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Red phosphor of SrSisNs:Eu?* was synthesized by a solid state reaction. The as-synthesized phosphor powders were post-

treated in N2 atmosphere. The prepared samples were analyzed by XRD, FE-SEM, TG-DTA, FT-IR, Zeta potential,

cathodoluminescence (CL), photoluminescence (PL), quantum efficiencies (QEs), and temperature-dependent PL and QEs

techniques. After the thermal treatment in N3, it was found that the N2-treatment caused ignored influence on the phase

purity and particle morphology; the surface of the phosphor particle became more hydrophilic; the isoelectric point (IEP) of

the suspension containing phosphor powder shifted to higher pH value; the edge area (formed surface layer) of the phosphor

particle had lower CL intensity than the inner part but it inhibited the surface damage caused by e-beam irradiation; more

significantly, the formed surface layer play a passivating role in preventing the Eu?* activator from being oxidized,

consequently, effectively reducing the thermal degradation on deteriorating PL intensity of the Sr2SisNs:Eu?* phosphor.

Introduction

Recently, white light emitting diodes (LEDs) have emerged as an
indispensable solid-state light source for next-generation lighting
industry and display systems, due to their excellent properties
including but not limited to energy savings, environmental-
friendliness, downsizing, and durability. Up to now, major challenges
in the field of the white LEDs have been focused on achieving high
luminous efficacy, high chromatic stability, brilliant color-rending
properties, all of which critically rely on the properties of the

phosphor used for the white LEDs.3 Generally, enclosing yellow

phosphor in blue LED chip is employed to generate white light in LEDs.

Although the fabricated white LEDs have high efficiency, its color
rendering index (Ra) is still poor. To obtain high Ra, other two
alternative approaches are utilized: adding red phosphor into the
first approach and combining blue LED diode chip with red and green
phosphors,* > suggesting that the red phosphor plays a key role in
improving the color-rending properties of the white LEDs.
Sr,SisNg:Eu?* is one of the well-known red phosphors as a promising
red color component applied in the white LEDs.3 In the orthorhombic
crystal structure of the Sr,SisNg host (space group Pmn21), the Eu?*
ions, activators, occupy the Sr sites in the lattice due to their similar
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ionic radii. The SiN4 tetrahedras build up three-dimensional network
by corner-sharing N atoms to form a rigid framework, making the
phosphor has high chemical and thermal stability.® Besides, when
excited at 450 nm wavelength, the Sr,SisNg:Eu2* phosphor gives
strong emission in the red region of 616-670 nm with high quantum
efficiency.” 8

However, one of the main problems encountered in the red
phosphor of Sr,SisNg:Eu?t is serious thermal degradation on PL
property, leading to less reliability and shorter life time of the white
LED devices.? The origin of the thermal degradation in Sr,SisNg:Eu?*
has recently been reported as the oxidation of Eu ions from divalent
to trivalent.1® The thermal degradation of a phosphor is quite
different from its thermal quenching, even though they have similar
characteristic; that is, the decrease in PL intensity with increasing
temperature. However, the thermal quenching as an intrinsic
property of the phosphor relates to the crystal structure, valence
band, chemical composition of the host lattice and doping
concentration of the activator. Whereas, the thermal degradation as
a practical property of the phosphor is caused by extrinsic factors
such as humidity, stress, irradiation, and thermal or chemical
attacks.!! Therefore, the thermal quenching is an elastic deformation
of luminescence property, but the thermal degradation is a plastic
deformation, resulting in that the luminescence intensity cannot
recover even by removing the external influences. In this case, how
to reduce the influence of thermal degradation on the luminescence
property of the Sr;SisNg:Eu2* phosphor become more significant for
the application in the white LEDs.

Passivation, referring to a material becoming “passive”, makes a
shielding outer-layer of base material. Currently, the surface
passivation as a promising technique has been not only limited in
protecting metals or alloys against corrosion, more importantly, but
also extended to improve the performance of materials, extensively
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in reducing surface recombination in solar cells.’>-17 However, until
now, the reports concerning surface passivation have rarely been
found in luminescence phosphor, particularly, relating to the thermal
degradation property of the phosphor.

In this work, the thermal post-treatment on the as-prepared
SrySisNg:Eu?* phosphor was conducted in N, atmosphere, with an
investigation on the formation of the passivating surface layer
around the SriSisNg:Eu?* phosphor affecting on the thermal
degradation on its photoluminescence property.

