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Optical data of the Eu?* doped nitridosilicates (M,SiyN,) have been collected from the literature and
have been analysed with regard to their dependence on structure and composition. Nitridosilicates with
a higher degree of condensation, i.e. a higher Si/N ratio, generally have a higher Eu** 4f-5d absorption
energy, a higher 5d—-4f emission energy and a larger Stokes shift. The higher absorption and emission
energies are due to the increase of the N by Si coordination number with increasing Si/N ratio.
This results in more electrons on N that participate in the bonding with Si, and thus less electrons are
available for Eu—=N bonding, reducing the covalency of the Eu—N bonds. The lower covalency gives a
weaker nephelauxetic effect, reducing the centroid shift of the 5d level. The lowest 4f—5d absorption
energy further increases due to the reduction of the crystal field splitting of the 5d levels, as the Eu—N
bonds become longer with increasing Si/N ratio. The Stokes shift increases with increasing degree
of condensation despite an increase of lattice rigidity, ascribed to a decrease of local rigidity around
the Eu?* ion caused by the larger Eu-N bond lengths. Some nitridosilicates show deviations from the
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DOI: 10.1039/c8tc00885j general trends attributed to peculiarities in their crystal structure and the way Eu®* is substituted in the
lattice. The relationships established in the present work will be helpful for the design and exploration of

rsc.li/materials-c new Eu®" doped nitride-based luminescent materials for practical applications.

St, Ba; RE = Sc, Y, Lu)"" " and LaSi;N5:Eu*".>> The compositional

1. Introduction
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The Eu®" doped M,Si,N, nitridosilicate phosphors (M = alkali,
alkaline earth or rare earth metal) have attracted wide interest
in research and industry owing to their large structural variety,
chemical stability, environmental friendliness, and favourable
luminescence properties." The main interest for their appli-
cation is as UV or blue light excitable conversion phosphors for
white light-emitting diodes (LEDs),*”” but they have also been
considered for various other applications such as LCD back-
lighting,® solar cells” and afterglow applications.’®"" Notable
examples are (AE),SisNg:Eu® (AE = Ca, Sr, Ba),">"® (AE)SiN,:Eu”*
(AE = Ca, Sr, Ba),"*" BaSi;N;,:Eu*",'® (AE)(RE)Si,N,:Eu*" (AE = Ca,
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range has been further extended by partly substituting Si and N
with Al and O, respectively”® leading to phosphors such as
(AE)Si,O,N,:Eu*" (AE = Ca, Sr, Ba),>* CaAlSiN;:Eu*",”®> Ca-o-
sialon:Eu?",%%?” B-sialon:Eu®**® and Ba;Sis0;,N,:Eu>*.%’

The energy of the Eu®" 4f-5d excitation and 5d-4f emission
is strongly dependent on the local environment because the
local coordination determines the energy of the centroid shift
and crystal field splitting of the 5d levels as well as the Stokes
shift of the emission. As a result, the emission colour varies
from blue for SrSigNg:Eu**,*° to green for LaSi;N5:Eu**,>* yellow
for SrYSizN,:Eu**,*® and red for SrSiN,:Eu**.** Apart from the
emission wavelength, other optical properties also vary greatly
among the nitridosilicate phosphors, such as the band gap
of the host material,® the luminescence efficiency and the
quenching temperature.

The M,Si,N,:Eu*" nitridosilicate structures generally consist
of a framework of interconnected SiN, tetrahedra with the
metal ions located in the cavities of the framework and with
Eu®" dopants substituted on the M sites. The nitridosilicates are
comparable to the oxosilicates that consist of interconnected
SiO, tetrahedra, but in the oxosilicates, the O atoms are usually
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onefold or twofold coordinated by Si, while in the nitridosilicates,
the threefold coordination of N by Si is more common, and N can
even be fourfold coordinated by Si.** This gives the nitrido-
silicates a much wider range of structures, from highly con-
densed Siz;N, (Si/N ratio is 0.75), to Ca,SiN, with a very low
degree of condensation (Si/N ratio is 0.25).

In the past, various authors have commented on the relations
between the optical properties of the lanthanide doped nitrido-
silicate phosphors and their structure or composition.>* Quanlin
Liu and co-workers®* studied, for several (alumino)-nitridosilicates,
the relation between the composition of the material and
the centroid shift of the 5d levels of Ce®", obtaining a linear
relationship between the inverse square of the cation electro-
negativity, which depends on the nitridosilicate composition,
and the spectroscopic polarizability, which determines the
centroid shift of the Ce*" 5d levels. In a subsequent paper,
the crystal field splitting of Ce** and Eu®" in the nitridosilicates
was analysed and related to coordination number, and the
polyhedron shape and size.*®> Onuma et al®® presented a
methodology to estimate the luminescence efficiency of Eu**
doped nitridosilicate phosphors based on structural information,
showing that phosphors with a higher symmetry around Eu**
tend to have higher luminescence efficiency. Other authors have
compared the luminescence properties of various nitridosilicate
phosphors using band structure calculations. Examples include
LaSi;N5:Ce®" and La;SigN;1:Ce**,*” and Eu®>" doped narrow band
red-emitting nitridosilicate phosphors.*® In addition, Dorenbos
collected information on the energy levels of Eu”* and other
lanthanides in many inorganic compounds and developed a
model relating those energy levels to each other, to the bandgap
of the host lattice and to the vacuum level.**™**> However, so far,
an overall study on the relation between the structure and
composition of the nitridosilicates and the photoluminescence
properties of Eu®>" doped nitridosilicate compounds that takes
into account all known phosphors is lacking.

Recently, we reported on the relations between the degree of
condensation in the nitridosilicates and their structural and
optical properties, such as bond lengths, coordination number
and bandgap.*' It was found that with increasing degree
of condensation, the M-N bonds become longer, which was
explained based on the effective charge of nitrogen: with
increasing degree of condensation (Si/N ratio), the N by Si
coordination number increases, giving the N atom a less
negative effective charge, making less electrons available for
covalent M-N bonding, resulting in longer M-N bonds. The less
negative effective charge of N also lowers the top of the valence
band (mainly composed of N orbitals), while the bottom of the
conduction band is moved upward in energy by a decrease
of the Si-N distance, overall resulting in an increase of the
bandgap with increasing Si/N ratio.

