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The crystal and electronic structures, and luminescence properties of Eu?*, Ce3>* and Tb>" activated
LiSi;N3 are reported. LiSi;N3 is an insulator with an indirect band gap of about 5.0eV (experimental
value ~6.4eV) and the Li 2s, 2p states are positioned on the top of the valence band close to the Fermi
level and the bottom of the conduction band. The solubility of Eu?" is significantly higher than Ce3* and
Tb3* in LiSi,N3 which may be strongly related to the valence difference between Li* and rare-earth ions.
LiSi,N3:Eu?* shows yellow emission at about 580 nm due to the 4f°5d' »4f transition of Eu?*. Double
substitution is found to be the effective ways to improve the luminescence efficiency of LiSi,N3:Eu?",
especially for the partial replacement of (LiSi)°* with (CaAl)>*, which gives red emission at 620 nm,
showing highly promising applications in white LEDs. LiSi,N3:Ce>* emits blue light at about 450 nm
arising from the 5d' —4f'5d° transition of Ce*" upon excitation at 320 nm. LiSi,N3:Tb>* gives strong
green line emission with a maximum peak at about 542 nm attributed to the 5D4*>7FJ (J=3-6)
transition of Tb®*, which is caused by highly efficient energy transfer from the LiSi,N3 host to the
Tb>" ions.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Since the absorption of nitride based phosphors perfectly
match with the radiation of the blue- and UV-LED chips, rare
earth activated silicon nitride based materials have emerged as
the best wavelength conversion phosphors for white-light LED
applications [1,2]. The composition of nitride phosphors is
normally focused on the alkaline earth silicon nitride/oxynitride,
e.g., M,SisNg [3-5] and MSi;N,0, [6] (M = Ca, Sr, Ba), as well as
alkaline earth aluminum-silicon nitride/oxynitride, e.g., CaAISiN3
[7,8] or Ca-a-Sialon [9,10] etc., because the ionic size of M and/or
its crystallographic size in the host lattice are suitable for the
occupation of the rare-earth ions, ie., Eu?* and Ce3* [11].
Additionally, a rigid lattice and high covalent environment around
the rare-earth ions also play an important role for lowering
the 5d excitation energy levels of Eu?* and Ce®* in nitrogen-rich
lattice [12].

In some hosts the monovalent metal ion is significantly small
like Li* in Li-a-Sialon [13] and even without the metal ion like in
B-Sialon [14,15], however, Eu?*-doped Li-o-Sialon and B-Sialon
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can also give very efficient greenish-yellow (~570nm) and green
(~530 nm) emission, respectively, under excitation in the spectral
region of 375-450nm. Both of them have been used as
wavelength conversion phosphors for white LED applications.
Therefore, in the course of searching for novel nitride based
phosphors, it is necessary to study on unexplored compositional
regions beyond the traditional phosphor materials. Ternary
lithium silicon nitrides are one of such interesting hosts for use
as luminescent materials. Among LisN-Si3N4 system, there are
several ternary compounds, e.g., LiSi;N3 [16-20], LiySiN,
[16,19,22,23], LisSiN3 [16,19,21,24], Li;gSisNy [19], Liz;SisNy; [19]
and LigSiN4 [16,19,21]. Despite some of them are still ambiguous
in the crystal structures, the Li* ion conductivity of lithium silicon
nitride compounds evidently shows an increased tendency
corresponding to an increase in the Li/Si ratio [19,25]. Since the
lithium ions can move rapidly within the framework of silicon
nitride formed by corner-sharing of the tetrahedral SiN,4 these
materials have shown high potential for solid state electrolytes in
lithium battery applications [19,21,23,24,26]. Among above men-
tioned lithium silicon nitrides, LiSi,N3 is the most stable
compound with a well-defined crystal structure, which is
isostructural with Si;N,O and Li,SiO3 having wurizite-type
structure (space group Cmc2;) [18,20]. Similar to Si,N,O, the
framework of [Si,N3]™ in LiSi;Ns is built up by two-dimensional
infinite, parallel layers of condensed [SigNg] twelve-membered
rings formed by corner sharing of the nitrogen atoms of the
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SiN4 tetrahedra [20]. Li* occupies the 4a site and directly connects
with four or five nitrogen atoms within the unit cell (~2.3A) or
cross over unit cell (~2.7A), respectively. The most interesting
point is that LiSi;N3 provides a nice structure, in which the nearest
Li*-Li* distance is just about 2.8A (slightly larger than the
diameter of Eu®* (2.34 A) for coordination number CN = 6).

So far we could not find detailed reports on the luminescence
properties of rare-earth doped lithium silicon nitride. Therefore, in
the present work, undoped and rare-earth (Eu?*, Ce>* and Tb*")
doped LiSi;N3 as well as its modifications materials using double
substitution approaches were synthesized by a solid state reaction.
The crystal structure in particular the local structures (the first
nearest nitrogen atoms coordinated with the Li atom) are
determined by the Rietveld refinement of powder X-ray diffraction.
Furthermore, the electronic structures of LiSi;N3 are obtained by
first principles calculations for a better understanding of the optical
properties. Finally, the luminescence properties of Eu®*, Ce3* and
Tb**-doped LiSi,N; are present with a focus on the relationship
between the crystal structure and the luminescence properties.

