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Tunable color point and efficient excitation are two important challenges for improving white light LEDs.
In this paper, red-shift in the emission spectra of Sr,Si0O4:Eu has been achieved, and the excitation band
has been tuned to fit the blue LED chips simultaneously by doping N into the host. XRD results showed that
the unit cell volume markedly increased after nitridation. Moreover, nitridation resulted in the increase
in weight loss, which can be attributed to the substitute of Si-O bonds by Si-N bonds. The effect of

nitridation on the luminescence properties was well discussed.
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1. Introduction

With the development of solid state lighting, a mount of phos-
phor systems have been developed to generate white light by
coupling UV- and blue LED chips. Among them, EuZ* or Ce3* doped
oxides are most widely applied, and the outstanding example is
YAG:Ce3*. However, the 5d electrons of Eu?* and Ce3* ions were
unshielded from the crystal field by the 5s and 5p electrons when
in the excited state, and the excitation and emission spectra can
hardly reach the long wavelength in the oxide hosts, which have
low covalence and small crystal-field splitting [1-3]. Sulfide phos-
phors are traditional series with long emission wavelength (i.e.,
SrS:Eu?* and CaS:Eu?*), but these materials suffer from low chem-
ical stability in LEDs environment [4-6]. Nitride phosphors are
more stable and more efficient, but the synthesis of these materials
requires high reaction temperatures, high pressure and high-purity
nitride starting materials, which become obstacles for the further
application [7-9]. Thus, it is necessary and challengeable to shift
the emission wavelength of the oxide phosphors to the long wave-
length.

Rare-earth doped silicates are well-developed phosphors, which
are widely applied in fluorescent lamps. The Eu?* emission varies
from ultraviolet to yellow, depending on the size of the cation.
Among them, Sr,SiO4:Eu?* has a relatively long emission wave-
length, and shows promising prospect in producing white light
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using the GaN blue LED [10-16]. It can be a good candidate for the
yellow-red phosphor after shifting the emission band to the longer
wavelength.

However, the maximum excitation band of Sr,SiO4:Eu is around
370 nm, too short for the blue LED chip. Park et al. improved the
absorption in the rang of 450-470 nm by co-doping Mg and Ba ions,
but this doping resulted in the blue-shift of the emission wave-
length [17].

In this work, we attempt to tune the excitation and emission of
Sr,Si04:Eu simultaneously by doping N ions. Emphasis is placed on
the effects of nitridation on the PL properties and crystal structures
of N doped Sr,SiO4:Eu phosphors.

2. Experimental

Ndoped Sr,SiO4:Euwas prepared by a solid-state reaction. Appropriate amounts
of the starting materials of SrCO3, SiO, and Eu;O3; were weighted and mixed in
ethanol solution using an agate mortar. After drying, the mixture was loaded into
an Al; 03 boat and fired in a horizontal tube furnace at different temperatures for 2 h
under NH; flow (caution: NH3 gas is pungent and improper use at high temperature
will lead blast!). After the predetermined reaction time, the sample was furnace
cooled in NH3 atmosphere.

X-ray diffraction (XRD) was carried out on a Rigaku-D/max 2550 PC diffrac-
tometer with Cu-K, radiation (A =0.15405 nm). Lattice parameters determination
was carried out by the least-squares method from X-ray diffraction data collected
in the range 10-80° in 26 by a step-scan mode with a step size of 0.02 and a count
time of 1s per step. The fraction of weight loss in the nitridation reaction and in
the reduction reaction (A Whitridation/ A Wreduction ) Was calculated for each run, which
corresponds to the extent of nitridation. The loss on ignition of the starting pow-
der was predetermined and was taken into account. The photoluminescence (PL)
spectra and the efficiency were measured at room temperature using a fluorescent
spectrophotometer JASCO FP-6600 with an integrating sphere.
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Fig. 1. XRD patterns of the samples treated at different temperatures and different
atmospheres.

3. Results and discussion

Strontium orthosilicate has a high-temperature orthorhom-
bic (a-Sr,Si04, PDF#39-1256) and a low-temperature monoclinic
phase (3-Sr,SiO,4, PDF#38-0271). In this work, the samples pre-
pared at 1200°C in N, (95%)-H; (5%) were in a-Sr,SiO4 phase and
no impurity phase was observed in Fig. 1. In contrast, the transi-
tion from - to a-Sr,Si04 in NH3 flow was not completed until
1500°C. A mount of 3-phase in the samples treated at 1200 °C was
observed and a trace of 3-phase was still remained at 1400 °C. This

Table 1
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can be attributed to the nitridation in NH3 atmosphere which con-
sumed extra energy, resulting in the increase in the phase transition
temperature.

Table 1 shows the lattice parameters and the weight loss of
different samples. The unit cell volume markedly increased after
nitridation, and continuously increased when a higher temperature
was employed. This may indicate that Si-O was replaced by Si-N
in the lattice of Sr,SiOy, because the bond length of Si-N (1.74A)
[7] is much longer than that of Si-O (1.61 A) [18]. The increase in
weight loss after nitridation reaction provided additional evident
from another point of view, because N is lighter than O. When O
was partially replaced by N, the weight loss of reaction increased.

Fig. 2 shows the PL spectra of samples treated in reduction atmo-
sphere and different nitridation conditions. No significant red-shift
was observed in the emission peaks excited at 370 nm. All sam-
ples show the typical emission bands at around 540 nm, originating
from the 4f to 5d transition of Eu2* ions. But it should be noticed
that the samples treated in NH3 atmosphere show weak shoul-
ders between 400 nm and 480 nm. This may be attributed to the
appearance of the 3-phase.