In this manuscript, we extend our previous model from
the undoped nitridosilicates to the Eu*" doped nitridosilicate
phosphors. For this, we have collected information on all Eu**
doped M-Si-N (M = alkali, alkaline earth or rare earth metal)
phosphors reported in the literature and have analysed in a
systematic way the 4f-5d excitation and 5d-4f emission energy.
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This information is then related to structural properties such
as the nitrogen coordination number and the degree of cross-
linking in the structure, and a model is deduced that explains
the observed relationships. This paper is structured as follows:
in Section 2, we discuss the theory of Eu®>" 4f-5d excitation and
5d-4f emission and the effects that influence the energy of
these transitions: the centroid shift, the crystal field splitting
and the Stokes shift. In Section 3, an overview of the lumines-
cence properties of all Eu>" doped nitridosilicates published in
the literature is given, and subsequently, the photoluminescence
properties are evaluated and related to the composition (Si/N
ratio) and structural properties (bond length).

2. Eu®* absorption and
emission energy

Eu®" doped compounds usually have strong absorption bands
in the near UV region and parts of the visible spectrum. These
absorption bands are due to excitation of an electron from the
4f ground state to the 5d excited states (4f-5d absorption),
changing the electron configuration of Eu®" from [Xel4f’ to
[Xe]4f®5d". The absorption can result in the emission of a photon,
usually in the visible part of the spectrum, when the electron
returns to the ground state (5d-4f emission). Both the excitation
and emission energies strongly vary between different compounds,
as the local environment of the Eu*" ions influences the energy
differences between the 4f ground state and 5d excited states. The
effects that the environment has on the Eu®* 4f-5d absorption and
5d-4f emission can be divided into three parts: the centroid shift
(CS), the crystal field splitting (CFS) and the Stokes shift (AS), as
illustrated in Fig. 1a. We will now discuss the centroid shift and
crystal field splitting in Sections 2.1 and 2.2, respectively, and the
combined effect on the lowest 5d (i.e. the redshift) level in Section
2.3. In Section 2.4, the Stokes shift will be discussed and in
Section 2.5, the width of the emission band will be discussed.

2.1 Centroid shift

When Eu”* is incorporated in a compound, the centre of gravity
(barycentre) of the 5d levels is lowered as compared to the free
Eu®" ion in vacuum, reducing the energy difference between the
4f ground state and 5d excited states. This decrease of the

a) _4f5d' b)
Centroid
shift (C

Crystal field splitting
(CFS)

Stokes shift
(a8)

Energy
4f-5d transitions

Excitation
Emission

i

Free ion|

4f7 4f7 Af7 47

Stokes shift (AS) = E - E,,

Fig. 1 (a) Diagram of the shift in energy between the Eu®* 4f ground state
and the 5d levels caused by the centroid shift and the crystal field splitting,
and the lowering of the 5d-4f emission energy by the Stokes shift;
(b) configurational coordinate diagram, showing Eu?* 4f-5d excitation,
relaxation and 5d—4f emission.
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barycentre of the 5d levels is called the centroid shift and it is
the result of the expansion of the 5d orbitals of Eu®>" due to the
covalent bonding between Eu®" and its coordinating anions
(the nephelauxetic effect),”*** which reduces the energy of the
5d levels. The nephelauxetic effect becomes stronger if the
anions involved are less electronegative, because this will make
the Eu-X (X = anion) bonds more covalent. In addition, the
effect becomes stronger with increasing anion polarizability****®
as the correlated motion of the 5d electron with the electrons
of the anions increases the covalency. The nephelauxetic effect
is in general relatively weak for fluorides, somewhat stronger
for oxides, and even stronger for nitrides, as N>~ has a lower
electronegativity and higher spectroscopic polarizability than
0> and in particular F.

2.2 Crystal field splitting

Apart from causing a centroid shift, the surrounding anions
have an additional influence on the Eu®" 4f°5d" state: crystal
field splitting (CFS). The 5d electron and the electrons in the
neighbouring anions repel each other, which gives a 5d electron
in an orbital that is oriented towards an anion ligand a higher
energy, and a 5d electron in an orbital that is oriented towards a
position in between the ligands a lower energy. The result is an
energy splitting (the crystal field splitting) of the 5d levels with
the same energy into at most five levels with different energy,
depending on the local site symmetry. The size of the energy
splitting depends on the crystal field strength, which is larger
if the Eu-X (X = anion) distance is shorter. In addition, the
symmetry of the anions around the Eu®" ion also strongly
influences the CFS, decreasing in size when going from octa-
hedral environments (6-fold coordination) towards environments
with larger coordination numbers."” If the separate 5d bands can
be observed in an excitation spectrum, the size of the CFS can be
estimated by the energy difference between the highest energy
(Esq,) and lowest energy 5d band (Esq,):

CFS (eV) = Esa, — Esq, (1)

The average energy of the bands can be used to estimate the
centroid energy (CE) between the 4f ground state and the 5d
barycentre, from which the centroid shift (CS) of the Eu** 5d
levels can be calculated:

CS (eV) = 4.93 eV — CE = 4.93 eV — 0.2(Fsq, + Fsa,
+ Esq, + Esq, + Esa) (2)

Here, 4.93 eV is the barycentre energy for the 4f°5d" levels of the
free Eu”" ion in vacuum.*" Note that the calculations for the CS
and the CFS are only approximate and assume an equidistant
energy distribution of the five 5d energies. The exact splitting of
the 5d levels is dependent on the symmetry around Eu®". It is,
however, believed that the approximation is good enough to
observe the correct general trends.

2.3 Redshift

In practice, it can be difficult to study the effect of the centroid
shift and the crystal field splitting of the Eu** 5d levels separately.

This journal is © The Royal Society of Chemistry 2018
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The 5d bands are broad and partly overlap and the higher energy
bands may be hidden by the host lattice absorption, making it
impossible to determine the exact positions of the separate 5d
bands necessary for determining the position of the 5d barycen-
tre and the size of the crystal field splitting. For comparison
between different Eu”* doped compounds, one can therefore
consider the combined effect of the centroid shift and the crystal
field splitting on the energy of the lowest 5d state. This combined
effect is called the redshift D and, by definition, the redshift is
equal to the energy of the lowest 4f-5d transition of Eu** in
vacuum (4.22 eV) minus the energy of the lowest 4f-5d transition
in the compound (Egq):*°

D (eV) =4.22 eV — Egg (3)

For the determination of Erg, one should realize that one
cannot simply, as is sometimes done, take the first maximum
at the low energy side of the excitation spectrum. The lowest
energy state of the 4f°5d" configuration is the 4f°["F,]5d" state.
In some favourable cases (at low temperature and low Eu
concentrations), the energy difference between the Eu®* 4f
ground state and the 4f°['F,]5d" state can be observed directly
in the excitation spectra as a separate peak at the long wave-
length side of the excitation band, but in most cases, it cannot
be resolved separately. In those cases, Efq can be quite well
estimated from the luminescence excitation spectrum by taking
the value at the low energy side of the first maximum of the 5d
bands where the intensity has dropped to 15-20%,*® which is
also the approach that is used in this manuscript. As another
approximation, other authors sometimes estimate Ey as the
cross-section between the normalized excitation and emission
spectra, which leads to similar values.

