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Abstract

Mn?"-doped M>SisNg (M = Ca, Sr, Ba) phosphors have been prepared by a solid-state reaction method at high temperature and their
photoluminescence properties were investigated. The Mn>" -activated M,SisNg phosphors exhibit narrow emission bands in the
wavelength range of 500-700nm with peak center at about 599, 606 and 567nm for M = Ca, Sr, Ba, respectively, due to the
*T(*G) > A, (®S) transition of Mn>*. The long-wavelength emission of Mn>" ion in the host of M>SisNj is attributed to the effect of a
strong crystal-field of Mn?" in the nitrogen coordination environment. Also it is observed that there exists energy transfer between
M>SisNg host lattice and activator (Mn?"). The potential applications of these phosphors have been pointed out.

© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Recently, the compounds M,SisNg (M = Ca, Sr, Ba)
have been intensively studied as host lattice in exploration
of lighting-emitting diode (LED) conversion phosphors
[1-9]. Due to the high covalency and large crystal field
effect of nitrogen anion, Ce’" and Eu®>" show long-
wavelength emission in M>,SisNg host lattice (M =Ca, Sr,
Ba). These rare-earth doped materials have already been
demonstrated to be promising conversion phosphors for
white-light LED application [1-9]. Luminescence due to
Mn?" is known to occur in a lot of inorganic compounds.
Of these, several Mn?"-doped materials are being used
widely as fluorescent lamps phosphors, e.g. Zn,SiOs:Mn? "
(Green) [10] and BaAl;0,9:Mn*" (Green) [I1], and
cathode-ray tubes (CRTs) phosphors, e.g. ZnS:Mn>"
(Orange) [12,13], Zn;(PO4),:Mn>" (Red) [14,15] and
Zn,Si04:Mn?" (Green) [10]. As for the application of
Mn?*-doped phosphors in the field of white-light LED,
many investigations have been done. However, most of
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these investigations have focused on Eu®"- and Mn?>"-
coactivated materials, such as BazMgSi,Og:Eu®", Mn?"
[16], CaAlLSi,Og:Eu**, Mn*" [17], SrZny(PO,)»:Eu’*",
Mn2+ [18], L30‘827A111_9019_091Eu2+, 1\/ll'lzjL [19] and so
on. In these Eu®" - and Mn?" -coactivated materials, due to
the strong absorption of Eu>" in the wavelength range of
250-400nm and efficient energy transfer from Eu®’ to
Mn? ", strong green, yellow and /or red emission of Mn?*
was obtained besides the blue emission of Eu®" in these
materials. Thus, by the color mixing the white light was
generated [16-19]. Recently, a new kind of Mn”"-doped
LED conversion phosphor has been discovered, namely
Ba,ZnS;:Mn?* [20-22]. This phosphor shows a broad
emission band with peak center at about 625 nm under host
excitation of 358 nm. In combination with some other
phosphors, white light was also generated [22]. The Mn>"
ion usually gives a narrow band emission. The wavelength
position of the emission bands depends strongly on the
host lattice. It can vary from green to deep red. Mn?"
usually gives a green emission when it is located on a lattice
site with weak crystal-field, whereas it gives an orange to
deep red emission on a strong crystal-field [23]. As far as we
know, no reports have been given with regard to the
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luminescence properties of Mn>" in nitride host lattices
except for two publications on the luminescence properties
of Mn?" in MSiN, (M = Mg, Zn, Ca) host lattice [24,25].
In the present work, we focus on studying the luminescence
properties of Mn® " -doped M,SisNg (M= Ca, Sr, Ba) and
explore their potential possibilities to be used as new kinds
of LED phosphors. This paper is the first one dealing with
a systematic study of Mn?" in nitride phosphors of
potential interest for white-light LED application.

2. Experimental
2.1. Starting materials

The binary nitride precursors SrN, (x~0.6-0.66) and
BaN, (x~0.6-0.66) were prepared by the reaction of the
pure strontium metal (Aldrich, 99.9%, pieces) and barium
metal (Aldrich, 99.9%, pieces) under flowing dried nitrogen
at 800 and 550 °C, respectively, for 8-16h in a horizontal
tube furnace. In addition, Cas;N, powder (Alfa, 98%),
a-SizN4 powder (Permascand, P95H, « content 93.2%;
Oxygen content: ~1.5%) and Mn powder (Alfa, >99%)
are used as the as-received raw materials.