Experimental section
Sample preparation

The SrySisNs:Eu?* phosphor was synthesized by a solid state
reaction from reagent grade SrCOs, Eu,03, and SisN,4 at 1600 °C for 6
h under an unpressed NH; atmosphere. After the reaction, the
impurity product of silicate was washed away by acid to obtain the
phase-pure Sr,SisNg:Eu?* phosphor.18

The as-prepared Sr,SisNg:Eu?* powder was packed into an alumina
boat and then thermally treated inside a horizontal tube furnace at
300 °C-500 °C in the atmosphere of air or N,. The heating rate was 5
°C/min and holding time was 3 h. The purity of N, was 99.9% and the
flow rate was 0.15 L/min.

Characterizations

Phase identification was performed by X-ray diffraction (XRD) on
a X-ray diffractometer (model RINT 2200, Rigaku Corp., Tokyo, Japan)
with nickel-filtered Cu Ka. radiation at 40 kV and 40 mA operation and
a scanning speed of 20=5° per minute. Particle morphology was
observed by a field-emission scanning electron microscopy (FE-SEM)
(model S-5000, Hitachi, Ltd., Tokyo, Japan). Thermo gravimetric (TG)
and differential thermal analyses (DTA) were performed by a
thermometric system (model TG8120, Rigaku Corp., Tokyo, Japan)
under N,/O, flow (80% of N, and 20% of O,) in the temperature
ranging from 30 °C to 1000 °C at a heating rate of 5 °C/min. Fourier
transform infrared (FT-IR) spectra were recorded by a FT-IR
spectroscopy (model 4200, JASCO, Tokyo, Japan), with using standard
KBr method. To evidence the variation in the surface charge of the
phosphor particle after the thermal treatment, the Zeta potential of
the phosphor powder dispersed in special grade ethonal (99.5%
purity, Nacalai Tesque Inc., Kyoto, Japan) as a function of pH was
measured by a zeta potential analyzer (model Zetasizer Nano Z,
Malvern Instrument Ltd., Malvern, Worcestershire, UK) and a pH
meter (model ss973, Horiba, Ltd., Japan) with a pH electrode (model
6261, Horiba, Ltd., Japan). The pH value of the suspension was
adjusted by HCI (0.1mol/L, Kanto, Chemical Co. Inc., Tokyo, Japan)
and NHs3*H,O (10% purity, Wako Pure Chemical Industries, Ltd.,
Osaka, Japan). Cathodoluminescence (CL) measurement was
conducted by an ultrahigh-vacuum SEM equipped with a Gemini
electron gun (Omicron, Germany) with an acceleration voltage
(electron range) of 5 kV. PL spectra were measured at room
temperature by a fluorescent spectrophotometer (model F-4500,
Hitachi, Ltd., Tokyo, Japan) with a 200 W Xe-lamp as the excitation
source. The excitation spectra were corrected for the spectral
distribution of the Xe-lamp intensity by using Rhodamine-B as a
reference. The emission spectra were corrected for the spectral
response of a monochromator and a photomultiplier tube (model
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R928P, Hamamatsu, Japan) by a light diffuser and a tungsten lamp
(10 V, 4A Noma Electric Corp., New York, USA). Internal and external
quantum efficiencies (QEs) were determined by a multichannel
photodetector (model MPCD-7000, Otsuka Electronics, Co., Ltd.,
Osaka, Japan) with a 200 W Xe-lamp as an excitation source. The
excitation light from the Xe lamp was filtered by an excitation
monochromator (300-600 nm). A white Spectralon standard was
illuminated by the resulting monochromatic light for calibration. The
light was collected integrating sphere.
Temperature-dependent PL property was also recorded by the
multichannel photodetector, with increasing temperature from 30 °C
to 300 °C and decreasing from 300 °C to 30 °C at a heating and cooling
rate of 100 °C/min, with 5 min holding time for thermal equilibrium.
Temperature-dependent internal and external quantum efficiencies
(QEs) were examined by a high sensitivity multichannel
photodetector (model MPCD-9800, Otsuka Electronics, Co., Ltd.,
Osaka, Japan) with a 200 W Xe-lamp as an excitation source. The
excitation light from the Xe lamp was also filtered by an excitation
monochromator (300-600 nm) and the white Spectralon standard
was also used for calibration.

reflected using an

Results and discussion
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Fig. 1 XRD patterns of the Sr,SisNg:Eu?* powders including the as-
prepared and thermally-treated in air and N at 300-500 °C.