2.4 Stokes shift

After excitation of an electron from the 4f to the 5d state,
relaxation will occur to the lowest 5d level. From there, the
electron may return to the 4f ground state accompanied by the
emission of a photon. As a result of relaxations, illustrated by
the configurational coordinate diagram in Fig. 1b, the energy of
emission Eg¢ is usually at lower energy than the lowest absorp-
tion transition E¢y. The difference in energy is called the Stokes
shift AS. The size of the Stokes shift thus depends on the degree
of relaxation of excited Eu®' in the lattice, and is therefore
sometimes related to the lattice rigidity. This is, for instance,
reflected when comparing the smaller Stokes shift in rigid
crystalline host lattices with the larger Stokes shift in less rigid
glassy samples of the same composition.*® The Stokes shift also
tends to be larger if Eu®" is substituted on a smaller cation site
because Eu®" tends to shrink as a consequence of 4f-5d excita-
tion and this shrinkage is not constrained when Eu*" is located
on a smaller site.”® On the other hand, a lattice with smaller
cations of higher charge (such as Si*") will be more rigid,
making shrinkage more difficult,>® and consequently, the
Stokes shift will be smaller. It should be noted that in this
manuscript, the Stokes shift is defined as the energy difference
between the 4f°['F,]5d" excited state (Eg) and the maximum of
the 5d-4f emission band (Eg4), but other authors sometimes
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define the Stokes shift as the energy difference between the
maxima of the excitation and emission bands, resulting in a
systematically larger Stokes shift. This is the reason that the
Stokes shift determined in this work may deviate from the value
given in the publication from which the data were obtained.

2.5 Emission band width

The width of the Eu*" 5d-4f emission band varies from com-
pound to compound. The relation between the full-width at half
maximum (FWHM) of the Eu** 5d-4f emission band and the
Stokes shift AS can be approximated using the Huang-Rhys
parameter S and the phonon energy of the lattice Zw, which
are related to the Frank-Condon offset and the curvature of
the parabola in the configurational diagram according to the
formula:**°?

/ ho\ . AS
FWHM = 2.36/i0 Scoth(m) with § = 0.5(% + 1) (4)

which assumes that the ground state and excited state parabola
have the same curvature. Here, k is the Boltzmann constant and
T is the absolute temperature. Following the equation, this shows
that in general, the emission band width becomes larger if the
Stokes shift increases, i.e. if Eu®" relaxes more easily. In addition
to the relaxation, the total emission band will also be broad, as
well as asymmetrically shaped, if Eu** ions are present in multiple
different local environments, as the total emission band will then
be a combination of multiple bands. The band width is especially
important for red-emitting phosphors, as broad emission bands
will have part of their emission at very long wavelengths for which
the human eye is not or only weakly sensitive, making narrow
band emission phosphors more desired.*>

3. Eu®* absorption and emission
energy in the nitridosilicates

In this study, we consider all nitridosilicate phosphors with the
general composition M,Si,N, for which Eu*" doping has been
reported. Information on the range and relationship between x,
y and z can be found in the ESL{ The luminescence properties
of these phosphors are listed in Table 1. The values have been
derived from experimental data reported in the literature, using
the methods discussed in Section 2. Note that we limit ourselves
to samples with a low Eu*" concentration (around 1 mol%),
because this makes the different compounds more comparable
and because there is less Eu-Eu energy transfer and reabsorption
at low Eu concentrations. We have assumed that Eu is substituted
in the lattice on the M sites, unless indicated otherwise in the
literature. The Li and Mg containing nitridosilicates such as
LiSi,N3, LisCa;Si,Ng, MgSiN, and SrMg;SiN, have also been
included, even though it may be argued that some of these
compounds are not really nitridosilicates but nitrido-lithosilicates
or nitrido-magnesosilicates because Li and Mg form TN, (T = Mg,
Li) tetrahedra like SiN, tetrahedra and are therefore sometimes
considered to be a part of the nitridosilicate framework. In those
cases, one could argue that the degree of condensation (k) should

5674 | J Mater. Chem. C, 2018, 6, 5671-5683
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be defined as the (Si + Mg + Li)/N ratio instead of Si/N ratio.
However, Li and Mg are not considered part of the framework
in all compounds. In addition, Mg and Li have a different size
and oxidation state than Si, so Mg and Li will have a different
quantitative influence than Si on the physical properties.
Therefore, we use the Si/N ratio and not the (Si + Mg + Li)/N
ratio as the parameter to describe the degree of condensation. A
strong deviation of certain trends for Li and Mg containing
materials can then be seen as a possible indication that Li and
Mg are part of the Si-N network affecting the properties.
An overview of the structural information of the nitridosilicates
can be found in our previous publication.**

The Eu®" 4f-5d absorption and 5d-4f emission energies
listed in Table 1 have an uncertainty of about 0.1 eV. The errors
for the positions of the 5d bands, and consequently also for
the centroid shift (CS) and crystal field splitting (CFS), are
somewhat larger, because the positions of the 5d bands are
often not well resolved, as explained in Section 2.3. Therefore, the
5d bands are only listed for a limited number of compounds, as for
other compounds, not enough information is available in order
to reliably determine their positions, as sometimes the highest
energy 5d bands can be hidden by the host lattice absorption.

3.1 Eu’* 4f-5d absorption

Fig. 2 shows that the energy Ery of the lowest Eu®* 4f-5d
transition in the nitridosilicates tends to increase (and that
the redshift D tends to decrease) if the structures become more
condensed (i.e. have a higher Si/N ratio). E¢ increases from
1.40 eV for CaLaSiN;:Eu®" with a low Si/N ratio, to 3.19 eV for
BaSi,N;o:Eu”* with a high Si/N ratio. Eg should also be quite
low for Ca,SiN,:Eu** (low Si/N ratio of 0.25) considering its low
energy emission of 1.71 eV, but its excitation spectrum has not
been reported. Note that the linear fit through the data in Fig. 2
does not imply that the relation between Egq and the Si/N ratio
should actually be linear. The purpose of the fit is to indicate
the upward trend of Eg with increasing Si/N ratio and it is
helpful in order to identify exceptions to the general trend.

