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Abstract

BaYSiN; and its phosphors activated withEwand C&* were synthesized by solid-state reaction at 1400-165fhder nitrogen mixed
with hydrogen atmosphere. The crystal structure of BaM®ivas solved by direct methods and refined by the Rietveld method from powder
X-ray diffraction data. BaYSN; crystallizes in the hexagonal space groupr®é (No.186), witha = 6.0550 (2) A,c = 9.8567 (1) A,V
= 312.96 (2) B, andZ = 2, which is isotypic with BaYb3N-. The photoluminescence properties have been studied for the solid solutions of
Ba,_.Eu,YSi4sN; (x= 0-0.4) and BaY_.Ce,SizN; (x = 0—0.1) at room temperature. Eudoped BaYSjN; gives a broad green emission
band centered between 503 and 527 nm depending on fiecBacentration. The Eti emission band shows a red-shift formulation with
increasing E& concentration mainly caused by the change of the crystal field strength and Stokes shift. Concentration quenchiing of Eu
emission is observed for= 0.05 due to energy transfer betweer?Eions by electric dipole—dipole interactions with a critical interaction
distance of about 20 A. Ge-doped BaYSjN; exhibits a bright blue emission band with a maximum at about 417 nm, which is independent
of Ce* concentration. This is ascribed to a lower solubility ofC®ns in BaYSjNj lattice as shown by X-ray powder diffraction analysis.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction A series of quaternary compounds containing trivalent
Yb formed with alkaline-earth ions and silicon nitride,
It is of considerable interest to develop advanced lumi- MYbSi4sN7 (M = Sr, Ba and divalent Eu) have already
nescent materials with high brightness and high efficiency been reported11-13] All of them are isotypic in space
for applications in fluorescent lamps, light emitting diodes group P@mc, with Z = 2. This structure is composed of a
(LED) and various kinds of display devices. Up to date, network of corner-sharing SiNtetrahedra. M* (M = Sr,
most of them are dominated by oxides, sulfides, halides andBa, and Eu) and Yd" reside within the SiNg-ring chan-
phosphides doped with transition metal or rare-earth ions nels. Besides common two-fold coordinated nitrogen atom
[1-4]. Recent work has shown that nitride or oxynitride or N[ bridges, unusual four-fold coordinated*Natoms
compounds are promising host lattices for luminescent ma- are also present, with significantly longer bond lengths than
terials[5—8], the presence of a significant covalent character those of the Si—N bonds of theldl atoms[14].
of nitrogen atoms in the lattice may bring about some pe- Considering the comparable ionic radiustY 0.9 A;
culiar optical properties with respect to the traditional host Yb3*: 1.02A) and the similarity of some Y and Yb con-
lattice [9,10]. Hence, it is necessary to explore some new taining silicon oxynitride compounds, it is therefore inter-
nitride compounds and furthermore build-up the relation- esting to explore the possibility of isostructural compounds
ships between the chemical composition, crystal structurewith substitution of Y for Yb with the intention of design
and the resulting optical properties. of promising host lattices for doping with luminescent ions.
Recently, we have reported about ab initio calculation of the
crystal structure and electronic structure of MY$; (M

* Corresponding author. Tek:31-40-2472770; faxi-31-40-2445619. = Sf, Ba)[15]. To systematically study those luminescent
E-mail addressh.t.hintzen@tue.nl (H.T. Hintzen). materials, powder samples of BgEu,YSisN7 (0 <x < 1)
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and BaY;_,Ce,SisN7 (0 < x < 0.1) were prepared by the 100 nm/min and the selected excitation and emission slit

conventional solid-state reaction approach. In this paper, wewidth of 2.5 nm. Excitation spectra were automatically cor-

describe the synthesis, and give further details about the crys+ected; however, all the emission spectra were corrected
tal structure of BaYSiN7. Another goal of this work is to by taking into account the effect of the combined spectral
investigate the structure using Eu or Ce as a structural (spectesponse of the detector of R928 and the monochromator
troscopic) probe and emphasize the structure—luminescenceising the measured spectra of a calibrated W-lamp as the
properties relationships of the powder samples activated with light source.

Ew?t or Ce ions. Diffused reflectance spectra were recorded in the range
of 230-700 nm with BaS@white powder and black felt as
the references.