2. Experimental
2.1. Binary rare-earth nitrides

Binary rare-earth nitride compounds, EuN and CeN, were
synthesized by a nitridation reaction of small metal pieces of Eu
(Shin-Etsu Chemical Co., Ltd., purity 99%) and Ce (Shin-Etsu
Chemical Co., Ltd., purity 99%) with high purity nitrogen
(99.999%) at 800°C for 16h in a Mo boat within a horizontal
tube furnace. The obtained rare-earth nitrides were determined to
be approximately EuNg g3 and CeNg g6 by the weight-gain method.
Powder X-ray powder diffraction (XRD) confirmed that the
obtained EuNgg3 and CeNpgs are in good agreement with the
references of EuN (JCPDS 15-0087) and CeN (JCPDS 15-0882) both
having cubic crystalline phase (Fm3m) with only traces of
oxynitride-like secondary phases.

2.2. Undoped and rare-earth doped LiSi;N3

The compositions of  Lij_>xEu,Si;N3 (x =0-0.02),
Li1_2X_yCayEuxSi2_yAlyN3 (X = 0.01 andy = 0—004), Li4 _3XCGX512N3
(X= 0005), and Li1,3beXSi2N2.gg416700_00375 (X: 0005) were
prepared by a solid state reaction using LisN (Aldrich, purity
99%), a-SisN4 (UBE, SN-E10, o content ~93%), CasN, (Shin-Etsu
Chemical Co., Ltd., purity > 99%), and AIN (Tokuyama, F-grade) as
well as EuNg g3, CeNg g and Tb40- (Shin-Etsu Chemical Co., Ltd.,
purity > 99.9%) as the starting materials. In the case of
Li; _2xEu,Si_yAl,N5_,0, (x =0.01, y =0.04), Eu,03 (Shin-Etsu
Chemical Co., Ltd., purity > 99.99%) was used as the sources of
both oxygen and Eu instead of EuNg 3. The appropriate amounts
of the starting powders were mixed in stoichiometric composi-
tions and ground in an agate mortar. The well-mixed powders
were switched to a Mo crucible and then transferred into a tightly
closed alumina tube. All the processes were carried out in a
nitrogen-filled glove box. Subsequently, the samples were fired at
1400 °C for 6 h under N>-H; (5%) atmosphere in a horizontal tube
furnace for twice at the same conditions. To prevent the
evaporation of lithium, the cap of the Mo crucible was tightly
closed during the firing.

2.3. Characterization

The phase formation and crystal structure of all the samples
were determined by the powder X-ray diffraction (Rigaku, RINT

Ultima-III) with graphite monochromator using Cu-Ko radiation
operating at 40kV and 40 mA. For structure determination, the
XRD data were collected in the 26 range of 10°-120° by a step scan
mode (step size: 0.02; count time: 10s per step). The Rietveld
refinement was performed by the GSAS package [27,28] using the
single crystal data [20] as an initial model.

The photoluminescence spectra were recorded by a fluores-
cence spectrophotometer (Hitachi, F-4500) at room temperature.
The excitation and emission slits were fixed at 0.25nm and the
scan speed was set at 240 nm/min. The diffuse reflection spectrum
was measured by a UV/Vis spectrophotometer (JASCO, V-560)
with a BaSO4 white plate as a standard reference. The temperature
dependent luminescence was recorded on an intensified multi-
channel spectrophotometer (Otsuka Electronics, MCPD-7000)
with a 200 W Xe-lamp as an excitation source under excitation
at 310 nm from room temperature to 200 °C by a heating rate of
100 °C/min. The holding time is fixed at about 5min for each
temperature point.

2.4. Computational procedure

The electronic structures of the LiSi;N3 host were
calculated using the first principles plane wave-basis pseudopo-
tential method [29] within the density functional theory
performed by the VASP code [30-32] on the basis of a single
crystal structural model [20]. The projector augmented wave
pseudopotentials were adapted for Li, Si and N atoms. Exchange-
correlation were treated with the generalized gradient approx-
imation (GGA) using a Perdew-91 functional form [33]. The
numerical integration of the Brillouin zone (BZ) was performed
using a discrete 8 x 8 x 12 Monkhorst-Pack k-point sampling
and the plane-wave cutoff energy was set to be 500eV.
In order to study the chemical bonding situations of Li-N and
Li-Li, the crystal orbital Hamiltonian population (COHP) [34] was
also calculated self-consistently using the scalar-relativistic
TB-LMTO-ASA method [35]. Density-functional theory (DFT)
is employed with the local-density-approximation (LDA)
exchange-correlation potential [36] and a 12 x 12 x 8 k-mesh in
the full Brillouin zone.

3. Results and discussion
3.1. Electronic structures of LiSi;Ns

Fig. 1 shows the atomic projected density of states (DOS) for
the Li, Si and N atoms, as well as the total density of states for
LiSi;Ns. The valence band is mainly composed of Li 2s, 2p, Si 3s, 3p
and N 2p states ranging from —9eV to the Fermi level (Ef), in
which the Si 3p are largely hybridized with the N 2p states from
—8 to 0eV. The bandwidth of the 2p states of N (N13], N22!) and
the 3p states of Si are about 9eV, close to that in SizN4 (~10eV
[37]). The N 2s and Si 3s along with the partial 3p states lie in
lower energy regions below —13.5eV having an energy gap of
4.2 eV with the top of the valence bands. The N 2p and Li 2p states
are mainly hybridized at the upper part of the valence band from
—2.5eV to the Fermi level. Therefore, the formation of chemical
bonds between the Li 2p and N 2p orbitals as well as the Si 3p and
N 2p states was found in LiSi;N3. Unlike other metal silicon
nitrides, such as MgSiN; [38], BaSi;Nyo [39], M2SisNg (M = Ca, Sr,
Ba) [40] and BasSi>Ng [41], where the partial DOS of the s and p
states of the metal ions, namely Mg, Ca, Sr and Ba, are almost
empty close to the Fermi level or far away from the Fermi level
deeply lower-lying in the valence band. The 2s and 2p states of Li,
however, are located at both valence and conduction bands.
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Fig. 1. Total and partial (Li, Si, N atoms) density of states of LiSi,N5. The Fermi level
is set at zero energy.