2.2. Syntheses of undoped and Mn”*-doped M>SisNg
(M=Ca, Sr, Ba) samples

Undoped and Mn“-doped M,SisNg (M =Ca, Sr, Ba)
powder samples were prepared by a solid-state reaction
method at high temperature. The appropriate amounts of
CasN,, SrN,, BaN, and Mn as well as «-Si;N4 powders
were weighed out, subsequently mixed and ground together
in an agate mortar. The powder mixtures were then
transferred into molybdenum crucibles. All processes were
carried out in a purified-nitrogen-filled glove-box. Subse-
quently those powder mixtures were fired twice (with a
intermediate grinding in between) in a horizontal tube
furnace at 1400 °C for 20 and 24h, respectively, under
flowing 90% N,—-10% H, atmosphere. After firing, these
samples were gradually cooled down to room temperature
in the furnace. There was no apparent reaction of the
prepared nitrides with the Mo crucibles. The Mn concen-
tration was taken 5mol% with respective to the M ions
(i.e. Mg.9sMnyg ¢5SisNg).

2.3. X-ray diffraction data collection and analysis

All measurements were performed on finely ground
samples, which were analyzed by X-ray powder diffraction
(Rigaku, D/MAX-B) using CuKuo radiation at 40kV and
30 mA with a graphite monochromator. The phase forma-
tion is checked by the normal scan (0.6°/min) in the range
of 10-90° 20. The XRD measurements were performed at
room temperature in air. All the samples are shown to be
single phase and the X-ray diffraction patterns of undoped
or Mn?"-doped Ca,SisNg, Sr,SisNg and Ba,SisNg powders

are in good agreement with the reported powder patterns in
JCPDS 82-2489, 85-101 and 85-102, respectively.

2.4. Optical measurements

The diffuse reflectance, emission and excitation spectra
of the samples were measured at room temperature by a
Perkin Elmer LS 50B spectrophotometer equipped with a
Xe flash lamp. The reflection spectra were calibrated with
the reflection of black felt (reflection 3%) and white barium
sulfate (BaSQy, reflection ~100%) in the wavelength region
of 230-700 nm. The excitation and emission slits were set at
15 nm. The emission spectra were corrected by dividing the
measured emission intensity by the ratio of the observed
spectrum of a calibrated W-lamp and its known spectrum
from 300 to 900 nm. Excitation spectra were automatically
corrected for the variation in the lamp intensity (and
thus for the spectral dependence of the excitation energy)
by a second photomultiplier and a beam-splitter. All
luminescence spectra were measured with a scan speed of
400 nm/min at room temperature in air.

3. Results and discussion

3.1. Diffuse reflection spectra of undoped and Mn’*-doped
M5>SisNg (M=Ca, Sr, Ba) samples

Figs. 1-3 show the diffuse reflection spectra of undoped
and Mn“-doped M,SisNg (M= Ca, Sr, Ba) samples. Both
undoped and Mn?*-doped samples show a remarkable
drop in reflection in the UV range around 300 nm with an
estimated band gap at about 250 nm for M =Ca, 265nm
for M=Sr and 270nm for M =Ba. This also have been
observed in the diffuse reflection spectra of Eu®*-doped
M,SisNg (M= Ca, Sr, Ba) samples [4], corresponding to the
valence-to-conduction band transitions of the AM,SisNg
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Fig. 1. Diffuse reflectance spectra of undoped and Mn? " -doped Ca,SisNg
samples.
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Fig. 2. Diffuse reflectance spectra of undoped and Mn?*-doped Sr,SisNg
samples.
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Fig. 3. Diffuse reflectance spectra of undoped and Mn>* -doped Ba,SisNg
samples.

host lattice. The intense reflection in the visible spectral
range is in agreement with the observed gray-white daylight
color for undoped M>SisNg samples. In the Mn? " -doped
samples, there is also present a weak absorption band in
the wavelength range of 370-420 nm, which can be attri-
buted to the transitions from the ground state ®A(°S) of
Mn?" to its excited states. Because the d—d transitions of
Mn?* are spin and parity forbidden, the absorption band
of Mn" in the wavelength range of 370-420 nm in the host
lattice of M,SisNg (M = Ca, Sr, Ba) is only weak, which is
in good agreement with the observed gray-white daylight
color for Mn?*-doped M,SisNg samples.