2. Experimental

Powder samples of BaY§\l7 and solid solutions of sev- 3. Results and discussion
eral Ba_,Eu,YSisN7 (0 < x < 1) and Ba¥Y_,CeSisN7
(0 < x < 0.1) compounds were prepared by solid-state re- 3.1. Structure determination of undoped Ba¥Gi
action from stoichiometric quantities of high purity grade
SigN4 (Cerac S-1177, measur@dcontent:~91%, N con- The prepared samples as examined by X-ray powder
tent: 38.35%, 99.5%), and the metals Y (Csre, 99.9%), Ba diffraction appeared to be single phase. The accurate posi-
(Aldrich, 99%, pieces), Ce (Alfa, 99%) and Eu (Csre, 99.9%, tion and integrated intensities of the first Bragg peaks
pieces). The large pieces of the Ba and Eu metals ren-were obtained by profile fitting with the program XFIT
dered a homogeneous mixing procedure impossible, there{16] using a split Pearson VIl function. The powder X-ray
fore, BaN2 and EuN were pre-synthesized by nitriding the diffraction pattern of BaYSiN; was then indexed on the
Ba and Eu metals under a flowing pure nitrogen atmospherebasis of a primitive hexagonal cell with unit cell parameters
at 550 and 850C, respectively, and subsequently grinding a = 6.0525 (3)A,c = 9.8525 (7)A, andv = 312.57 8
them into fine powders. The mixtures of raw materials were (M,o = 225.5, Foo = 193.3(0.0038, 27)) by the powder
thoroughly mixed and ground with an agate mortar and pes-indexing program of DICVOL9117,18]in the CRYSFIRE
tle. Subsequently, the well-mixed powders were placed in a suite [19]. This result was also confirmed with TREOR90
molybdenum crucible covered with a lid and fired twice at [20]. The final refined lattice parameters using Si powder
1400 and 1650C for 12-24 h under a flowing gas of 5% as an internal standard are listedTiable 1 Two formula
H2-95% N in horizontal tube furnaces with an interme- units per primitive unit cell can be deduced from the lattice
diate grinding between the firing steps. All manipulations parameters and the measured density (4.105GEm
were carried out in a nitrogen filled dry glove box due to The systematic absences (2h-h# Bn; h-2h|: 1= 2nand
the great air sensitivity of most of the raw materials. hhl: | = 2n) suggest that the possible space groups could
Powder X-ray diffraction (XRD) data were collected at pe P31c, Blc, P@mc, F62c and Pgmmc.
room temperature on a Rigaku D/Mag® diffractometer The crystal structure elucidation of Bay8i; was car-
operating at 40kV, 30 mA with Bragg-Brentano geometry ried out by ab initio crystal determination with the program
(flat graphite monochromator, Scintillation counter) using EXPO [21] using EXTRA[22] for extraction of the inte-
Cu Ka radiation. The sample was mounted on a standard grated intensities by the Le Bail methf8] and SIRPOW97

flat plate aluminum sample holder. For the lattice parameters[24] optimized for solving crystal structure by powder data
determination of both undoped and doped samples, powder

diffraction data were recorded in the éange of 10-90with Table 1
step scan mode (step size 0., counting time per step  Crystallographic data for BaY\;
6s) while 15wt.% silicon powder was used as an internal

. . . . Formula BaYSiN7
standard. For indexing and crystal structure determination gormyia weight 436.64
XRD data were recorded with step scan withindar@nge Crystal system Hexagonal
of 10-120 with a step size of 0.0129 and a counting Space group Rgnc (no. 186)
time of 20s per step on the finely ground samples.°A 1 Unit cell dimensions (A) a = 6.0550 (2)
divergence and scatter slit together with a°G&ceiving slit Cell volume (%) 31:2_2':5(2)7 @
were employed for measurement. 7 2

The photoluminescence spectra were determined at roompensity, calculated (g/c® 4.634
temperature on the powder samples by a Perkin-ElmerT (K) 298
LS-50B luminescence spectrometer with Monk—Gillieson 29 (degree) range 10-120
Scan conditions Step size: 0.01, 20s/step

type monochromators and a 20 kW xenon discharge lamp
as excitation source. The radiation was detected by a redR-factors
sensitive photomultiplier R928. The spectra were obtained R

in the range of 200—900nm with a scanning speed of

0.0860
0.0538
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Table 2
Atomic coordinates and isotropic displacement parameters of Ba¥SA2)
Atom Wyckoff position Symmetry X y z U
Ba > Cav 1/3 2/3 0.3627(3) 0.0035 (3)
Y 2b Cav 1/3 2/3 0.7372 (3) 0.0016 (4)
Sil 2a Cav 0 0 0.3136 (4) 0.0022 (9)
Si2 6c Cs 0.1732 (2) 0.3464 (3) 0.0465 (3) 0.0036 (4)
N1 6c Cs 0.0276 (10) 0.5138 (5) 0.0996 (4) 0.0020 (13)
N2 6c Cs 0.8461 (3) 0.6921 (7) 0.3730 (5) 0.0022 (11)
N3 2a Cav 0 0 0.1230 (8) 0.0096 (19)