Especially, the Li 2p and 2s states are relatively strong
and positioned at higher energies just below the Fermi level
and mainly distributed from —5 to 0eV (Fig. 1). The bottom
of the conduction bands is mainly composed of Si 3p, 3s and
Li 2p as well as N1 3s, 3p states. Fig. 2 depicts the band structure
of LiSi;N3 along high symmetry points of the irreducible
Brillouin zone. It is clear that the top of the valence band is
within the I'-Z region and the bottom of the conduction band is at
the I point. The indirect band gap between the valence and
conduction bands is estimated to be about 5.0eV and a direct
band gap at I' is about 5.6 eV, demonstrating that LiSi,N5 is an
insulator material. The calculated band gap is in fair agreement
with the experimental optical band gap of about 6.4 eV, which
was determined by the diffuse reflection spectrum of undoped
LiSi;N3 powder (see section below). A large difference between
the calculated and experimental value in the band gaps is
probably attributed to two reasons. Firstly, the DFT approximation
(GGA) normally cannot correctly deal with and always under-
estimates the band gaps; secondly, the fundamental absorption
edge of the prepared LiSi,N3 powder is located in the range of
200-230nm which is already within lower-limit of our
UV/Vis machine, therefore, additional errors also could be resulted
from that.

The chemical bonding interactions of COHP for Li-N and Li-Li
combined with the Li project DOS are plotted in Fig. 3. The lower-
lying bands below the Fermi level are proved to be Li-N bonding
between —10eV and the Fermi energy level (Ef), whereas the
higher-lying bands above 5 eV are Li-N antibonding. As expected,
the chemical bonding of Li-Li shows strongly antibonding
characteristic in the conduction band (Fig. 3). It should be noted
that slight differences between the partial DOS of Li is ascribed to
the different approximations of VASP and LMTO-ASA. From the
above calculations, we might conclude that the 2p electrons of Li
close to the Fermi energy level would be easily promoted to the
high energy levels (i.e., impurity levels) even to the conduction
band by the radiation energy although there is a large energy gap
in LiSi;N3_If so, as a consequence, a number of holes would leave
at the Li site in the valence band. In addition, strong antibonding
behavior of Li-Li implies that the solubility of the rare-earth ions
would be very limited in LiSi,N3, which well agrees with our
observations (see sections below).
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Fig. 2. Band structure of LiSi;Ns5. The indirect band gap is about 5.0 eV between I’
(CB) and I'-Z (VB).

3.2. Structural characteristics of Eu?*, Ce>* and Tb>* in LiSi,N;

As we mentioned before, it is interesting to know if or how
much rare-earth ions can be incorporated into a significant
small crystallographic site of Li* in LiSi,N3 in order to understand
the interactions between Eu?*-Eu?*, Ce3*-Ce3* and Tb3*-Tb>*.
With decreasing the ionic radius of the rare-earth ions going from
Eu®* (1.17A, CN = 6), via Ce>* (1.01A, CN = 6) to Tb>* (0.92 A,
CN = 6) [42], surprisingly, the solubility of small ionic size
of Ce** and Tb3* is significantly lower than that of large Eu?*.
The maximum solubility of Ce3" and Tb3* should be lower
than 0.5mol% with respect to Li* because even at 0.5mol%
(x =0.005) in Lij_3,Ln,Si;N3 (Ln = Ce, Tb), a small amount
of unidentified second phases (<1.5%) can be observed from
their X-ray diffraction patterns. As a typical example, the
Rietveld refinement powder X-ray diffraction pattern of Tb**
doped LiSi;N3 is shown in Fig. 4a, in which the marked peaks
indicate the impurity phases. Therefore, a large difference in
valence between Li* and Ce®** or Tb** may be a major reason
although Ce3* or Tb>* has a smaller ionic size than that of Eu?*. In
contrast, a large amount of Eu?* can be incorporated into the host
lattice and can form the single phase solid solution of
Li;_»xEu,Si;N3, evidently showing by the serial XRD patterns of
Li; _»,xEu,Si;N3 (Fig. 5a) and the Rietveld refinement XRD pattern
of Li;_»xEu,SioN3 (x = 0.005) in Fig. 4b. Since significantly low
luminescence efficiency for x > 0.02, further work beyond this
range was not performed, however, the maximum solubility of
Eu?" is estimated to be at least greater than x =0.02 for
Li;_osEu,SioNs. Fig. 5b depicts the variation of the lattice
parameters of Li;_»xEu,Si,N3 (x = 0-0.02) with an increase in
Eu?* concentration. The total lattice volume change is just about
0.2% from x =0 to 0.02 (Fig. 5c), corresponding to the limited
increases of the a, b, and c axes in total (Fig. 5b). Therefore, it
seems that Eu®* is nearly sunk in LiSi,N3 because it is generally
expected that the replacement of Li* with Eu?* will result in a
large expansion of the host lattice. This unusual behavior may be
caused by the aliovalent replacement of Li* with Eu?*, which can
be formulated as Li;_xEu,Vy;Si;N3. Thus, the formation of Li
vacancies (i.e., Vy;) resulting in some extent shrinkage probably
counterparts the overall expansion of the lattice volume arising
from the Eu®* jons incorporation. It also seems that the valence
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Fig. 4. Rietveld refinement powder X-ray diffraction patterns of Eu®* and Tb**
doped LiSi,N3. The vertical bars below the observed XRD pattern are the possible
reflection lines of LiSi;Ns. The starred peaks in Fig. 4a indicate the impurity phase
in LiSi,N3:Tb3*.