3.2. Photoluminescence properties of Mn’ -activated
M,SisNg (M = Ca, Sr, Ba) phosphors

Figs. 4-6 show the excitation and emission spectra of
M,SisNgMn?" (M=Ca, Sr, Ba). All M,SisNgMn>"*
phosphors show narrow symmetric bands in the wave-
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Fig. 4. Excitation and emission spectra of Mn? " -activated Ca,SisNg
phosphor.
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Fig. 5. Excitation and emission spectra of Mn’"-activated Sr,SisNg
phosphor.

length range of 500-700 nm with peak center at about 599,
606 and 567 nm for M =Ca, Sr, Ba, respectively, irrespec-
tive of the excitation wavelength (Figs. 4-6). The observed
band emission is ascribed to the *T, (*G)—°A,(®S)
transition of Mn?>" in M,SisNg host lattice. The excitation
spectrum of M>SisNg:Mn>" (M =Ca, Sr, Ba) extends a
broad range of wavelengths (230-500 nm) and is consistent
with the diffuse reflectance spectra. Definitely, the short
strong excitation bands below 300 nm originate from host
lattice excitation as can be concluded from the comparison
with the reflection spectrum. The appearance of the host
lattice excitation bands in the excitation spectrum of Mn**
indicates that there exists efficient energy transfer from the
host lattice of M>SisNg (M= Ca, Sr, Ba) to Mn”* ions. The
remaining excitation bands in the wavelength range of
300-500nm can be assigned to the transitions of Mn>"
from ground state °A; (°S) to “E (“D), *T» (“D), ['A{(*G),
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‘E(*G)], *T, (*G) and *T, (*G) levels, respectively, as
illustrated in Figs. 4-6. The energy level scheme and the
main mechanisms involved in the generation of Mn?”"
emission in M,SisNg are shown in Fig. 7. The typical band
emission of Mn? " in M,SisNjg host lattice can be realized in
two different ways. The first way is to excite the Mn>* ion
directly in its own excitation levels. The electron from the
ground state of Mn”" is excited into the higher energy
levels of Mn?". The excited free electron then relaxes to the
*T,(*G) excited state through *E(*D), *T»(*D), (*A;, “E)
(*G) and *T,(*G) intermediate energy levels of Mn?* by a
non-radiative process, followed by a radiative transition
from the *T,(*G) excited state to the °A;(°S) ground state
giving rise the typical emission of Mn?" in M,SisNg host
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Fig. 6. Excitation and emission spectra of Mn>*-activated Ba,SisNg
phosphor.

lattice. The second option is to excite host lattice, followed
by efficient energy transfer from the host lattice to the
Mn>" ion, which also results in the typical emission of
Mn?".

Table 1 summarizes the characteristics of M,SisNg:
Mn?>" (M = Ca, Sr, Ba) phosphors and compares them
with some other typical Mn*>"-doped phosphors. The
luminescence  properties of Mn”"-doped M>SisNg
(M = Ca, Sr, Ba) are influenced by the crystal structure
of host lattice (Ca,SisNg versus Sr,SisNg and Ba,SisNg)
and the size of the M ion (Sr,SisNg versus Ba,SisNg) (Table
1). For the isostructural compounds of Sr,SisNg and
Ba,SisNg, the metal-ligand distances are smaller in
SrSisNg than in Ba,SisNg [Sri—N = 2.865(6) A versus
Ba;—-N =2.917(3) A, Sry—N = 2.928(7) A versus Ba,~N =
2.981(5)A] because Ba’" is larger than Sr>* [26]. As a
consequence, the crystal field strength is larger for Mn?> " in
Sr>SisNg than in Ba,SisNg host lattice, which results in the
longer (about 30 nm) wavelength emission band of Mn?"
in Sr,SisNg than in Ba,SisNg host lattice. Because Ca’™ is
smaller than Sr’*/Ba’", an even longer emission wave-
length would be expected for Mn?> " in CaSisNjg host lattice.
However, this is not the case, evidently as a consequence of
Ca,SisNg having a different crystal structure and a
different coordination environment for (and thus crystal
field around) the Ca ion as compared with M,SisNg
(M = Sr, Ba) [27,28].