for direct methods. All the possible space groups were usedN[4! atoms connect four Si atoms and th&Natoms con-
as input to the EXPO program to derive the atomic position nect two Si atoms without the presence dfINatoms as
with direct methods in the range of 10729 because of  generally observed in metal-silicon nitrides. The structure
the strong intensity decrease at largerange. can be considered as an infinite building of tetrahedral
With photoluminescence spectroscopy (see photolumi- units of [N(SiNs)4] joined by sharing N! atoms along the
nescence section) on £t and Cé"-doped BaYSjN7 (Eu b-axis (Fig. 29. Both B&" and Y3* ions occupy one site
and Ce probes are assumed to partially replace Ba and Yin the primitive lattice and are located in channels along
atom in the lattice) only one relatively high symmetric emis- [100] formed by SiNg rings, as shown ifFig. 2 The Ba
sion band can be observed for each of them. Itis clearly sug-atom is surrounded by 12 nearest nitrogen neighbours: six
gested that there is only one Ba and Y site in the BaK®i N2 with long-distances are in the same planar hexagonal
primitive lattice and those sites should have high point sym- array ((Bal)(N2j layer), and six N1 with short-distances
metry. From the primary results of EXPO program, the most (three above and three below the (Bal)@®yer) form
probable point symmetry group for both Ba and Y ions a hexagonal anti-prism (or a distorted octahedron) around
might be Gy with the highest site symmetry, consistent with  the central atom of Ba in the cubic closest packing (CCP)
the space group of Bfic and Pe/mmc mentioned above.  framework composed of the stacking of four EBH(N3-),
Combining this information together with the output results |ayers. The Y atom is six-fold coordinated by N 3N1,
of the EXPO program, the position of all Ba, Y, Si and N 3 x N2) forming a slight distorted octahedron. The local
atoms in the unit cell was obtained. The results using the coordination environments of Ba and Y by N atoms are
space group Pfnc gave a lower structur& factor as com- presented irFig. 2b and cAs compared with BaYb$N~,
pared with that of the Rmmc. Consequently, in the further  the main structural difference is that the bond lengths of
structure refinement stage, only the space growprié@vas most of Ba—N and Y-N as well as Si-N in Ba¥Si
applied to carry out the Rietveld refinement. All of the above become longer since the ionic radius of*Yis larger
results are similar to those obtained from a single crystal than that of YB™ ion (see Table 3 which results in
study of BaYbSiN7 [10-13] the unit cell volume increase. The Ba—N bond lengths
The structure of BaY3N7 was refined by the Rietveld
method [25] using the initial coordination of atoms ob-
tained from the above mentioned direct methods based on
the space group R6ic. Rietveld refinement was performed
using the program GSARG6,27]in the range 10— 12026.
The scaling factor, the zero point, the background and the
lattice parameters were refined initially. The profile fitting
was used a pseudo-Voigt function corrected for asymme-
try. The preferential orientation was also refined using the
March-Dollase function because of the needle-like mor-
phology of BaYSiN7 particle. All atom positions and
thermal displacement factors were refined and the final
refinement converged to the residual factByg = 8.60%
andR, = 5.38%.Fig. 1 shows the final simulation of the }
calculated and observed diffraction patterns. The crystallo- ...r.........
graphic data are listed ifable 1and the atomic coordinates 10 20 30 40 50 60 70 80 90 100 110 120
are given inTable 2 and some selected bond distances and 26 (degree)
angles are summarized Trable 3 ) ) ) )
BaYSiN- is isostructural with BaYb$N> and also con- Fig. 1. Observed (crpssed) and cglculated (Ilqe) X-ray powder diffraction
. . . . __pattern as well as difference profile (bottom line) between observed and
tains a three-dimensional network structure of Comer'Sha”ngcalculated intensity of the Rietveld refinement of Bax\i. Positions of

SiNg tetrahedreﬁo[(Sigl]Ng]N[4])5*]. In this network, the
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Selected interatomic distances (A) and angles (degree) for BAYSi

Ba-N1
Ba—N2i
Ba—N2ii
Ba—N1*
Ba—NZId
Ba—NZxii
Ba—N2V
Ba-N2
Ba-N2V
Ba—N2ii
Ba—N2
Ba—N2vi

Y_vaii
Y-N1¥
Y_leii
Y-N2
Y-N2X
Y_Nzxiii

Ba-Y

Ba-Y

Ba—Yi

Ba-Y'
N1-Ba—N2i
N1-Ba—N2ii
N1-Ba—N#*
N1-Ba—N¥
N1-Ba—NXi
N1-Ba—N2V
N1-Ba—N2
N1-Ba—N2V
vaii —Ba—NI’”i
N1Yi_Ba—N1*
N1Vi_Ba—N
N1Vi_Ba—NXi
N1Vi_Ba—N2V
N1vi_Ba—N2
N1Vi_Ba—N2V
N1Vil _Ba—N1*
N1Vil _Ba—Nx
vaiii —Ba—NI‘"
N 1Viii _Ba—N z(iv
N1Vil _Ba—N2
N1Vil _Ba—N2V
N1*—Ba—N2
N1X—Ba—Ni
N1*—Ba—NXV
N1*—Ba—N2
N1¥-Ba—NZi
N1¥—Ba—NXV
N1¥—Ba—N2
N1¥—Ba—N2V
N1¥i _Ba—NXV
N1¥_Ba—N2
N1Xi _Ba—N2V
N2XV_Ba—N2
N2V _Ba—N2V
N2-Ba—N2V