effect is more significant than the size effect in the formation of
Eu, Ce, and Tb doped solid solution of LiSi;Ns3.

Within space group of Cmc2; at the 4a site, Li is directly
coordinated by five nearest nitrogen atoms (3 N2l and 2 N31) in
2.7A, having the average Li-N distance of about 2.257 A for
LiSi,Ns. Also it can be regarded as Li being connected with four N
atoms in 2.3 A, while concerning large rare-earth ions, it is
believed that five-fold coordination with N is more suitable for
Eu?*, Ce** and Tb®*' based on the fact that the calculated
coordination polyhedral volume [43] of LiNg is too small
(~4.957 A%) to accommodate the Eu®*, Ce** and Tb>* ions. Fig. 6
shows the crystal structure of Li;_,xEu,Si;N3 (x = 0.002) and the
local coordination of Li with N. Table 1 summarizes the crystal-
lographic data for Eu?*, Ce®>* and Tb**-doped LiSi,N5; and Table 2
gives the interatomic distances of Li-N, Si(Al)-N and Li-Li. In
comparison with the overall lattice volume, the changes of the
local coordination around Li* are slightly profound which increase
about 3% and 0.5% from x=0 to 0.02 for the coordination
polyhedral volume of Lig;,Ns and the average Lig,—N distance,
respectively (Fig. 7). The nearest distance of Lig,-Lig, ranges from
2.797 to 2.865A, and no obviously systematic changes can be
found with increasing Eu?* concentration. The average Si-N
distance, however, slightly decreases with an increase in Eu?*
concentration from 1.739 to 1.733 A with varying x from 0 to 0.02
in Li;_4Eu,Si;N3. Corresponding to a unit cell volume decrease,
going from Eu via Tb to Ce doped LiSi,N3, the nearest distances of
Li-Li is decreased (Table 2). This trend is also applied to
Liy_ox_yCa Eu,Si>_yAl,N3 (x =0.01 and y = 0.04). Interestingly,
the average Si-N distance shows an increase trend in reversed to
the change of Li-Li (Table 2).

In order to understand the influences of the composition/local
structure (e.g. interatomic distances of Lig,~N as well as Lig,~Lig,)
on the luminescence properties of LiSi,N5:Eu?*, two double
substitution approaches have been performed, that are (AlO)"
substitution for (SiN)* and (CaAl)®* substitution for (LiSi)>".
It is very common for the first but unusual for the second
routine. Here, we focus on the substitution (CaAl)®* for (LiSi)*",
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viz. Ca%* > Li* and AI** - Si** simultaneously, as the luminescence
properties of LiS;N3:Eu?* can be significantly modified by this way
(see next section). Fig. 8 illustrates the Rietveld refinement XRD
pattern of Lij_pyCayEu,Si>_,Al)N3 (x=0.01 and y=0.04),
indicating that a limited solid solution can be realized by this
substitution. Unfortunately, the maximum solubility is just at

around y = 0.04, and for higher y values the secondary phase like
o-SisN4 or o-Sialon has been appeared under the present
synthetic conditions. If higher solubility of (CaAl)®* could be
reached, the structure/composition would be going to CaAlSiN3
[7-8] as expected. Due to large (CaAl)** pair replacement of small
(LiSi)>* pair, the lattice parameters (a = 9.2204(5)A, b = 5.3107(2)
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Table 1

Crystal structure data and isotropic displacement parameters for Eu?*, Ce>" and Tb** doped LiSi;N3 and Li; 2y yCa,Eu,Si>_yAl,N3 (x = 0.01 and y = 0.04).
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Fig. 6. Projection of the crystal structure and the local coordination of Lig, with nitrogen atoms in Li;_»xEu,SioN3 (x = 0.002).