In addition, there is present only a single narrow
emission band in the luminescence spectra of Mn” " -doped
M,SisNg phosphors although there are present two
different crystallographic M sites in M,SisNg (M =Ca,
Sr, Ba) [1,6,27,28] on which Mn?* potentially can
substitute. The trivial reason of absence of two Mn>*
emission bands because of similar environment for Mn?"
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Table 1
Characteristics of Mn? " -doped M>SisNg (M = Ca, Sr, Ba) phosphors as compared to those of typical Mn? " -doped phosphors at room temperature

Phosphors Ca,SisNg:Mn®"  Sr,SisNg:Mn> ™" Ba,SisNg:Mn> " ZnSiNy:Mn?* Zn,SiOxMn?t BayZnSy:Mn?*
Crystal system Cc Pmm?2, Pmm?2, Pna2, RH Pnam
Body color Grey-white Grey-white Grey-white Grey-white Grey-white Grey-white
Host absorption edge (nm) 250 265 270 250 175, 250 360
Absorption bands of Mn?" 370420 370-420 370420
(nm)
Excitation bands (nm) 250, 307, 396, 250, 263, 316, 405, 248, 261, 290,436 260, 390, 420, 175, 251 350, 410, 510
426, 489 427, 488 405, 421, 486 470, 490

Emission maximum (nm) 599 606 567 620 520 625
Full width at half maximum 70 60 60 40 60-70
broadband (nm)
Reference This work This work This work [24] [10,30] [20-22]

3 b

Fig. 8. Coordination environment of the M atoms and the M—N distances (A) in M>SisNg: (a) M = Ca, (b) M = Sr and (c) M = Ba.

in two different sites, which eventually results in large
overlap of the two emission bands of Mn?" in M,SisNg,
can be ruled out because crystal structure data show that
the environment of the two M sites is very different in
M,SisNg (M=Ca, Sr, Ba). For the isostructural com-
pounds M>,SisNg (M =Sr, Ba), the coordination numbers
are 8 and 10 for M, and M, sites, respectively, while the
coordination numbers are both 7 for Ca; and Ca, sites in

Ca,SisNg host lattice (Fig. 8). In addition, the mean
distance M|—N is smaller than that of M>—N in all M,SisNg
(M = Ca, Sr, Ba) compounds [Ca;-N = 2.653(7)A versus
Ca,—N = 2.708(7) A, Sr;—N = 2.865(6) A versus Sr,—N =
2.928(7)A, Ba,-N =2.917(3)A versus Ba, N = 2.981
(5) A] (Fig. 8). Thus it is evident that there would be a
large difference in coordination environment (and thus
crystal field) for Mn?" in two different M sites, especially
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in M>SisNg (M = Sr, Ba) host lattice. Another possibility is
that the luminescence properties of Mn*" are not sensitive
to the change of the local structure. However, this option
can also be ruled out because of the observed difference in
the luminescence properties of Mn®>" for the M,SisNg
depending on M type (Table 1). Therefore, probably only
one M site is occupied by Mn®>" due to the large size
difference between it and the M ions (rifa <734 ). This is
consistent with the fact that varying the excitation
wavelength yields similar emission spectra (Figs. 4-6). As
indicated above, the mean distance M;—N is smaller than
that of M>—N. As a consequence, the dopant Mn>" ions
may prefer to substitute the smaller M, site in the M,SisNg
(M =Ca, Sr, Ba) host lattice because of best matching of
ionic sizes. The exact explanation is subject of further
study. The half-width for the single narrow emission band
of M,SisNg:Mn>" phosphors is about 60nm for M =Sr
and Ba, and 70nm for M = Ca, which resembles with the
literature values, e.g. about 70nm for Zn;(POg4),:Mn>"*
[29], 60nm for Ba,ZnSy;:Mn?* [20-22] and 40nm for
Zn,Si0,:Mn>* [30]. This half-width is significantly smaller
than that of red Eu?" emission (~100 nm) in M>SisNg host
lattices [4].