NlVii—Y—NliX
vaii_Y_leii
N1Vi—y—N24
NIV —Y—N2*
NlVii—Y—NZXiii

3.048 (6)
3.006 (6)
3.049 (6)
3.006 (6)
3.048 (6)
3.006 (6)
3.03167 (28)
3.03262 (28)
3.03227 (28)
3.03201 (28)
3.03234 (28)
3.03199 (28)

2.328 (5)
2.328 (5)
2.329 (5)
2.309 (5)
2.309 (5)
2.309 (5)

3.6919 (9)

3.70825 (33)
3.70825 (33)
3.70775 (33)

145.740 (34)
54.19 (16)
109.256 (14)
54.19 (16)
145.720 (34)
65.51 (13)
119.67 (14)
90.32 (10)
145.723 (34)
66.08 (15)
109.256 (14)
66.08 (15)
86.92 (10)
86.91 (10)
122.13 (14)
145.723 (34)
54.19 (16)
109.240 (14)
119.68 (14)
65.50 (13)
145.740 (34)
66.08 (15)
56.17 (12)
122.13 (14)
86.91 (10)
145.720 (34)
90.33 (10)
90.32 (10)
119.67 (14)
122.14 (14)
56.16 (12)
56.16 (12)
173.66 (17)
119.888 (13)
64.99 (13)

89.49 (20)
89.48 (20)
90.39 (13)
179.8123 (7)
90.38 (13)

Table 3 Continued

N1X—Y—NZXi 89.48 (20)
N1X—-Y—N2Vi 90.39 (13)
NIX_Y—_N2 90.38 (13)
N1X—y—N i 179.8062 (7)
N2 _y—N2vi 179.8219 (6)
NI _y—N2¥ 90.37 (13)
N Xy N2 90.37 (13)
N2Vi—Y—N2 89.76 (19)
N2vi—y N2 89.76 (19)
N2X—Y—N i 89.75 (19)

Symmetry codes: (ixk — vy, X, =05+ 7z (i) 1 +x — vy, x, =05+ z
(i)l +x—-y,14+%x -054+z (V) X, 1+y,zV)1+x1+Yy z
(Vi) x —y,x, 0547z (vi)1 +x—Yy, 14X 0547z (vii) 1L —y, 1
+X=V¥7z(X) %1-y,05+7z (X)) 1—-x 11—y 05+z (xi) —x
+vy, 1—-xz (xii) y, —x+y, 0.5+ z (xiii) y, 1 — x +V, 0.5+ 7 (xiv)
—“14+XY,ZzXV)1-y,Xx—Yy,z Xvi)l—-x+Yy, 2—X z (xvi) 1
+X—Y, % 05+7 (xvii) x,y, 1 +z xix) 1 -y, 1+x—-y,1+z7
xXxX) X4y, 1 —=x1+z (xxi) =1 +x, =1 +vy, z (xxii) x, — 1+,
z, (xxiii) —x, =y, 0.5+ z (xxiv) X, ¥, =1 +z7 (xxv) 1 — x, 1 — y, —0.5
4z (xxvi) 1 + X, Y, Z (xxvii) =y, X — Yy, Z (xXxviil) =X +Y, =X, Z

vary from 3.006 to 3.049A and the Y-N bond lengths
vary from 2.309 to 2.329A (three long and three short
bonds).

3.2. Solubility of Eu and Ce ions in the BaX$i host
lattice

The position of the emission band and efficiencies can be
tuned by varying the Eu or Ce concentration due to altering
the lattice parameters of the Ba¥Bi; host which results
in changing crystal field strength and covalency. Therefore,
it is of interest to know the solubility limit of Eu or Ce ions
in the BaY SNy lattice. Considering the cation radi{23]
and the valence states, we supposed that Eons prefer
to occupy Ba sites, while G& ions prefer to occupy Y
sites. Accordingly, series of doped Eu and Ce samples were
investigated, respectively.