Crystal system: Orthorhombic; Space group: Cmc21(36); Z =4

Formula Lio.99EU0,005Si2N3

Lattice parameters a=9.2078(3), b =5.3011(2), c = 4.7777(1), V= 233.20(1)

Ruwp 8.8%

R, 6.5%

Atom Wyck. x/a y/b z/c SOF U (100A?)
(Li, Eu)1 4a 0.0000 0.3509(21) —0.0458(21) 0.99/0.005 0.62(2)
Si1 8b 0.1665(2) 0.8347(3) 0.9769(5) 1.00 0.75(10)
N1 8b 0.2022(4) 0.8555(10) 0.3489(1) 1.00 0.56(2)
N2 4a 0.0000 0.2703(7) 0.4098(10) 1.00 0.52(6)
Formula Lig.985C€0.005512N3

Lattice parameters a=9.2064(2), b =5.3011(1), c = 4.7770(1), V = 233.14(1)

Rwp 10.5%

Ry 7.5%

(Li, Ce)1 4a 0.0000 0.3576(25) —0.0389(33) 0.985/0.005 1.01(30)
Sil 8b 0.1667(2) 0.8358(3) 0.9815(1) 1.00 0.50(3)
N1 8b 0.2000(5) 0.8542(9) 0.3481(5) 1.00 0.26(13)
N2 4a 0.0000 0.2729(9) 0.4085(9) 1.00 0.02(1)
Formula Lio.985Tbo.05512N2.912500.0875

Lattice parameters a=9.2029(2), b =5.3031(1), c = 4.7782(1), V =233.19(1)

Rwp 10.6%

Ry 7.5%

(Li, Tb)1 4a 0.0000 0.3530(28) —0.0868(29) 0.985/0.005 2.26(1)
Sil 8b 0.1668(2) 0.8354(32) 0.9381(6) 1.00 0.71(6)
(N, 0)1 8b 0.2006(5) 0.8552(10) 0.3050(1) 0.971/0.007 0.27(13)
(N, 0)2 4a 0.0000 0.2700(9) 0.3669(12) 0.971/0.007 0.01(10)
Formula Lip.94Cap,04EU0,01Al0.04Si1.96N3

Lattice parameters a =9.2204(5), b = 5.3107(2), c = 4.7861(1), V = 234.36(2)

Ryp 9%

Ry 6.7%

(Li, Ca, Eu)1 4a 0.0000 0.3506(24) —0.0445(19) 0.94/0.04/0.01 2.10(1)
(Si, A1 8b 0.1668(2) 0.8331(4) 0.9836(1) 0.98/0.02 0.68(4)
N1 8b 0.2025(5) 0.8603(13) 0.3542(1) 1.00 0.02(3)
N2 4a 0.0000 0.2657(8) 0.4209(10) 1.00 0.04(9)

*a, b and c in (A); V in (A%); SOF = site occupancy fraction.
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Table 2

Selected interatomic distances of Li-N, Si(Al)-N and the nearest Li-Li distance for Eu?*, Ce*>* and Th>* doped LiSi,N5 and Liy_2x—yCayEu,Si_yAl,)N3 (x = 0.01 and y = 0.04).

Distance Lio.99EU0,005512N3 Lio.085C€0.005512N3 Li 085Tb0.05512N2.912500.0875 Lio 94Ca0.04EU0,01Al0.04S11.06N3
Lil-N1 2217(7) x 2 2.223(8) x 2 2.212(9) x 2 2231(7) x 2
Li1-N2 2.636(10) 2.677(15) 2.647(14) 2.598(10)
Li1-N2 2.218(10) 2.184(16) 2212(13) 2.272(9)
Lil-N2 2.019(12) 1.975(13) 2.011(15) 2.044(13)
Mean 2.261 2.256 2.259 2.275
Li1-Li1? 2.865(12) x 2 2.826(14) x 2 2.853(16) x 2 2.871(14) x 2
Mean 2.865 2.826 2.853 2.871
Si1-N12 1.811(3) 1.781(2) 1.784(3) 1.810(3)
Si1-N1 1.783(5) 1.789(5) 1.787(6) 1.773(7)
Si1-N1 1.689(5) 1.710(5) 1.708(6) 1.700(7)
Si1-N2 1.662(3) 1.676(3) 1.668(3) 1.653(3)
Mean 1.736 1.739 1.737 1.734

3 For Lig.94Ca0.04EU0.01Alo.04Si106N3, Lil = (Li, Ca)1 and Si1 = (Si, AD1.
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observed XRD pattern are the possible reflection lines of LiSi;Ns.

A, c=4.7861(1)A and V = 234.363(16)A3) significantly increase
in a, b and c as well as the unit cell volume (V) based on the fact
that AlI-N and Ca-N are longer than that of the Si-N and Li-N
bond length [44,45]. As a consequence, the average bond length of
Liicagu)-N and the coordination polyhedral volume of Li¢cagu)Ns
are increased to 2.2752 A and 9.406 A>, respectively, in compar-
ison with Lig.ogEUo,0151>N5 (2.2680 A and 9.242 A3, respectively). In
the framework, as discussed before, the Si(Al)-N distance slightly
decrease unexpectedly. With such large relaxations in the whole
and local structures, thus a significant change in the luminescence
of Eu?* is understandable (see next section).