One of the main exceptions to the trend is the Eg of
LisCa3Si,Ng:Eu®* (3.54 eV), which is much higher than that of
the other nitridosilicates with similar Si/N ratios. It is probably
wrongly interpreted as it would also mean that the material has
an abnormally large Stokes shift of 1.76 eV. It is more likely that
the excitation band that was reported to be the Eu®" 4f-5d
transition® has a different origin. On the other hand, the Egg of
CaLaSiN;:Eu®" is relatively low, but one should consider that
the Egq of CaLaSiN;:Eu”* has been determined differently than
the E¢q of the other compounds as Eu®" 5d-4f emission is not
observed in Eu®>" doped CaLaSiN; and consequently, an excita-
tion spectrum cannot be measured.>* Egg of CaLaSiNz:Eu®" was
therefore obtained from an absorption spectrum instead of an
excitation spectrum.>*

The redshift D, which is determined by E¢ (eqn (3), Section 2.3),
is the result of the combined effects of the centroid shift (CS)
and the crystal field splitting (CFS). The centroid shift of the
Eu®" 5d level can be estimated from the average position of
the 5d bands (eqn (2), Section 2.2), and it is listed in Table 1.

This journal is © The Royal Society of Chemistry 2018
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Table1 Luminescence properties of the Eu®* doped nitridosilicates (M,SiyN;), showing the lowest 4f-5d transition Eqg (column 2), the positions of the 5d
bands (column 3), the 5d centroid shift CS (column 4), the 5d crystal field splitting CFS (column 5), the 5d—4f emission maximum Eg (column 6),
the Stokes shift AS (column 7), and the full width at half maximum (FWHM) of the emission band (column 8)

Compound E¢q (eV)  5d bands (nm) CS (eV) CFS(eV) Eg(eV) AS(eV) FWHM (eV) Ref.

o-SizNy 2.90 266, 293, 331, 370, 410 1.13 1.64 2.61 0.29 0.64 55

B-SizN, 2.56 2.26 0.30 0.31 55-57
LiSi,N; 2.76 257, 298, 352, 414 1.05 1.83 2.25 0.51 0.40 58-62
MgSiN, 3.00 2.39 0.61 0.60 63-65
Ca,SiN, 1.71 66

CasSi,Ng 2.30 2.04 0.26 0.39 67

a-CaSiN, 2.16 305, 350, 409, 479, 532 1.82 1.73 1.97 0.19 0.37 15
Cay6Si;7N34 (high energy site)” 2.07 2.07 68 and 69
Ca,65117N3,4 (intermediate)” 1.94 1.94 68 and 69
Cay6Siy, Ny, (low energy site)®  2.15 300, 375, 405, 475 1.65 1.52 1.81 0.34 1.08 68 and 69
Ca,SisNg (high energy site) 2.05 0.22 13 and 70-72
Ca,SisNg (low energy site) 2.30 297, 355, 394, 460 1.52 1.48 1.88 0.42 0.32 13 and 70-72
HP-Ca,SisNg 2.30 320, 355, 390, 470 1.67 1.24 1.98 0.32 0.31 73

SrSiN, 2.33 306, 336, 395, 466 1.54 1.39 1.87 0.46 0.36 14 and 74
Sr,SisNg (high energy site) 2.05 0.23 13 and 70-72
Sr,SisNg (low energy site) 2.20 294, 334, 395, 465 1.49 1.49 1.88 0.32 0.29 13 and 70-72
SrSigNg 2.89 2.72 0.17 0.28 30

BaSiN, 2.38 312, 334, 395, 464 1.64 1.30 2.07 0.31 0.34 14

Ba,Si;Ng (high energy site) 2.14 0.21 13, 70-72 and 75
Ba,SisNg (low energy site) 2.30 295, 334, 395, 460 1.56 1.48 1.97 0.33 0.31 13, 70-72 and 75
BaSi;N;, 3.19 286, 332 0.97 0.45 2.61 0.58 0.46 16 and 76
BaSigNg 2.99 2.76 0.23 0.25 77
SrMg;SiN, 2.18 370, 450, 510 2.08 0.92 2.04 0.14 0.17 78
BaMg;SiN, 2.18 405, 470, 525 2.24 0.70 1.85 0.33 0.26 79

LaSizN5 2.70 340, 374, 440 1.70 0.94 2.30 0.40 0.40 80 and 81
Li,Ca;Si,Ng (3.54) 1.75 (1.76)> 0.7 53
Li,CaSi,N, 2.12 0.26 82

Li,SrSi,N, 2.38 2.02 0.36 0.27 82
Li,Ca,Mg,Si,N¢ 2.10 1.94 0.16 0.16 83 and 84
CazMgLi,Si,Ng 1.97 1.69 0.28 0.31 85

CaLaSiN, 1.40° ¢ ¢ ¢ 54

CaScSiyN, 2.76 310, 380 1.32 0.53 2.34 0.42 0.39 20

SrScSiyN,, 2.76 310, 380 1.32 0.53 2.36 0.40 0.37 20 and 86
BaScSi,N; 2.73 315, 375 1.31 0.63 2.36 0.37 0.37 20

CaYSiyN, (Cag Yy ,SiNegCos)  2.82 340, 385 1.50 0.43 2.19 0.63 0.68 19

SrYSiyN, 2.79 340, 385 1.50 0.43 2.24 0.55 0.49 18-21 and 87
BaYSiyN; 2.80 348, 385 1.54 0.34 2.35 0.45 0.43 17, 19 and 21
SrLuSiyN, 2.85 340, 370, 390 1.54 0.45 2.34 0.51 0.45 21
BaLuSi,N; 2.85 340, 370, 390 1.54 0.45 2.34 0.51 0.45 21

CaLaSiyN, 2.30 1.99 0.31 0.32 88

% Cay6Si17N3, is also called cubic-CaSiN,. b Efq of Li,Ca;Si,Ng:Eu?', and consequently the Stokes shift, might be incorrect as is discussed in the
main text. ¢ No Eu** 5d-4f emission has been observed for CaLaSiN;:Eu*", therefore E¢q has been derived from an absorption spectrum.

The CS (Fig. 3a) shows a strong decrease with increasing Si/N
ratio, from over 2.2 eV for BaMg;SiN,:Eu** with a low Si/N ratio
to less than 1.0 eV for BaSi,Nj,:Eu”** with a high Si/N ratio.
There are no significant exceptions to this trend as for all
compounds in Fig. 3a, the CS deviates by less than 0.25 eV
from the trend line. It should, however, be noted that not all
Eu®" doped compounds are shown in Fig. 3a as, for some
compounds, the CS could not be determined.