Fig. 3 shows the lattice parameters as function of the
concentration for Ba Eu,YSisN7 (0 < x < 1) (Fig. 39
and BaY_.CeSiuN7 (0 < x < 0.1) (Fig. 3b. For
Ba;_Eu,YSisN7, the lattice parameters, ¢ and the unit
cell volumeV, nearly linearly decrease with the Eucon-
centration in the whole range because of the substitution of
small E¢+ for the large B&" in ionic radius[28], while
abovex = 0.4, a secondary phase 8 can be observed.
Although Ba_,Eu,YSizsN7 can form the complete solid
solutions between BaY3W; and EuYS|S;, the largely
different interatomic distances in their framework hinder
Ba;_ Eu,YSisyN7 existing in a purity phase. On the other
hand, the lattice parameters for Ba¥Ce,SisN7 exhibit
only a slight tendency to increase with an increasg dfie
to the ionic radius of C& being significantly larger than
that of Y3*. It also can be seen froffig. 3bthat variation in
Ce concentration does change much less the lattice param-
eters. Due to this limited solubility an unknown secondary
phase is present in Ce-doped Bax$i for x > 0.05.
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(b) © (c) @

Fig. 2. Schematic views of the crystal structure of Ba)\&i (a) Projection of tetrahedral representation of the crystal structure of BAYSilong
[100] direction. The B&" ions are shown as large grey spheres and the ¥ns as small black spheres. (b) Coordination of the Ba atoms and (c)
coordination of the Y atoms in BaY@\l; with nitrogen atoms.

In order to differentiate the interatomic distances and becomes shorter, whereas the distances of the Eu—N1 bonds
angles between undoped and 2Euand CéT doped are similar with the Ba—N1 distances in undoped BaXSi
BaYSiN7, the Rietveld refinement was performed using lattice. On the other hand the average Y/Ce—N distances
powder XRD data with the structural model based on the are not significantly changed in comparison with Y-N dis-
results for BaYSjN7. The observed and difference Rietveld tances of the undoped sample (as showreibles 3-% The
plots are given irFig. 4 The summary of crystallographic  site-occupancy factorsTéble 4, reveal that the ¥+ sites
data, including the atomic coordination for #uand C&* reject CE* ions surpassing 1 mol% to occupy itb 8ites
doped BaYSiN7, are given inTable 4and selected dis- in the BaYSiNy lattice, which confirms that only a small
tances and bond angles givenTiable 5 The Eu-N2 bond  amount of C&" ions can be incorporated into Ba;Siy.
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Fig. 3. The concentration of Eu and Ce dependence of the lattice parameters of (s B& SisN7 (0 < x < 1) and (b) Ba¥_,CeSisN7 (0 < x < 0.1).

3.3. Diffuse reflection of Eu and Ce doped BaX5i In contrast, except for the absorption intensity enhancement
with the Ce concentration increasing no significant effects

The daylight colour of undoped, Eu, and Ce-doped on the onset of absorption for all BaY,Ce.SisN7 sam-

samples are gray—white, green—yellow and antique-white, ples = 0—0.1) could be observed. Clearly, the absorption

respectively. The typical diffuse reflectance spectra for un- below 260nm is attributed to the valence to conduction

doped BaYSjN7, BagoEup1YSisN7 and BaYo7Ceyos band transitions of the host lattice. This is in agreement

SiyN7 are shown inFig. 5 The spectrum of Eu-doped with our calculated predictions as reported eadis]. In

BaYSiN7 is described by one broad absorption feature addition, the absorption band of BaY,Ce,SisN; shows

centered between 310 and 350 nm depending on the coniwo distinctly separated sub-bands (313 and 334 nm, see

centration of the Eu ions. Because the undoped sampleinset inFig. 5b), which is ascribed to splitting of the 4%

does not present such absorption, it is implied that the ab-5d excitation band of the G& ion.

sorption originates from Ed. Addition of E?* to form

Ba;—Eu,YSisN7 solid solution has a significant influence 3.4. Luminescence of Ba¥Ny:Eu

on the onset of absorption. The onset of the absorption

band of Eu ions systemically shifts to longer wavelength  Fig. 6 shows the room-temperature emission spectra of

up tox = 0.3 (see inset irFig. 58 corresponding to the  Ba;_,Eu,YSisN7 (0 < x < 0.4). The inset displays the cor-

solubility limit of Eu ions in the BaYSiN7 host Fig. 33. responding excitation spectra from bottom to top. Since we
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Table 4

Crystal data and refined atomic coordinations fop 8o 1YSisN7 and BaYp.g7Cep 03SiaN7

Formula B@_gEUo_]_YSi4N7 BaYo_97CQ)_038i4N7

Formula weight

Crystal system Hexagonal Hexagonal

Space group Pgnc (no. 186) Pémc (no. 186)

Unit cell dimensions
a(A) 6.0520 (4) 6.0550 (1)
c (A) 9.8540 (1) 9.8563 (1)