3.3. Photoluminescence properties

3.3.1. LiSipNs:Eu?*

Fig. 9a shows the excitation and emission spectra as a function
of Eu?* concentration. Similar to CaAlSiN;:Eu?*, the dominant
excitation band of Eu?* is also found at relative high energy
peaking at about 310 nm, which probably associated with their
small crystallographic site. Because the average bond length of
Lig,—N (~2.26A) and the coordination polyhedral volume Lig N5
(~9.4A%) are much smaller than that of Mg,-N (M = Ca, Sr,
Ba>2.4A) and MgN, (n=6-8, > 15A3), respectively, the 5d
excitation states of Eu®?' are widely distributed from 210 to
500 nm in a number of alkaline earth silicon (aluminum) nitride
compounds [3,4,8] with a low coordination number of CN = 5.
Apparently, the excitation band seems to be composed of a single
broad band at lower Eu concentrations, in particular for x <0.005.
However, this broad overlapping excitation band can be well
decomposed into several Gaussian subbands centered approxi-
mately at 257, 298, 352 and 414 nm for Li;_»xEu,Si;N3 (x = 0.005).
Moreover, the longest excitation band can be further decomposed
into two Gaussians at higher Eu concentrations. This is in good
agreement with the observed excitation bands for high Eu
concentration (x>0.01), where the crystal field components of
the Eu?* 5d states are located at about 256, 307, 351, 403 and
444 nm for x = 0.01 and 0.02 (not shown in Fig. 9a). An excitation
band in the range of 200-230 nm does not belong to Eu?* but to
the electrons transition from the valence to conduction bands of
the LiSi;N3 host in agreement with its diffuse reflection spectrum
(Fig. 9d). In addition, this band strongly overlaps with the upper
5d excitation bands of Eu?* especially with the first two bands at
about 257 and 298 nm, as shown in Fig. 9b. As discussed in Section
3.1, the calculated band gap is about 5.0 eV (experimental optical
band gap ~6.4eV) between the valence and conduction bands of
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Fig. 9. Excitation and emission spectra of Li;_»yEu,Si;N3 (x = 0.002-0.01) (a), the
decomposed excitation bands with the Gaussian subbands for x = 0.005 (b), and
the emission intensity as a function of x (c). The diffuse reflection spectra of
Li;_2xEu,SioN3 (x = 0-0.01) (d).

LiSi,Ns. In general, it needs high energy to promote the electrons
in the occupied band to the unoccupied band with a large energy
gap. However, Li 2p and/or 2s electrons can be easily promoted to
the conduction band by means of the intermediate 5d levels of
Eu®* by lower radiation energies in Li;_»xEu,SioN3. This can be
explained by two effects. Firstly, the Li 2p state within the top of
the valence bands is very close to the Fermi level and has
comparable intensity as that in the bottom of the conduction
bands, as shown in the project DOS of the Li atom in Fig. 1.
Secondly, the lowest 5d excited energy levels of Eu?* or Ce>*
(see Section 3.3.2) are normally at very low energy particularly in
nitride lattices. For example, the lowest 5d excited level of Eu* is
at about 2.99 eV in Li;_,xEu,Si;N3 (x = 0.005).

LiSi,N3:Eu®* exhibits greenish-yellow emission with an asym-
metry broad band peaking at about 572-584 nm, depending on
the Eu concentration. Apart from the main emission band of Eu?",
a shoulder at about 480 nm is also observed especially at higher

Eu?*" concentrations. On the basis of the fact that only one
crystallographic site of Li is available in the LiSi,Nj3 lattice, a single
emission band of Eu?* is expected to be observed. Therefore, this
shoulder may be attributed to the band to band emission, namely
the electron transition from the conduction to valence bands of
the host lattice. With increasing Eu concentration, the emission
intensity increases up to x = 0.005 and then remarkably decreases
for x>0.005 in Li;_»xEu,Si;N3 due to significant concentration
quenching of Eu?" luminescence centers (Fig. 9c). A very low
critical quenching concentration of Eu?* luminescence can be
explained by the significantly shorter distance of Ligy—Ligy
(~2.80-2.87A) in Li;_»Eu,Si,N3, in which the possibility of
energy transfer exceeds that of the emission from the 5d—4f
transition of Eu?*. Consequently, the absorbed excitation energy is
mainly migrated through the host lattice not the luminescent
centers of Eu?*. In addition, at higher x values, the increased Li
vacancies can be regarded as the electron traps, which could be
another important reason for reducing the luminescence inten-
sity. The emission band shows a slight red shift from 572 to
584 nm with an increase in Eu concentration because of the local
structure relaxation by replacing Li* with Eu?* (see Section 3.2).
This is also in agreement with the reflection spectra of
Liy_oxEu,SioN3 (Fig. 9d), in which the absorption edge of Eu?*
gradually shifts to longer wavelengths with increasing Eu?*
concentration, evidently indicating that the Eu?* jons can be
incorporated into the LiSi;Ns3 lattice.

Low luminescence intensity of Eu?* in LiSi,N; is mainly caused
by the photoionization process, which the excited 5d electrons of
Eu?* have high opportunities within the conduction band and can
recombine nonradiatively with the positive holes most likely at
the Li* site. This is strongly supported by the fact that largely
overlapping of the host lattice excitation band with the top of the
5d excitation band of Eu?*, as shown in Fig. 9b.