The smaller centroid shift with increasing Si/N ratio can be
understood by considering the coordination number of N by Si.
With increasing degree of condensation (increasing Si/N ratio,
k) for the nitridosilicates, the average coordination number of
N by Si (x) increases, according to the relation x = 4 x x.*' As a
result, more electrons of N will participate in the bonding with
Si (as a result, the Si-N bond lengths also decrease)’" and thus
less electrons will be available for bonding with Eu. Hence, the
Eu-N bonds become less covalent with increasing degree of

This journal is © The Royal Society of Chemistry 2018

condensation, resulting in a weaker nephelauxetic effect and
thus a smaller centroid shift. Note that this explanation does
not take into account certain local effects such as variations in
Eu by N coordination number, deviations from ideal SiN,
tetrahedral symmetry, or that the actual N by Si coordination
number for the N atoms surrounding Eu may be different from
the average N by Si coordination number. A perfect correlation
between the centroid shift and the Si/N ratio would therefore
also not be expected, apart from whether it is linear or not.
Nevertheless, the scattering around the general trend in Fig. 3a
is only small (up to 0.2 eV) and the Si/N ratio can be considered
a principle parameter. Note that LaSi;Ns:Eu®", LiSi,N;:Eu*" and
0-SizN,:Eu”* do not deviate significantly from the main trend,
even though Eu®" cannot substitute on a divalent M site in these
lattices and therefore some form of charge compensation needs to
be present. Apparently, these charge compensation effects do not
have a significant influence on the energy of the centroid shift.

J. Mater. Chem. C, 2018, 6, 5671-5683 | 5675


https://doi.org/10.1039/c8tc00885j

Published on 20 April 2018. Downloaded by Technische Universiteit Delft on 10/9/2020 8:09:44 AM.

Paper

3.6 -
s Li,Ca,Si,N, los
® 35 BaSl N, ]
5 MgSiN, BaS'GNB {12
© LiSi,N,_ .S,
= 281 (AE)(RE)Si,N g - OL-S[ N, /SISING o
> BaSiN, / Li,SrSi,N, /LaS| N; oB-Si,N, 416
3 24- Ca,SiN, \’8/ _ CalaSiN, =
< (AEMgsN,, ¢ SN ToCaSiNBasN, 1508
& ,0] LiCa MQZSIZNG \ s8N, e
w _-Ca MgL| SiN,  o-CaSiN,/Ca,Si N, 24
o .
€ 16.-"
3 o {28

CalaSiN,
1.24
T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Si/N ratio

Fig. 2 Energy of the lowest Eu®* 4f-5d transition (E¢) versus the Si/N
ratio (i) of the Eu?* doped nitridosilicates. The dashed green line is a linear
fit through the red data points in order to indicate the trend. More details
on the fit can be found in the ESI.i The data points for (AE)MgsSiN,:Eu?*
(AE = Sr, Ba), as well as those of (AE)(RE)SisN5:Eu®* (AE = Ca, Sr, Ba; RE = Sc,
Y, Lu), are close together and therefore not indicated with separate labels
for each compound.

The strength of the crystal field splitting (CFS) of the Eu®>* 5d
levels can be estimated from the energy difference between the
highest and lowest energy 5d band (eqn (1), Section 2.2). For
the crystal field splitting in the Eu”" doped nitridosilicates,
listed in Table 1, there is not a clear correlation with the Si/N
ratio (Fig. 3b). The CFS is, for example, small for BaSi,N;o:Eu”*
(0.46 €V) but large for o-Si;N,:Eu** (1.64 €V) while both have a
high Si/N ratio (0.7-0.75 eV). The CFS is also much larger for
the (AE)SiN,:Eu®>* compounds than for the (AE)(RE)Si,N,:Eu>*
compounds, while the difference in Si/N ratio is only small.
That there is no clear correlation may not be so surprising,
considering that the crystal field splitting is strongly dependent
on the size and shape (symmetry) of the coordinating anion
polyhedron around Eu** as determined by the crystal structure,
as was shown by Wang et al.*® for the Eu** and Ce** doped
nitridosilicates, and more generally for inorganic compounds
by Dorenbos.”” Note that, although there is not a clear correla-
tion between CFS and Si/N ratio, there is still quite a good
correlation between the redshift and the Si/N ratio (Fig. 2), even
though the redshift depends on the CFS. The reason for this is
that the correlation between the redshift and the Si/N ratio is
mainly due to the centroid shift, which has a larger contribu-
tion to the redshift than the CFS, as only about half of the CFS
contributes to the redshift.

In Fig. 4a, the lowest energy 4f-5d transition (Eg) is shown
versus the average distance from Eu®* to the coordinating N*~
anions. The Eu-N distances are derived from the M-N distances
obtained from crystallographic data of the undoped compounds,
summarized in our previous publication.* When Eu is substi-
tuted on an M site, the distances to the anions change because of
the size difference between Eu and M, as Eu®" is larger than, for
example, Ca®* and smaller than, for example, Ba>". In order to
take these changes into account, the average distance (Ry-n) is
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Fig. 3 (a) Centroid shift (CS) and (b) crystal field splitting (CFS) energy
versus the Si/N ratio (k) in the Eu?* doped nitridosilicates. The dashed
green line is a linear fit through the red data points in order to indicate the
trend. More details on the fit can be found in the ESIL.}

corrected for the size difference between Eu*" and the cation M for
which it substitutes, using the equation:*

Reun = Rvn + AR = Ryn + f X ("M — Te4) (5)

Here, Rg, is the average Eu-N distance, Ry is the average
M-N distance in the undoped compound according to the
literature, AR is the compensation term and fis a scaling factor,
which is set to 0.6, following ref. 89. rg, and ry are the ionic
radii of Eu”" ion and the cation M (according to Shannon®®) for
which it substitutes, respectively. In some compounds, there
are two or more crystallographically different M sites on which
the Eu”®" ions can be substituted. In those compounds where
there are divalent as well as monovalent or trivalent sites, it was
assumed that Eu”** substitutes on the divalent site. In those
cases where there are multiple sites of the same valence, the
average of the multiple sites was taken, unless there is some
indication from the reported luminescence data that the
luminescence can be assigned to a specific site, as is the case
for (AE),SisNg:Eu>" (AE = Ca, Sr, Ba)”® and Ca;¢Siy;N3g:Eu®".%°
The emission from these phosphors occurs from Eu** substi-
tuted on multiple AE sites and the observed E¢q is assigned to

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Energy of (a) the lowest 4f-5d transition (E¢y), (b) the centroid shift
(CS) and (c) the crystal field splitting (CFS) of Eu®* in the nitridosilicates
versus the average Eu-N distance (Rg,_n). The dashed green lines are
linear fits through the red data points in order to indicate the trend. More
details on the fits can be found in the ESI.¥

the lowest energy site. The E¢g from the higher energy sites is
hidden in the excitation spectra.