Figure 1 exhibits the XRD patterns of the as-prepared and
phosphor powders thermally treated in the air and N, atmospheres
at 300-500 °C. The main phase of the synthesized sample was
identified as Sr,SisNg that is the host lattice for the prepared
phosphor by referring the JCPDS-ICDD database No: 85-0101. After
the heating at 300-500 °C, it was observed that the Sr,SisNg phases
were stably kept regardless of the treatment atmospheres, indicating
that the heat treatment at 300-500 °C in this study gave ignored
effect to the phase variation of the Sr,SisNg. However, it was noticed
that the XRD peaks of all the thermally-treated samples slightly
shifted to low angle, showing the lattice expansion caused by the
thermal treatment.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 FE-SEM micrographs of the (a) as-prepared and thermally-
treated Sr,SisNg:Eu2* powders in N; at (b) 300 °C and (c) 500 °C.

After extensive FE-SEM observations for all the powders including
the as-prepared and heat-treated phosphor powders, no appreciable
differences in particle morphology and size were detected for these
powders. Figure 2 shows the FE-SEM micrographs of the (a) as-
prepared and post-treated Sr,SisNg:EuZ* powders in N3 at (b) 300°C
and (c) 500°C as typical cases. As seen in Figure 2a, the synthesized
Sr,SisNg:Eu?* powder presented irregular particle shape, with a wide
size distribution from several hundreds of nanometers to ~10 um. In
a comparison, after the heat treatments at 300 °C (Figure 2b) and

This journal is © The Royal Society of Chemistry 20xx
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500 °C (Figure 2c), it was not obviously distinguished that the post-
treated powders suffered any influence from the thermal treatments
on their particle morphologies.
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Fig. 3 TG-DTA curves of the as-prepared and 300 °C-N, treated
Sr,SisNg:EuZt powders.

Figure 3 shows the TG-DTA curves of the as-prepared and 300 °C-
N, treated Sr,SisNg:Eu?* powders. It can be seen from the TG curves
that, after weight loss at ~90 °C ascribed to H,0 desorption, slight
weight gain in the as-prepared Sr,SisNs:Eu?* occurred probably due
to phosphor oxidation; appreciable weight gain took place from ~900
°C owing to serious oxidation at high temperature; in contrast, the
weight loss in the 300 °C-N; treated phosphor ended until ~500 °C;
significant weight gain after ~900 °C appeared also as a result of the
oxidation. The oxidation was consistently reflected from the
exothermic peaks in the DTA curves of the both samples. The
different variation tendencies of the TG-DTA curves of both the
powders signify that the surface state of the phosphor particle was
differentiated after the post-treatment in N,. The larger amount of
H,0 desorption found in the powder thermally treated in N; means
that the powder surface became more hydrophilic, suggesting the
formation of some kind of hydrophilic layer by the treatment, and
the lower exothermic peak of the thermal-treated powder indicates
that the formed surface layer worked to prevent oxidation of the
phosphor powder.

Figure 4 demonstrates the FT-IR spectra of the as-prepared, 300
°C-N; treated, and 300 °C-air treated Sr,SisNg:Eu?* powders. For
these 3 samples, the Si-N-Si absorption peaks were assigned to the
stretching vibrations at ~472 cm-1, ~926 cm-, and ~954 cm™;1? the
absorption peaks at ~1630 cm™ and ~2360 cm™ were corresponding
to the molecular vibrations of the H,0 and C0O,,2% 2! respectively,
which were both adsorbed on the sample surfaces from air. More
significantly, it was found that the shallow absorption bands at ~1404
cm-! were assignable to the Sr/Eu-N bending vibrations for the as-
prepared and 300 °C-N, treated Sr,SisNg:Eu?* powders,?? but that
absorption band became strikingly weak in the 300 °C-air treated
sample, probably implying that the phosphor encountered serious
oxidation after the thermal treatment in air.

J. Name., 2013, 00, 1-3 | 3
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Fig. 4 FT-IR spectra of the as-prepared, 300 °C-N,, and 300 °C-air
treated Sr,SisNg:Eu?* powders.
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Fig. 5 Zeta potentials of the suspensions containing as-prepared,
300 °C-Nz, and 300 °C-air treated Sr,SisNs:Eu?* powders as a
function of pH.

