �6.0 Ryd. The
size of the supercell used was 2� 1 � 1 of the unit cell (46 atoms) with a
100 k-point mesh. Normally a larger supercell would be used, but due the
large interstitial space between the Ba ations and the N or O anions ex-
tensive memory resources (� 6 GB memory per k-point) was required
for the plane wave expansion, and so the size of the supercell had to be
limited in order to achieve convergence in a reasonable time frame with-
out limiting the plane wave basis size.

The simulated spectra were broadened to facilitate comparison with the
experiments. A combination of Lorentzian and Gaussian functions was
used to emulate the core-hole lifetime broadening[70] (DE=0.10 eV for
oxygen and DE=0.09 eV for nitrogen), final-state lifetime broadening[71]

(this is variable broadening and scales with the energy squared from the
central point being the conduction band edge) with a scaling factor of
0.30 for N and 0.20 for O, instrumental broadening with a scaling factor
of 0.30 for N and 0.20 for O, and instrumental broadening (this is resolu-
tion of the beamline and spectrometer) with a FWHM of 0.40 at 400 eV
and 0.40 at 520 eV for the spectrometer, respectively, and 0.80 at 400 eV
and 0.80 at 520 eV for the monochromator, respectively.

The band-gap determination used a combination of experimentally mea-
sured and calculated results. There were three key considerations this
study used when determining the band gap. 1) The VB and CB edge lo-
cations were determined by using the second derivative, which has been
previously successful.[55] 2) The site splitting, which occurs because of
non-equivalent core electron binding energy in non-equivalent sites was
determined from DFT results. 3) The XANES measurements were
strongly affected by the core hole present in the final state; again DFT
calculations provide an estimate in the shift of the CB that is caused by
the core hole. These three effects were added numerically to the initially
determined band gap and provide a reliable estimate of the actual band
gap.
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