Fig. 4a shows a good correlation between E¢y and the average
Eu-N distance: the larger the bond lengths, the larger the Eg.
This is in accordance with the observation that Eyy increases
with increasing Si/N ratio (Fig. 2) and that the Eu-N distance
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also increases with increasing Si/N ratio (see Fig. 4 in ref. 31).
This can also be understood in terms of both the nephelauxetic
effect and the crystal field splitting: the larger the distance
between Eu and the coordinating N anion, the weaker the
nephelauxetic effect and the smaller the crystal field splitting,
resulting in a higher Eg. This is confirmed by Fig. 4b and c,
showing a decrease of the centroid shift (i.e. a decrease of the
nephelauxetic effect) and a decrease of the crystal field splitting
with increasing Eu-N distance. Most values in Fig. 4a fall
within a range of 0.3 eV from the fitted trend line. However,
three compounds deviate significantly from the general trend:
LiSi,N5:Eu®*, MgSiN,:Eu®" and Li,Ca3Si,Ng:Eu>". For LiSi,N;:Eu>*
and MgSiN,:Eu*', this may indicate that Eu®* is not located on the
small Li or Mg sites. These sites are so small that Eu®>" might be
too large to fit on those sites. Note that the centroid shift for
LiSi,N5:Eu®" also deviates (Fig. 4b), while the centroid shift for
MgSiN,:Eu”" is not known. For Li,Ca;Si,Ng:Eu™", it is most likely
that the excitation band is not correctly interpreted in the original
publication®® and that it has a different origin, as was mentioned
before. In Fig. 4b, the (AE)Mg;SiN:Eu** (AE = Sr, Ba) compounds
deviate considerably by more than 0.5 eV, but not in Fig. 4a.
The reason for the deviation is not exactly clear. It might be
related to the presence of Mg in the lattice, but it could also be
that the centroid shift has been overestimated and that the
crystal field splitting has been underestimated, as it might be
that there are 5d bands located at high energy that were not
observed because they are hidden by the host lattice absorption.
Note that the bandgaps of SrMg;SiN, and BaMg;SiN, (both
4.1 eV)*""®7? are relatively small.

One can see from Table 1 that Egq hardly depends on AE in
(AE)ScSi,N;:Eu®" (AE = Ca, Sr, Ba). All these three compounds
crystallize in the same crystal structure with the Eu®** ion
located on the divalent AE site. The same is observed for other
isostructural compounds: also, in (AE)LuSiyN, (AE = Sr, Ba),
(AE)YSi,N,:Eu** (M = Sr, Ba) and (AE),Si;Ng:Eu”" (M = Sr, Ba),
Egq is nearly independent of AE. The crystal field and nephe-
lauxetic effect around Eu remain almost the same due to the
similarities in crystal structure and also the Eu-N distance does
not change much: the bonds with N can contract if Eu is
substituted on a larger Ba site and can expand if Eu is
substituted on a smaller Ca site. Note that Ezy may vary for
isocompositional compounds if the crystal structure is changing
such as in the series (AE)SiN,:Eu*" (AE = Mg, Ca, Sr, Ba) with four
different crystal structures.

3.2 Eu®" 5d-4f emission

Fig. 5 shows that the energy of the Eu** 5d-4f emission (Egy)
increases with increasing degree of condensation (Si/N ratio).
The emission energy is smallest (around 1.7 eV) for Ca,SiN;:Eu>*
and CazMgLi,Si,Ng:Eu®" with a low Si/N ratio and largest (2.6 eV
or higher) for (AE)Si¢Ng:Eu®" (AE = Sr, Ba), BaSi,N;,:Eu*" and
0-SizN,:Eu®" with a high Si/N ratio. This trend is similar to
the increase of the lowest 4f-5d excitation energy (Eg) with
increasing Si/N ratio observed in Fig. 2, due to the decrease of
the centroid shift (Fig. 3a) as a result of the less covalent Eu-N
bonds. Although there is some scattering around the trend line in
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Fig. 5 Eu®* 5d—4f emission energy Eys versus the Si/N ratio (k) for the
Eu?* doped nitridosilicates. The dashed green line is a linear fit through the
red data points in order to indicate the trend. More details on the fit can be
found in the ESI.§ The data points for (AE)(RE)Si4N7:Eu2+ (AE = Ca, Sr, Ba;
RE = Sc, Y, Lu) are close together and therefore not indicated with separate
labels for each compound. The letters (h), (i) and () indicate the high,
intermediate and low energy emission, respectively.

Fig. 5, none of the compounds shows a very strong deviation
(over 0.4 eV) from the general trend. This also holds for
Li,Ca;Si,Ng:Eu”" that was strongly deviating in Fig. 2. Apparently,
although the 4f-5d absorption energy was probably wrongly
interpreted, the observed emission band may indeed have been
correctly assigned as Eu** 5d-4f emission.

The Stokes shift of the Eu®>" doped nitridosilicate phosphors
is given by the energy difference between the energy of the
lowest Eu®" 4f-5d excitation (Egq), shown in Fig. 2, and the
energy of the Eu®>" 5d-4f emission maximum (Eg4g), shown in
Fig. 5. From Fig. 6a, it can be seen that the Stokes shift tends to
increase with increasing degree of condensation (Si/N ratio),
although the scattering around the trend line is quite large. The
Stokes shift is very small (around 0.15 eV) for SrMg;SiN,:Eu”*
and Li,Ca,Mg,Si,Ng:Eu>" with a low Si/N ratio, becomes larger
(0.2-0.5 eV) for CasSi,Ng:Eu>" and (AE)SiN,:Eu”’, and is rela-
tively large (around 0.6 V) for BaSi,N;,:Eu®’. Clear exceptions
to this trend are o-Si;N,:Eu”*, B-Si;N,:Eu** and (AE)SigNg:Eu**
(AE = Sr, Ba), for which the Stokes shift is relatively small, which
will be further discussed below.