Zeta potential of the suspensions containing the as-prepared,
300 °C-N; treated, and 300 °C-air treated Sr,SisNg:Eu?* phosphor
powders is given in Figure 5. It was found that the IEP, a pH value at
which the phosphor particles carry no net electrical charge, of the
phosphor powders thermally treated in N, and air both shifted
towards larger pH value, by comparing with that of the as-prepared
sample. The IEP of the as-prepared Sr,SisNg:Eu?* phosphor was
pHiep="4.9, but it shifted to pHiep="5.3 after the thermal treatment in
N2 and, more appreciably, it shifted to pHi,p="7.6 after the heat
treatment in air. The IEP shift is indicative of the formation of layer
around the phosphor particles both via the thermal treatment in N;
and air. The formed layer was probably oxide compounds like SrSiOs,
Sr,Si04, and Sr3Si0s,23 which were generated at the phosphor surface
due to the induced oxygen during the post-treatments but could not
be detected by the XRD identification on account of extremely small

4| J. Name., 2012, 00, 1-3

CL intensity (cps)

amount of them. For the case of the N,-treatment, the generations
of the oxide compounds were conceived from a viewpoint of the
mixture of extremely small amount of air with the used N,, which was
also the reason why the IPE of the 300 °C-N, treated sample became
slightly larger than that of the as-prepared one but smaller than that
of 300 °C-air treated one. Similar report has been found in the
literature,2* in which a passivating oxide layer formed around the fine
nickel particles through the heat treatment even though in Ar-dry air
mixed gas atmosphere.
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Fig. 6 CL property measured at 9 different points in the cross section
of single Sr,SisNg:Eu?* particle thermally treated at 300 °C in N3: (a)
cross-sectional SEM micrograph and (b) CL spectra.

CL emission is an optical and electromagnetic phenomenon, in
which electron beam (e-beam) impacts on a luminescence material
to cause visible emission.?> Currently, CL technique has been widely
used to characterize the luminescence properties of phosphor
materials; especially, it can independently excite each single
phosphor particle.26-2% Figure 6 exhibits that the cross-sectional CL
property measured at 9 different points in single particle of the 300
°C-N; treated Sr,SisNg:Eu?* phosphor: (a) cross-sectional SEM
micrograph and (b) CL spectra. From the cross-sectional SEM image

This journal is © The Royal Society of Chemistry 20xx
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(Figure 6a), it was obviously found that a layer was formed in ~0.2
um thickness covering around the surface of the post-treated
phosphor particle. CL measurement was performed at 9 different
points of the N,-treated Sr,SisNg:Eu?* particle, in which 4 points were
at the inner and the other 5 points were at the edge (newly-formed
surface layer) of the particle, as indicated in Figure 6a. As clearly
observed from the CL spectra (Figure 6b), all the measured inner
points had higher CL intensity that all the examined edge points,
implying that the layer that was formed around the phosphor surface
after the Nj-treatment had different composition from the host
Sr,SisNg. Similar findings have also been reported in decrease in
the emission intensities of CazSi04Clz2:Eu2* 30 and Ca2B03Cl:Eu2+3t
phosphors by coating with SiOz.
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Fig. 7 CL intensity depending on irradiation time evolution for the as-
prepared and 300 °C-N, treated Sr,SisNs:EuZ* phosphors: (a)
normalized CL spectra and (b) schematic illustration of dependence
of CL emission from particle surface on irradiation time.

Figure 7 demonstrates the CL intensity depending on irradiation
time evolution for the as-prepared and 300 °C-N, treated
Sr,SisNg:Eu2* phosphors: (a) normalized CL spectra and (b) schematic
illustration of the dependence of CL emission from particle surface
on irradiation time. It was noted that, in Figure 7a, the difference in
the variation of the decreased CL intensity of both the samples with
prolonging irradiation time was distinctly manifested. Generally, the
surface of the phosphor particle is damaged by low-voltage e-beam
irradiation and the damage extent becomes more serious with longer
irradiation time.32 In the CL measurement of this work, it can be seen
that the CL intensities of the as-prepared and N,-treated samples

This journal is © The Royal Society of Chemistry 20xx
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became both weaken with evolving irradiation time, however, at
t=3600 s of irradiation time, the relative CL intensity of the N»-heated
phosphor was 5% higher than that of the as-prepared one. This
phenomenon is reasonably explained from Figure 7b; at 5 kV voltage,
with irradiation time evolution, the surface of the as-prepared
phosphor was damaged by the e-beam irradiation and turned to be
more severe, therefore deteriorating the CL emission from the
phosphor surface; in contrast, after the heat treatment in N, the
formed compound layer around the phosphor surface made a
contribution in inhibiting the surface damage that would occurs at
the phosphor particles and therefore ensured the CL emit from the
particle surface, meanwhile, in turn, confirming the layer formation
at the particle surface via the thermal treatment in N».
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Fig.8 PL spectra of the Sr,SisNg:Euz* powders thermally treated in
different atmospheres: (a) air, and (b) N2 in comparison with the PL
intensity of the as-prepared phosphor. Excitation spectra monitored
at 625 nm and emission spectra excited under 405 nm. The insets are
the photographs of the (al) thermal treated in air and (b1) in N,
phosphor powders excited inside a 365 nm-UV box.