Fig. 10 shows the temperature dependence of Li;_,xEu,SizN3
(x = 0.002). The thermal quenching rate of Eu?* is markedly high
and the relative emission intensity shows a nearly parabolic
decrease with rising temperature even for lower Eu?* concentra-
tions. The observed thermal quenching temperature (Tso, at which
its relative intensity is half of the initial intensity at room
temperature) is about 96 °C for Li;_»,Eu,SioN3 (x = 0.002). Clearly,
the degradation rate of the Eu?" emission at about 580nm is
higher than that of the shoulder originating from band-to-band
transition at about 480nm against temperature. When the
temperature is above 100°C, the dominant emission maximum

L Temperature (°C)
100 o 3
9 By z
—_ [ RS b
2 80 ] £
z 70| \ 3
0 N €
[= r w
£ e} LN
& 50 S
2 L I
E 40 3
@ L »
O ) :
2 O 4 =s10mm e __ o
° 20 ‘ L
L Li,,EuSiN, (x=0.002) 1]
10 +
U i 1 " 1 A 1 1
0 50 100 150 200
Temperature (°C)

Fig. 10. Temperature dependence of Li;_4Eu,Si,N3 (x = 0.002) under excitation at
310 nm.
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has been exchanged from 580 to 480 nm. In addition, the emission
band of Eu?* exhibits a slight blue shift, while the position of the
emission shoulder at 480nm is nearly unchangeable with
increasing temperature (see inset in Fig. 10), which indirectly
confirms that the emission shoulder at 480 nm does not belong to
the 4f°5d—4f  transition of Eu?*. It is believed that thermal
ionization is mainly responsible for quenching of the lumines-
cence of Eu?* at high temperatures [11], because the excited 5d
electrons are easily ionized by the absorption of thermal energy
and entrance into the bottom of the conduction band of the host
through the top of the Eu?* excitation levels. As the energy gap
from the valence to conduction bands is much larger than that of
the top of the 5d levels of Eu?* to the conduction band, the excited
5d electrons of Eu?* are easily promoted to the conduction band
and subsequently are ionized. As a result, the thermal quenching
rate of Eu?* luminescence is higher than that of the electron
transition from the conduction to valence bands.

To further improve and modify the luminescence properties of
LiSi;N3:Eu?*, double substitution on the metal and nonmetal
cation sites has been found to be more effective than that on the
nonmetal and anion sites (i.e. Al-Si, O-N). Fig. 11 shows the
excitation and emission spectra of the modified LiSi,N5:Eu?" by
two substitutional ways. It can be seen that the profiles of the
emission band have been markedly changed and the lumines-
cence intensity have been increased compared with
Li; _2xEu,SioN3 (x = 0.01). With respect to Li; _»,Eu,Siz_,Al,N3_,0,
(x =0.01, y = 0.04), the emission shoulder at about 480nm is
significantly enhanced and already becomes the dominant band
(Fig. 11a), which probably can be explained by the band gap
narrowing between the valence and conduction bands of the
LiSi,N3 host due to the substitution (AlO)" for (SiN)", similar to
the findings in the Sialon materials [46-48]. However, the shift of
the Eu?* emission band is very limited for the incorporation of
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Fig. 11. Excitation and emission spectra of (a) Li;_2,Si>_,Al,N3_,0, (x = 0.01 and
y =0.04), and (b) Liy_»,_yCa,Eu,Si,_yAl,N3 (x = 0.01 and y = 0.04).

(AlIO)*. In contrast, the replacement of (LiSi)®* with (CaAl)®*
results in a large red shift of the emission band for
Lii_2x—yCa Eu,Si>_yAl)N3. In addition to an extension of the
emission band from yellow (~580nm) to red spectral region
(~620nm), the luminescence intensity is significantly increased
(Fig. 11b), showing high potential for white LED applications,
especially for use in white UV-LEDs. As there are no obvious
changes for the observed excitation spectra, implying very limited
changes in the crystal field splitting (CFG) and the center of
gravity (COG) of the 5d excitation states of Eu?*, the red shift of
the emission band can be mainly attributed to the Stokes shift
arising from the large structural relaxation as mentioned in
Section 3.2.

3.3.2. LiSi;Ns5:Ce”

Fig. 12a shows the excitation and emission spectra of
Li;_3xCexSioN3 (x = 0.005) as well as the decomposed excitation
spectrum. The excitation band of Ce®" narrowly ranges from
230-400nm and is composed of four Gaussian bands at about
253, 284, 313 and 344 nm, in which the top of the first two
excitation bands, e.g.,, 253 and 284 nm, are large overlap with
the host excitation band of LiSi;N3 in UV range of 200-270 nm
(Fig. 12b). In comparison with Li;_,xEu,Si;N3, the band-to-band
excitation from the host is much stronger than the 5d excitation of
Ce3*, which must be related to stronger interaction between
Ce-Ce because of a significantly short Lice-Lice distance
(2.826(14)A). This strong band-to-band excitation of the host
can be explained by the fact that the absorbed energy of the host
lattice prefers to migrate by the conduction to valence bands
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transition since the lowest 5d excitation band of Ce®* is located at
lower energies than that of Eu?* in between the valence and
conduction bands, which provides high possibility for the band-
to-band transition of the 2p and 3p electrons of Li and N,
respectively. Therefore, the emission band centered at about
450nm originating from the 5d—4f transition of Ce3* is
remarkably overlapping with the emission band centered at
about 480 nm arising from the electron transition between the
conduction to valence bands. Exactly like in the case of
Li;_xEu,Si;N3, the absorbed energy by the host cannot be
efficiently transferred to the activator of the Ce>* ions. Addition-
ally, as the top of the excitation states of Ce>" already lie in the
bottom of the conduction band, photoionization process is a main
reason for lower luminescence intensity of Ce>*. Of course, the Li
vacancies formed by the substitution Ce>* for Li*, which results in
a number of luminescence Killers in the LiSi;N3 host, is also an
important reason. Furthermore, an unusual short distance of
Lice-Lice certainly will lead to self quenching between the
Ce3" jons.