With increasing degree of condensation, the cross-linking
between the SiN, tetrahedra in the nitridosilicates increases,
which makes the structures more rigid. The increase of struc-
tural rigidity with increasing degree of cross-linking can be
seen from Fig. 6b, where the Debye temperature is shown versus
the degree of condensation (Si/N ratio). The Debye temperature,
which is obtained from data collected from the literature
(y-Si3N,,°t LagSigN,q,%* Sr,SisNg,”® MgSiN, and B-Si;N,** and
other compounds®®) is a measure for the lattice rigidity of the
structure.®® Although the amount of data is limited, Fig. 6b
shows a strong increase of the Debye temperature with increasing
degree of condensation (Si/N ratio). Note that SrMg;SiN, and
MgSiN, have a higher Debye temperature than one would expect
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Fig. 6 (a) Eu®* Stokes shift energy and (b) the Debye temperature versus
the Si/N ratio (i) for the Eu?* doped nitridosilicates. The dashed green lines
are linear fits through the red data points in order to indicate the trend.
More details on the fits can be found in the ESIL.{

based on the Si/N ratio, which can be attributed to the fact that
Mg forms MgN, tetrahedra and should therefore be considered
part of the framework, meaning that these compounds actually
have a higher degree of condensation than expected from simply
the Si/N ratio. The results in Fig. 6b thus confirm an increase of
lattice rigidity with increasing degree of condensation.

At first sight, the increase of the Stokes shift with increasing
degree of condensation (Si/N ratio), i.e. with increasing lattice
rigidity, shown in Fig. 6a may be against expectation. A larger
Stokes shift is often attributed to more ease of relaxation for
Eu”*. So, one might expect that the Stokes shift should actually
decrease with increasing Si/N ratio and not increase as
shown in Fig. 6a. This suggests that there is a difference
between the average lattice rigidity, which indeed increases
with increasing degree of condensation, as reflected by a higher
Debye temperature, and the local rigidity of the Eu®" ion,”®
which determines the Stokes shift.

Fig. 7a shows that the Stokes shift tends to increase with
increasing average Eu-N distance, where the Eu-N distances
have been determined using eqn (5) (Section 3.1). The Stokes
shift is relatively small (around 0.15 eV) in SrMg;SiN,:Eu** and
Li,Ca,Mg,Si,Ng:Eu**, which have small Eu-N distances, and
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Fig. 7 Eu®* Stokes shift energy versus (a) the average Eu-N distance,
(b) the lowest Eu* 4f-5d transition (E), and (c) the Eu?* 5d—4f emission
(Eg4¢) in the nitridosilicates. The dashed green lines are linear fits through the
red data points in order to indicate the trend. More details on the fits can
be found in the ESI.+ The Stokes shift of Li,CasSi-Ng:EU®* is not shown as it
is outside the plotted range.

the Stokes shift is relatively large (0.58 eV) in BaSi,N;y:Eu** with
large Eu-N distances. The increase of the Stokes shift with
increasing Eu-N distance can be understood by considering
that the ligands around Eu will have more ease of relaxation
when Eu is on a large site, while a small compact site will have a
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higher local rigidity. Exceptions to the trend in Fig. 7a are
(AE)SigNg:Eu®>" (AE = Sr, Ba), MgSiN,:Eu®>" and LiSi,N3:Eu>".
The higher than expected Stokes shift for MgSiN,:Eu** and
LiSi,N;:Eu®" seems to indicate that Eu is not present on the
small Mg and Li sites in MgSiN,:Eu** and LiSi,N;:Eu**
already concluded in Section 3.1 when discussing the larger
than expected Egq (Fig. 4a).

In Fig. 7b, the Stokes shift is plotted versus the energy of the
lowest 4f-5d transition (Egq). From the graph, it can clearly be
seen that the higher the Ey, the larger the Stokes shift. This
automatically follows from the fact that both the Stokes shift
(Fig. 7a) and the lowest 4f-5d transition (Fig. 4a) increase with
increasing Eu-N distance. Three compounds are clearly an
exception: Eu** doped o-SizNy, SrSigNg and BaSigNs. Here, the
Stokes shift is much smaller than expected based on the energy
of the 4f-5d transition or based on the Si/N ratio (Fig. 6a).
In Eu** doped SrSigNg and BaSigNsg, this could be related to the
special structural feature of a direct Si-Si bond present in the
structure. In the (AE)Si¢Ng (AE = Sr, Ba) compounds, as opposed
to the other nitridosilicates, not all Si is in the IV+ oxidation
state, but 1/3 of the Si atoms are in the III+ oxidation state.®”
As a result, the average N by Si coordination number (x) is
lower (x = 2.75) than expected based on the Si/N ratio (x = 3).>"
In a-SizN,, the Eu®" ion cannot substitute for a large metal ion
M and needs to create its own site. In addition, a-SizN,:Eu**
also has a very broad and asymmetrical emission band®’
indicating that the emission band is a composition of multiple
bands due to Eu** being in different crystalline environments.
Eq4y is defined as the maximum of the emission band, but this
Eq¢ may not correspond to the Eg from Eu®" at the same site,
resulting in a smaller Stokes shift value.

Since the Stokes shift increases with increasing Eu®" 4f-5d
energy and the Stokes shift is defined as the energy difference
between the 4f-5d absorption and 5d-4f emission energy, the
Stokes shift also has to increase with increasing 5d-4f emission
energy (Fig. 7c). Note that the deviations from the trend line are
larger in Fig. 7c than in Fig. 7b (£0.2 eV versus £0.1 eV), which
is a consequence of how the Stokes shift is defined.

It was discussed in Section 3.1 that the energy of the Eu*"
4f-5d absorption does not shift significantly by changing AE in
the isostructural series (AE)ScSi;N,:Eu®* (AE = Ca, Sr, Ba),
(AE)LuSi,N,:Eu** (AE = Sr, Ba), (AE)YSi;N,:Eu>* (AE = Ca, St, Ba)
and (AE),SisNg:Eu®* (AE = Sr, Ba). However, the Stokes shift may
shift by changing the metal ion AE. E4 increases, so the Stokes
shift decreases, when increasing the size of AE in (AE)YSi,N. This
is in agreement with the mechanism discussed in Section 2.4 that
Eu”" tends to shrink at 4f-5d excitation and that this shrinkage is
not constrained and even promoted on a small site.>
the same cannot be concluded for the other isostructural series:

, 4s was

However,

here, the Stokes shift is almost constant with differences that are
smaller than the uncertainty of 0.1 eV.