Figure 8 displays the PL spectra of the post-treated Sr;SisNg:Eu?*
powders at 300°C-500 °C in various atmospheres: (a) air and (b) N2
in comparison with that of the as-prepared phosphor. The excitation
spectra were monitored at 625 nm and emission spectra were
excited under 405 nm. In Figure 8a, the emission intensity of the air-
treated powder declined by ~12% after 300 °C-treatment in air and
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dropped by ~54% after 500 °C-treatment. The declined PL emission
intensity with increasing heating temperature in air can be clearly
perceived from the different brightness under the UV irradiation in
the inset of Figure 8a. The degradation in the PL intensity should be
considered by both oxidations of the activator Eu2* and Sr,SisNg:EuZ*
host lattice, involving: (1) the activator Eu?* being oxidized into Eu3*,
Based on the kinetic of the oxidation reaction proposed by Bizarri et
al.,?3 the degraded PL intensity after the heat treatment in air may
be due to three different steps leading to the oxidation of the Eu?*
ions: (i) the adsorption of the gaseous oxygen atom into an oxygen
vacancy of the SrySisNg:EuZ* phosphor lattice; (ii) owing to the
increased temperature during the thermal treatment, the adsorbed
oxygen atom diffused into the conduction layer of the europium ions;
and (iii) the electronic transfer from the Eu2* ions to the adsorbed
oxygen when the two species are close to each other. The oxidation
process is expressed by the following equation:

2Eut +20,(g) + V5 — 2Eu3* + 05 (1)

where Eu?" is the divalent europium ion, 0,(g) is the gaseous
oxygen atom, Vj is the oxygen vacancy, Eu3" is the trivalent
europium, and O is the oxygen ion of the lattice, “¢” and “x” are the
Kroger-Vink notations for the net charge +1 and the zero net charge,
respectively; and (2) the Sr,SisNg host at the particle surface being
oxidized after the heat treatment to form some compounds such as
SrSiO3, SrySi04, and Sr3SiOs as revealed by the IEP variation (Figure 5).
In the literature,3* it also reported similar reason for moisture-
induced degradation on PL intensity, which was explained by the
phosphor host and activator oxidations via an oxidant-gas
penetration mechanism. Whereas, from the PL spectra of the
phosphor powders heated in N, atmosphere (Figure 8b), it was found
that the emission intensity of the N,-heated sample slightly
decreased by ~4.8% at 300 °C-processing and ~25% at 500 °C-
processing, unlike the case of serious decrease in PL intensity after
the air-treatment. The difference in the brightness appearances
under the UV irradiation of the phosphor powders thermally treated
in air and in N, can be unambiguously observed from the insets in
Figure 8a and Figure 8b. The slightly decreased PL intensity is
attributed to the retard on the oxidation of Eu?* activator and
Sr,SisNg host by the thermal treatment in No.

Figure 9 exhibits the variation of external and internal QEs (nex and
nin) of the heated-treated Sr,SisNs:EuZ* powders in air and N, as a
function of the treatment temperature. The nex and ni, were
calculated using the following equations:3>

_ Jap()aa
exX = [AE(A)dA

(2)

C_ [ap@aa
Min = T2E)-R@MIaA

3)

where E(A)/hu, R(A)/hu, and P(A)/hu are the numbers of photons in
the excitation, reflectance, and emission spectra of the phosphor,
respectively. The nex and ni, of the heat-treated powders both
decreased with increasing treatment temperature, irrespective of
the air or N, treatment atmosphere. However, it was comparably
noted that the nex and ni, of the Nj-treated sample much slowly
declined with increasing treatment temperature in contrast to those
of the air-treated one. This different variation tendency was also

6 | J. Name., 2012, 00, 1-3

explained by the contribution of Nj-treatment in inhibiting the
oxidations of the activator Eu?* ions and host Sr,SisNg, which has
been known from the PL spectra (Figure 8).
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Fig.9 Variation of internal and external QEs of the Sr,SisNg:Eu?*
powders thermally treated in air and N, as a function of heating
temperature.
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Fig.10 Temperature-dependent PL spectra of the as-prepared
Sr,SisNg:Eu?* phosphor: (a) heating from 30 °C to 300 °C, (b) cooling
from 300 °C to 30 °C, and (c) diagram of chromaticity coordinates
depending on temperature.