The 34° multiplet energies of Mn?" in host lattices
depend largely on the crystal field and the covalent
interaction with the host lattice because the 3d electrons
of the transition metal ions are outermost electrons. It is
well known that Tanabe—Sugano diagrams explain very
well the characteristics of optical spectra due to the intra-3d
shell transition of transition metal ions in host lattices.
According to the diagram for the 3d° electron configura-
tion of Mn?" [31-33], the energies of the “E(*G), *A,(*G)
states and “E(*D) state relative to the °A(°S) ground state
are insensitive to the crystal-field strength Dg and is
determined only by the Racah parameter B. The B value
depends largely on the covalent interaction between Mn>™"
and surrounding ligand and decreases from the free-ion
value with increase of the covalent interaction (the
nephelauxetic effect [34]). On the other hand, the Tana-
be-Sugano diagram predicts that the energy separations
between the *T(*G) and *T»(*G) states and the °A,(°S)
ground state are very sensitive to the crystal-field strength
Dgq and decreases with increase of crystal field strength. It is
well known that the emission bands of Mn?" originate
from the *T;(*G)—°A,(°S) transition. Therefore, the
position of the emission bands of Mn?*-doped phosphors
is largely determined by the crystal filed strength of Mn>™"
in the host lattice. As a consequence, the wavelength
position of the emission band of Mn?* depends strongly
on the host lattice. For Mn>" -doped phosphors in general,
the emission bands can vary from the green to the deep red
region of the electromagnetic spectrum [23]. Mn?>" usually
gives a green emission when it is located on a lattice site
with weak crystal-field, whereas it gives an orange to deep
red emission on a strong crystal-field site. Due to the large
crystal-field effect induced by the coordinating nitrogen
ion, Mn”>" shows an orange to red emission in M,SisNg

(M = Ca, Sr, Ba) and even a deep red emission in MSiN,
(M = Zn, Mg, Ca) host lattice (Table 1) [24,25]. As a
conclusion, the long-wavelength emission of Mn*" in
M>SisNg host lattice can be attributed to the effect of a
strong crystal-field of Mn?" in nitrogen coordination
environment.

The absorption and excitation bands of M,SisNg:Mn>*
perfectly match with the radiation of the UV-emitting
InGaN based LEDs in the range of 370-420nm, so in
combination with other phosphors these materials are
capable of generating white light. However, due to the
forbidden d-d transitions of Mn* ", Mn?>" -doped M,SisNg
only show weak absorption in the range of 370-420 nm, so
for white LED lighting applications this absorption has to
be increased by use of suitable sensitizer ions. It is
interesting to note that the Mn? " -activated M>SisNg
(M = Ca, Sr, Ba) phosphors not only show strong
absorption at 254nm because of the host lattice absorp-
tion, but also that the host lattices can efficiently transfer
the absorbed energy to Mn>" ions resulting in the typical
yellow or red emissions of Mn>" ions, making them also
interesting for potential applications in the field of low-
pressure mercury discharge lamps.

4. Conclusions

Mn? " -activated M,SisNg (M = Ca, Sr, Ba) phosphors
have been prepared by a solid-state reaction successfully
and their photoluminescence properties were investigated.
As compared to red Eu?" emission in these host-lattices,
the Mn”"-activated M,SisNg phosphors exhibit narrow
emission bands with maxima at about 599, 606 and 567 nm
for M = Ca, Sr, Ba, respectively. M,SisNg:Mn?™* samples
are attractive LED phosphors with respect to the position
of the absorption (370—420 nm) and emission (500-700 nm)
bands. However, the absorption strength of M,SisNg:
Mn?" phosphors in the wavelength range of 370-420 nm
has to be enhanced to increase their potential for white
LED lighting applications. In addition, it is worth noting
that M>SisNg:Mn>* phosphors may be of interest for
applications in the field of low-pressure mercury discharge
lamps.
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