Cell volumeV (A%) 312.56 (3) 312.90 (2)

z 2 2

Density, calculated

T (K) 298 298

20 (deg.) range 10-120 10-120

Scan conditions step size: 0.01, 20 s/step step size: 0.01, 20 s/step

R-factors
Rup 0.0979 0.0896
Rp 0.0643 0.0560

Atom Wyckoff position X y z U d

Bap.9EU0.1YSiaN7
Ba 2 1/3 2/3 0.3625 (1) 0.0052 (4) 0.90 (6)
Eu 2 1/3 2/3 0.3625 (1) 0.0052 (4) 0.10 (6)
Y 2b 1/3 2/3 0.7370 (1) 0.0023 (6) 1.0
Sil 2a 0 0 0.3127 (6) 0.0019 (11) 1.0
Si2 6c 0.1729 (2) 0.3458 (4) 0.0458 (4) 0.0047 (6) 1.0
N1 6c 0.0290 (12) 0.5145 (6) 0.0985 (7) 0.0048 (17) 1.0
N2 6c 0.8477 (4) 0.6952 (8) 0.3708 (7) 0.0035 (14) 1.0
N3 2a 0 0 0.1195 (13) 0.0085 (22) 1.0

BaYo 97Cen.03SiaN7
Ba 2 1/3 2/3 0.3625 (1) 0.0045 (4) 1.0
Y 2b 1/3 2/3 0.7373 (1) 0.0030 (6) 0.993 (8)
Ce Y] 1/3 2/3 0.7373 (1) 0.0030 (6) 0.007 (8)
Si1 2a 0 0 0.3144 (5) 0.0026 (9) 1.0
Si2 6c 0.1730 (2) 0.3460 (3) 0.0464 (3) 0.0052 (5) 1.0
N1 6c 0.0265 (10) 0.5133 (5) 0.0989 (6) 0.0011 (13) 1.0
N2 6c 0.8478 (4) 0.6955 (8) 0.3700 (6) 0.0031 (12) 1.0
N3 2a 0 0 0.1248 (10) 0.0076 (20) 1.0

Constraint on occupancy(): g(Ba) + g(Eu) = 1.0 for BagEuwy 1YSisN7; g(Y) + g(Ce) = 1.0 for BaYo.g7Cep 03SiaN7.

could not obtain single-phase EuYSi; and Eu-rich solid The emission spectra of Ba,Eu,YSisN7 (0 < x < 0.4)

solution samples (0.5 x < 1), the luminescence properties consist of a single broad band with a nearly symmetric pro-

in this range will not be described in this paper. file in the green spectral region. It is well known that’Eu
The excitation spectra for Ba,Eu, YSisN7 (0 < x < 0.4) ions show emission bands, while £udisplays sharp emis-

exhibit two remarkable broad excitation bands with max- sion lines due to 4f> 4f transitions oPDg to ’F; (J= 0—6)
ima around 342 and 386 nm together with a weak band neararound 580—630 nifi]. As no 4f— 4f emission lines orig-
283 nm Fig. 6). The latter band is ascribed to host-lattice inating from E§* in the red spectral area can be observed,
excitation Fig. 59, in agreement with the fact that its posi- the broad green emission band can be assigned to $6d 4f
tion is independent of the Eu concentration in contrast to the — 4f” transition of EG", indicating that the Eu ions in the
other bandsTable §. As the E&* concentration increases  nitride or oxynitride compounds are reduced t&E(9].

the long-wavelength excitation band shifts from about 383  The position of the broad emission band shifts to longer
to 388 nm, while the short-wavelength excitation band shifts wavelengthsKig. 6) with an increase of Bl concentration
from about 348 to 346 nniT@ble §. This is a consequence  (from 503 to 527 nm), as expected for&uin a shrinking

of a larger crystal field splitting (CFS) due to shrinkage of lattice. Due to the associated smaller interatomic distances,
the lattice when the B4 ion is replaced by the smaller the crystal field strength around #uincreasesTable 6,
EW?* ion. As compared with Eu-doped B3isNg, the exci- which results in increasing splitting of the 5d levels and low-
tation bands above 400 nj®,9] are absent in BaY gN7:Eu, ering of the level from which emission occurs. In addition,
which is related to a different crystal and electronic structure a larger Stokes shift is inducedigble §, because a stronger
as well as number of cross-linking SiNetrahedra (). relaxation is promoted for Ed on a site becoming smaller.
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Fig. 4. Observed (crossed), calculated (line) X-ray powder diffraction
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Fig. 5. Typical diffuse reflectance spectra of Bax$i, BaggEuy 1Y SisN7

and BaYpg97Ce03SisN7. The inset in (a) is the onset of absorption de-
pendence of the Eti concentration. The inset in (b) shows the magnified
part of the reflection pattern around Eeabsorption band.