The full width at half maximum (FWHM) of the Eu**
emission bands for the Eu** doped nitridosilicates is listed in
Table 1 and shown as a function of the Si/N ratio in Fig. 8a.
As the emission of Ca;¢Si;;N34:Eu”" and (AE),SisNg:Eu®* (AE = Ca,
Sr, Ba) is from Eu®* on different crystallographic sites, the total
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Fig. 8 Full width at half maximum (FWHM) of the Eu®* emission band for
the Eu®* doped nitridosilicates versus (a) the Si/N ratio and (b) the Stokes
shift. The data points in (a) for (AE)(RE)Si4N7:Eu?* (AE = Ca, Sr, Ba; RE = Sc,
Y, Lu), (AE)SiN, (AE = Ca, Sr, Ba) and (AE),SisNg (AE = Ca, Sr, Ba) are close
together and therefore not indicated with separate labels for each
compound. The lines in (b) are given by eqgn (4) for a phonon energy hw
of 0.05eV, 0.1 eV and 0.15 eV.

emission band is a combination of multiple emission bands at
slightly different wavelengths, resulting in an extra broad band.
Therefore the FWHM given in Table 1 and Fig. 8 is not the band
width of the total emission band, but the FWHM of the individual
emission bands of Eu** at the different sites. Very narrow emission
bands (<0.2 eV) are observed for Eu®* doped SrMg;SiN, and
Li,Ca,Mg,Si,Ng with relatively low Si/N ratios. Broad bands are
observed for Eu”" doped -Si;N,, and CaYSi,N; with relatively high
Si/N ratios. In general, the FWHM tends to increase with increasing
Si/N ratio, but the scattering is very large.

As discussed in Section 2.5, there is a theoretical relation
between the FWHM and the Stokes shift, expressed by eqn (4),
giving an increase of the FHWM with increasing Stokes shift
depending on the phonon energy. In Fig. 8b, this equation is
plotted for a phonon energy of 0.05, 0.1 and 0.15 eV. Most of the
compounds fall between the 0.05 and 0.15 eV line. Note that
the phonon energies reported for Ca,SisNg:Eu>" (0.059 €V)*®
and Sr,SisNg:Eu®" (0.052 eV)* are in good agreement with
Fig. 8b. One of the clear exceptions in Fig. 8b is a-Si;N4:Eu*",
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which has a very large FWHM. The broad emission band has
a non-Gaussian shape due to the variation of multiple Eu**
environments in o-Si;NgzEu®’, resulting in a large distribution
of Eu** 5d-4f emission energies and consequently a large
FWHM. Note that the FWHM of CaYSiyN,:Eu®>* (or actually
Cay sY1,S14Ng sCo:Eu”"), which has a large FWHM in comparison
to the other (AE)(RE)Si;N,:Eu”" compounds, may be due to a
similar reason, considering that it is a disordered structure where
nitrogen is partly replaced by carbon and some of the Y** ions are
present on the Ca®" sites,'” resulting in a large FWHM as a
consequence of multiple different Eu** environments.

According to eqn (4), the FWHM increases with increasing
Stokes shift and with increasing phonon energy. Interestingly,
the Stokes shift itself tends to increase with increasing Si/N
ratio (Fig. 6a) and the phonon energy is also expected to
increase with increasing Si/N ratio as the structures become
more condensed (Fig. 8b also seems to suggest this). An
increase of FWHM with increasing Si/N ratio would therefore
be expected. As was mentioned above, this can also be seen
from Fig. 8a but the scattering is very large. This is attributed to
various local effects on the Eu®* coordination that have a
relatively strong influence on the exact width of the emission
band, such as site symmetry, Eu by N coordination number,
defects, impurities, charge compensation and crystallinity of the
sample. These effects may easily cause deviations of 0.1-0.2 eV.
As the FWHM only varies by 0.5 eV between all compounds, a
0.1-0.2 eV effect is relatively significant. On the other hand, for
example, the absolute variation in the centroid shift is much
larger (Fig. 3a, about 1.3 eV), so a 0.1-0.2 eV deviation is therefore
relatively less significant.

4. Conclusions and outlook

With decreasing degree of condensation (Si/N ratio) in the
M,Si,N,:Eu”*" phosphors, the absorption energy (Eg) between
the Eu®>" 4f ground state and the lowest 5d state and the
emission energy (Eq4¢) from the lowest 5d to the 4f ground state
both decrease. This is attributed to a lower N by Si coordination
number at lower degrees of condensation, which results in
fewer electrons on N participating in the bonding with Si.
Therefore, with lower Si/N ratios, more electrons become
available for bonding with Eu, making the Eu-N bonds more
covalent. The higher covalency increases the centroid shift of
the Eu®" 5d level (an increased nephelauxetic effect), lowering
the 4f-5d energy. The lowering of the N by Si coordination
number with decreasing Si/N ratio also results in a decrease of
the Eu-N bond lengths. As a consequence, the crystal field
splitting tends to become larger, which further lowers the
energy of the lowest Eu*" 4f-5d transition. The smaller Eu-N
distances with decreasing Si/N ratio also result in an increase of
the local rigidity around the Eu** ion, making the Stokes shift
and the band width of the Eu®** 5d-4f emission smaller.
In contrast, the average lattice rigidity of the nitridosilicates
decreases with lower Si/N ratio due to a lower degree of cross-
linking between the SiN, tetrahedrons.

This journal is © The Royal Society of Chemistry 2018
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Apart from the Si/N ratio, there are also various other factors
that are largely independent of the Si/N ratio and have an
influence on the Eu*" 4f-5d excitation and 5d-4f emission
energy in the Eu*>" doped nitridosilicates, such as the Eu*" site
symmetry, the Eu by N coordination number, and charge
compensation effects. These effects cause deviations from the
general trends that are observed when the Si/N ratio is con-
sidered the principle parameter. These deviations are relatively
large for the emission band width and crystal field splitting,
and relatively small for the centroid shift and emission energy.

Compounds with small M cations (Li* or Mg?"), such as
LiSi,N; and MgSiN,, are an exception to some of the general
trends as the observed Eu®" 4f-5d energy and Stokes shift are
larger than what one would expect based on the short Mg-N
and Li-N distances, which is probably an indication that the
large Eu”" ion is not located on the small Li and Mg sites. The
(AE)SigNg:Eu>" (AE = Sr, Ba) compounds with direct Si-Si bonds also
form an exception with their smaller than expected Stokes shift.

The observed trends may be useful for the design of new
Eu®" doped nitridosilicate phosphors with specific emission
and absorption wavelengths or band widths, and may also be
helpful in order to interpret the luminescence data of new Eu>*
doped nitridosilicate phosphors. Although the work is limited
to the Eu®" doped nitridosilicate compounds, it is believed that
the relationships are more general and may also hold for other
Eu®* doped lattices that consist of a network of cross-linked TX,
(T = cation, X = anion) tetrahedra with M cations in between,
such as the oxo-silicates, aluminates and phosphates. In addition,
similar trends are also expected to apply for the 4f-5d absorption
and 5d-4f emission of other lanthanide dopants in these lattices,
most notably Ce*" and Yb*".
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