When the samples were excited at 450 nm, it can be found that
the emission peak of samples prepared in reduction atmosphere
shifted from 537 nm to 540 nm and the samples treated in the NH3
atmosphere shifted to longer wavelength. Meanwhile, wide shoul-
ders between 550 and 650 nm appeared in the samples treated in
the NH3 atmosphere. These emission spectra can be better appre-
ciated after Gaussian fitting.

In Fig. 3, three typical samples which had obvious changes
were selected. All the three emission bands can be separated into
two Gaussians. One was at short wavelength (maxima at about
535-545nm) and the other was at long wavelength (maxima at
about 570-590 nm). After nitridation in NH3 atmosphere, both of
the two Gaussians shifted to the red direction. The nitridation tem-
perature was higher, the shifted wavelength was larger.

The red-shift in the emission can be mainly attributed to sub-
stitution of the Si-O bonds by the Si-N bonds. Because the N3~
has higher formal charge and the nephelauxetic effect is more seri-
ous compared with 0%-, the crystal-field splitting of the 5d levels
of Eu?* is larger and the center of gravity of the 5d states shift

Lattice parameters and weight loss of samples treated at different conditions. A Wiridation and AWieduction Mean the weight loss in the nitridation reaction and in the reduction

reaction, respectively.

Samples Cell parameter (A) Cell volume (A3) AWiitridation | A Wreduction
a b c
1200°C in N, /H; flow 7.06131 5.65302 9.7112 387.65 1.00
1200°C in NH3 flow 7.06477 5.65367 9.72503 388.44 1.01
1300°C in NH3 flow 7.07759 5.65563 9.72201 389.16 1.03
1400°C in NH; flow 7.07766 5.66332 9.74082 390.44 1.04
1500°C in NH3 flow 7.07912 5.67236 9.74301 391.23 1.05
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Fig. 2. Emission spectra excited at 370 nm (a) and 450 nm (b) of the samples treated at different temperatures and different atmosphere.
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Table 2

Luminescence properties of samples treated at 1200°C in different atmospheres with different holding times. (The absorption coefficient means the ratio of the photon
number of excitation light absorbed by the sample to the photon number of excitation light irradiated to the sample.).

Samples Emission wavelength (nm) Emission intensity (a.u.) Absorption coefficient (%) External quantum efficiency (%)
1200°C, 2h in Ny /H; flow 540.6 716.3 326 274
1200°C, 2h in NH3 flow 541.8 728.2 58.6 28.1
1200°C 10 h in NH3 flow 545.7 813.1 65.8 334

Luminescence properties above were all measured under 450 nm.

to lower energies (i.e., longer wavelength) than in an analogous
oxygen environment.

Moreover, it should be noticed that between the two Gaussians,
the red-shift in long wavelength is more significant than that in
short wavelength, which implies the preference of the substitution
for Si-O bonds by Si-N bonds in different crystal sites.

In Sr,SiO4, there are two cation sites of Sr?*, which are ten-
coordinated (Sr I) and nine-coordinated (Sr II) by oxygen atoms,
respectively. When the Sr,SiO4 host was doped with Eu?* ions, Eu?*
would occupy both of the two Sr2* randomly and exhibit two differ-
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Fig. 3. Gaussian fits of the emission spectra of the samples excited at 450 nm. Black
lines are the experimental results, and red lines are the fitting results composed of
blue lines and green lines, which are two Gaussian peaks. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 4. Excitation spectra of samples treated at different conditions (Aem =560 nm).

ent emission bands at around 460-490 nm (excited at 320 nm) and
540-570 nm (excited at 370 nm). In this work, the emission band
obtained at 450 nm may be originated from both of Eu(I) and Eu(lI).
After nitridation, there were more O ions substituted by N ions
around Eu(II) sites than that around Eu(I) sites. Hence, the emission
bands originated from Eu(Il) sites showed more obvious red-shift
than that originated from Eu(II) sites.

Red-shift also occurs in the excitation spectra in Fig. 4. Com-
paring with the sample treated in the reduction atmosphere, the
excitation peak of the sample treated at 1400 °C in NH3 shifted from
370 nm to 380 nm. Moreover, after nitridation, a shoulder appeared
at400-450 nm, and the intensity of the shoulder increased with the
nitridation temperature. The red-shift of the peak around 375 nm
suggested that the conduction band of N doped Sr,SiO4 was laid ina
lower state when Si-O bonds were partially substituted by the Si-N
bonds, and the increase in the intensity between 400 and 450 nm
can be attributed to the enhancement of direct excitation from the
Eu?* jons.

Besides the heating temperature, the nitridation process was
also influenced by the holding time. Table 2 shows the lumines-
cence properties of samples prepared in different conditions. It can
be observed that the emission peak of the sample shifted to longer
wavelength when a longer holding time was employed. Emission
intensity and external quantum efficiency can be also improved,
especially after long time nitridation, which may be attributed to
the better crystallization. It is noteworthy that the absorption at
450 nm of the sample after nitridation greatly increased. This may
be because the doped N ion can shorten the energy band gap of the
host.

4. Conclusions

N doped Sr,Si04:Eu phosphors were synthesized by solid state
reaction in NH3 atmosphere. The increases in weight loss and the
lattice expansions indicated that N ion had been doped into the
lattice. After nitridation, the emission spectra had been tuned to
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the longer wavelength and the excitation band around 450 nm had
been enhanced to fit the blue LED chips. It shows to be a promising
method to have long wavelength emission from the oxides and tune
the excitation bands at the same time.
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