1)

pattern and the difference profile (bottom line) between observed and whereX; is the critical concentratiorl\l is the number of

calculated intensity of the Rietveld refinement of (a)B&uy 1YSisN7,
and (b) Ba¥g7Ce03SisN7 samples. The vertical markers show the
positions calculated for Bragg reflections.

BaZ* ions in the unit cell, and/ is the volume of the unit

Table 5
Selected interatomic distances (A) for @&u1YSisN; and
. . . BaYo.07Cen.03SiaN7
Consequently the red-shift of the emission band for higher _ .
Eu contents can be understood. BaooElo1YSiaNy BaYoo7CenosSiuN7
The interaction between the host lattice and the activator Bond Length (A) Bond Length (A)
EW?™ becomes stronger with increasing®Ewconcentration EU—N1 3.051 (7) Ba_N1 3.055 (6)
which results in broadening of the emission baRkd)( 7). Eu-N1 3.003 (7) Ba—N1 2.999 (6)
Such behavior is ascribed to the strong coupling of the elec- Eu-N1 3.051 (7) Ba—N1 3.055 (6)
tronic states of the Ed’ center with vibrational modes of ~ Eu-N1 3.003 (7) Ba—N1 2.999 (6)
the host lattice[29]. The width of the emission band is Eu-N1 3.051 (7) Ba-N1 3.055 (6)
) . . Eu-N1 3.003 (7) Ba-N1 2.999 (6)
also related to the Stokes shift, generally, a broad emissiong 3.03017 (35) Ba_N2 3.03176 (29)
band corresponds to a large Stokes sHift This relation EU-N2 3.03138 (35) Ba—N2 3.03212 (29)
is in satisfactory agreement with the results observed for Eu-N2 3.03078 (35) Ba-N2 3.03176 (29)
Ba;—,Eu,YSisN7 (0 < x < 0.4) phosphorsHig. 7, Table §. Eu-N2 3.03078 (35) Ba-N2 3.03211 (29)
Concentration quenching of the luminescence becomesEU—N? 8.03110 (35) Ba-N2 3.03212 (29)
. v . 0 Eu-N2 3.03050 (35) Ba-N2 3.03176 (29)
effective for E§* contents surpassing 5mol% because the YoN1 2.338 (7) CeN1 2.328 (5)
distance between Bt ions becomes smaller due to the y_pni 2.338 (7) Ce—N1 2.328 (5)
replacement of Ba with Eu ions, which leads to the energy Y-N1 2.339 (7) Ce-N1 2.328 (5)
transfer between Bt centers. The critical distance for the Y-N2 2.309 (6) Ce-N2 2.306 (5)
energy transfer between identical®wenters in BaYSiN, Y-N2 2.310 (6) Ce-N2 2.306 (S)
Y-N2 2.310 (6) Ce-N2 2.306 (5)

can be estimated by the formula ([BP]
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Fig. 6. The emission spectra of Ba¥8iy:Eu with varying Eu concen-
tration (385 nm excitation wavelength at room temperature). In the inset,
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Fig. 7. The E&* concentration dependence of the emission intensity and
width (FWHM) of the emission bands of Ba,Eu, YSisN7 (0 < x < 0.4).
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Fig. 8. Observed relative intensity of Eu emission dependence of the
concentration of Ba_,Eu,YSisN7 (0 < x < 0.4) under 385 nm excitation
wavelength.

Energy transfer is generally associated with multipolar
interactions, radiation reabsorption or exchafg8f. Based
on the calculatedr; value and the broad emission band
with high symmetry and small spectral overlap with the
excitation band, it seems that multipolar interactions are the
most relevant to B energy transfef1,30,33] The type
of multipolar interactions between the uions can be
identified by examining the concentration dependence of
the emission intensity from the emitting level which has
multipolar interaction[34,35] The emission intensity per
activator ion can be expressed by the equation for weakly
absorbed exciting radiation:
Iops

=0+ (2)
wherex is the activator concentratiofps is the observed
relative emission intensityp’ is a constant for each in-
teraction for a given host crystal amtl =6, 8, 10 for

cell. The estimated value for the energy transfer distance dipole—dipole, dipole—quadrupole, quadrupole—quadrupole

R. between E&" ions in BaYSiNy7 is approximately 20 A,
which is similar to theR. value for E§" centers in several

oxide and apatite latticg81,32]

interaction, respectively.
The IopgdX Versusx curve of the 4§5d — 4f7 emission
from Ba— Eu,YSisN7 (0 < x < 0.4) is shown inFig. 8

Table 6

Spectral parameters of the BaEu,YSisN7 (x = 0-0.4) and BaY_,Ce,SisN7 (x = 0-0.5)

Sample Excitation maximum (nm) Emission maximum (nm) Stokes shift {gm CFS (cnT?)