3.3.3. LiSipN5:Tb**

In contrast to the 4f—5d transitions of Eu?* and Ce®*, the
4f8  4f’5d transitions of Tb>* within the f-shell are the dominant
luminescence processes, which is almost independent of the local
environment. Fig. 13 shows the excitation and emission spectra of
Lil_3bexSi2N2_99415700,00875 (X = 0.005 ) As usual, the excitation
band of Tb3* is positioned at higher energy levels than that of Eu?*
or Ce®* (see Figs. 9 and 12) ranging from 200 to 280 nm peaking at
about 236 nm. As the major excitation states of Tb>* are just below
and/or partially overlapping with the conduction band of the host,
the electrons such as Li 2p electrons within the upper part of the
valence bands can hardly cross over the energy gap (=>5.0eV) to
the conduction bands without the lower-lying 5d levels of Eu?* or
Ce®* in relays during the excitation processes. Therefore, the band-
to-band excitation attributed to the electron transition from the
valence to conduction bands is much weaker than the f-d
excitation band of Th>* arising from the 4f%—4f’5d! transition.
On the other hand, the absorption of the host and Tb* is nearly in
the same spectral range that implies efficient energy transfer from
the host to the Tb3* ion could be realized. As a result, LiSi,N3:Tb3*
gives highly efficient luminescence excited by UV light. Besides
the dominant 4f% —4f’5d" excitation band of Tb3*, the number of
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Fig. 13. Excitation and emission spectra of Li;_3xTbxSi>N299416700.00875
(x = 0.005). Inset shows the enlarged f-f transition peaks of Tb>* in the excitation
spectrum.

the f-f excitation peaks in the visible range are very weak, as
shown in an enlarged inset in Fig. 13. A comparison is made with
Ce®* doped LiSi,N; which demonstrates that the energy difference
between the lowest 5d excitation band of Ce3* and the f-d
excitation band of Tb®" in LiSi,N5 is about 13300cm™! exactly
falling in the range of 11000-15000cm™’, as found in a large
number of Tb®" and Ce®** doped isomorphic compounds [11].
Excitation under UV, LiSi;N5:Tb>* solely gives the set of green
emission from *D4—’F; (J = 3-6) with a maximum emission peak
at about 542 nm originating from the °D,— ’Fs transition of Tb>*,
On the one hand the nearest distance of Litp—Lir, (2.853(16)A) is
also remarkably short which can be regarded as a highly
concentrated system of Tb3*, therefore, the higher-lying blue
emission of *D3—F; is totally quenched in a way of the cross-
relaxation [11] at significantly lower Tb3* concentrations in
LiSi,Ns, offering only green emission of Th>*

In summary, the excited 5d orbitals of Eu?* or Ce** are
compressed together with largely overlapping when it is incorpo-
rated into a small crystallographic site of Li and the most favorable
excitation energy levels (excitation bands) tend to lie at high
energy for Eu?* or Ce3*. Accordingly, it would easily result in
photoionization. However, a small crystallographic site with a
short-nearest distance of Lip,—Lity, is rather favorable for obtaining
efficient green line emission of Tb*, by which the unwanted blue
emission at higher energies can be easily quenched with
significantly low Tb®* concentration in LiSi,Ns.

4. Conclusions

(1) LiSi;N3 is calculated to be an insulator with an indirect
band gap of about 5.0eV in fair good agreement with the
experimental value of 6.4eV. The top of the valence band is
within I'-Z which is mainly consisted of N 2p and Li 2p states, and
the bottom of the conduction band is at I' which is mainly
composed of Si 3s, 3p and Li 2p states.

(2) LiSi;N3 can form limited solid solutions with the rare-earth
ions of Eu?*, Ce®" and Tb*" and the solubility of Eu?* is
significantly greater than that of Ce®* and Tb**. LiSi,N3:Eu?*
shows yellow emission at about 580nm under UV excitation
(Aexc = 310 nm). The critical quenching concentration of Eu®* is at
about x = 0.005 and the thermal quenching temperature (Tsp) is
about 96 °C for Li;_,xEu,Si;N3. By partial replacement of (SiN)*
with (AIO)* as well as (LiSi)°* with (CaAl)**, the luminescence
intensity can be increased, especially for the latter. In addition, the
emission band of Eu?" is significantly shifted from yellow
(~580nm) to red (~620nm) by the double substitution Ca?"—
Li* and APP*-Si** simultaneously in Li;_»Eu,SioNs;, which
provides opportunities as a red conversion phosphor for white
LED applications. LiSi;N3:Ce®** shows blue emission with a broad
band peaking at 450 nm when excited at 320nm. The funda-
mental host emission (~480nm) are observed for both Eu?* and
Ce3+—doped LiSi,N3 due to the dominant electron transitions
between the valence and conduction bands of the host with the
aid of the lower-lying 5d excitation levels of Eu?* and Ce®* in
between.

(3) LiSi;N3:Th®" exhibits strong green line emission arising
from the transition of °Dy4—’F; (J = 3-6) excited under UV. Due to
significantly short distance of Lit,-Lirp,, blue line emission from
the °D3 —’F; completely disappears even at significantly low Tb3*
concentration by the cross relaxation process. Unlike Eu?* and
Ce3" doped LiSi,N5, without the lower-lying 5d levels, efficiently
energy transfer from the host to the luminescence center of Th>*
can be realized in LiSi;N3 which plays an important role for highly
efficient Tb>* luminescence.
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