Ba;_Eu,YSisN7
0.02 283, 348, 383 503 6200 2600
0.10 283, 349, 385 508 6300 2700
0.20 283, 349, 388 517 6400 2900
0.30 283, 348, 389 526 6800 3000
0.40 283, 346, 388 537 7200 3100

BaY;_.CeSisN7
0.01 285, 297, 317, 339 416 5500 4100
0.03 285, 297, 318, 338 417 5600 4100
0.05 285, 297, 319, 338 419 5700 4100
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The dash curves in the inset figure for the emission speckus0.01 represent deconvoluted Gaussians.

ThelopdX data of the emission over the Euconcentration varying the C&" concentration is related to the limited sol-
range of 0.1-0.4 mole fraction, can be fitted with a straight ubility of Ce3* ions in BaYSiNy lattice. As a consequence,
line with a slope of about-1.94. This corresponds 6 the effect of C&" substitution for Y+ ions is very slight.

= 5.8, which indicates that electric dipole—dipole interac-

tion is responsible for the concentration quenching of'Eu

emission. 4. Conclusions
3.5. Luminescence of BaYRy:Ce A new compound, BaY3N7, has been synthesized by
solid-state reactions and the crystal structure was determined
The excitation spectra of BaY@i;:Ce*t exhibit four from X-ray powder diffraction data with direct methods.

bands at 338, 318, 297 and 285nfig. 9. Similar to BaYSiyN7 exhibits strong structural similarities to the al-
BaYSiuN7:EL2t the band at about 285nm is ascribed to ready known BaYbSN7. The compound crystallizes in the
host—lattice excitation, and the remaining peaks to splitting hexagonal crystal system, space grougr§ Z = 2, unit
of the 5d band into 3 levels as expected for the incorpora- cell parametersa = 6.0550 (2) A,c =9.8567 (1)A, and
tion of Ce on the slightly distorted octahedral %Nite in V =312.96 (2) R. The refinement was carried out using
BaYSiN7 with point symmetry Gy. the Rietveld method and the residual factors of the final re-
A relatively narrow emission band centered at about finement areR,p = 0.0860,R, = 0.0538. The structure of
417 nm can be distinguished in the emission spectra, in BaYSiyN7 contains one crystallographically distinct site for

agreement with the substitution of eions on a sin- Ba and Y atoms, respectively. The Ba atoms are twelvefold
gle site. A decomposition of the emission band into two coordinated by nearest nitrogen neighbours and the Y atoms
Gaussian-shaped bands is displayed in an insétign 9. are located inside a slightly distorted octahedron consisting

The energy gap between the fitted two maxima is about of nitrogen atoms.
2009 cnt!, which is in agreement with the value of the The optical properties of the Ba,Eu,YSisN7 (x

spin—orbit splitting of C&" ground state of 4f configura- = 0-0.4) and BaY_.CeSisN; (x = 0—0.1) have been
tion. Therefore, the emission of the ¥ein BaYSiN7 can studied using diffuse reflectance, UV excitation and emis-
be assigned to the transition of 5d 4f (2F5/2, 2F7/2). sion spectroscopy. The interatomic distances for the local

As can be seen frorfig. 9, no significant shifts of both  coordination of Eu and Ce atoms in £u and C&é*-doped
Ce*t excitation and emission bands are observed upon in-samples were also obtained by the Rietveld analysis. One
creasing the C& concentration. The lowest excitation band broad E4+ green emission band with a maximum intensity
is located at 338 nm, thus resulting for all Ce concentrations around 503-527 nm emission center was observed depend-
in about the same Stokes shi#%600 cn1!, Table § as well ing on the E&T concentration which can be assigned to the
as CFS datal@able §. An untunable C& emission band by  transition 4f5d' — 4f’. Varying the E4t concentration
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results in a significant red-shift and broadening of thé'Eu
emission as well as a decrease of the emission intensity. Th

i

11

[11] H. Huppertz, W. Schnick, Angew. Chem. Int. Ed. Engl. 108 (1996)
2115.
2] H. Huppertz, W. Schnick, Z. Anorg. Allg. Chem. 212 (1997) 623.

changes in the emission spectra have been associated wit 3] H. Huppertz, W. Schnick, Acta Cryst. C53 (1997) 1751.
changes in the crystal field strength, Stokes shift and pos-[14] w. Schnick, H. Huppertz, Chem. Eur. J. 3 (1997) 679.

sibly the covalency around Bt ions, as concluded from
the variation of lattice parameters with Eu concentration
and the Rietveld refinement data. As possible concentra-
tion quenching mechanism, electric dipole—dipole interac-
tion is proposed for Eft emission. In BaY_,Ce,SisN

(x =0-0.1), a rather narrow €& emission band around
417 nm is observed, its position almost independent éf Ce
concentration.
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