Temperature-dependent PL spectra of the as-prepared
Sr,SisNg:Eu2* phosphor: (a) heated from 30 °C to 300 °C, (b) cooled
from 300 °C to 30 °C, and (c) diagram of chromaticity coordinates
depending on the temperature, are given in Figure 10. It was
obviously found that the blue shift of wavelength took place in the
emission peak (Figure 10a) with heating temperature from 30 °C to
300 °C; while, the red shift occurred in the emission wavelength
(Figure 10b) with cooling from 300 °C to 30 °C. Consequently, the
chromaticity coordinate for the color appearance of the sample was
varied from reddish orange at 30 °C to orange at 300 °C with heating
temperature and recovered to reddish orange when decreasing
temperature to 30 °C (Figure 10c). Moreover, the phenomenon of
the wavelength shift of emission peak with heating and cooling
temperatures was also found in all the phosphors thermally-treated
in air and N». The dependence of the emission wavelength shift on
the temperature should be considered as below: in this study, the
heating temperature lifted up the lowest 5d energy level of the
activator Euz* but the cooling temperature lowered it down.
Generally, luminescence is defined as that the electrons return to the
ground state by spontaneous emission of photons after they are
promoted into excited states by absorbing photons with appropriate
frequency.3® For the Sr,SisNg:Eu?* phosphor, when electrons
absorbed energy under the 405 nm excitation, they transited to the
4f65d! excited state of EuZ* by forming valence electrons in the
excited state and leaving behind holes in the 4f7 ground state. When
the electron dropped down to recombine the holes, this process gave
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rise to the photon emission. Moreover, this luminescence process is
usually corresponding to the transitions between the lowest excited
level and the ground state,3” since degenerate 5d levels is lifted by
non- spherical electrostatic interaction with surrounding ions so that
resulted in two or more levels.38 In this work, the lowest 5d energy
level of the excited state was lifted or lowered by the thermal
induction of heating or cooling temperature, therefore leading to the
emission at a shorter (blue shift) or longer (red shift) wavelength.3°
In addition, it has been reported that the Eu?* dopants replaced two
Sr2+in the host lattice because the ionic radii of Sr2* (1.26 and 1.31 A)
slightly differed from Eu?* (1.25 and 1.30 A), respectively.1% 40 Thus,
the different Sr positions have different accommodation situations,
including loose and tight sites for the Eu?* activator to form different
crossing points, which are corresponding with higher-energy
(shorter-wavelength) and lower-energy (longer-wavelength)
emissions, respectively.*t 42 This suggests that the heating
temperature favored the excited electron easily transfer from the 5d
level to the 4f ground state via the cross point through the loose site
accommodation.
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Fig.11 Relative PL intensities of the as-prepared and N,-treated
Sr,SisNg:Eu?* phosphors with heating (heating from 30 °C to 300 °C)
and cooling (from 300 °C to 30 °C) to indicate the influence of thermal
degradation on PL intensity. The insets are the photograph of the as-
prepared and 300 °C-N; treated phosphor powders excited in a 365
nm-UV box before and after heating and cooling processes when
determining thermal degradation property.

Recovery of relative PL intensity of the phosphor when heating up
from 30 °C to 300 °C and then cooling down from 300 °C to 30 °C was
used to indicate the influence of thermal degradation on PL intensity.
Figure 11 gives the relative PL intensity of the as-prepared and N,-
treated Sr,SisNs:Eu?* phosphors depending on heating and cooling
temperatures. For the as-prepared Sr,SisNg:Eu?*, the recovered
relative PL intensity of the phosphor after heating up to 300 °C and
then cooling down to 30 °C was 90.5% of the initial intensity. In
comparison, the recovered relative PL intensity of the N,-treated
phosphor was significantly improved: 96.3% of the initial intensity
under 300 °C-treatment and 99.8% under 500 °C-treatment,
indicating that the thermal-treatment in N as a post-treatment way
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reduced the influence of the thermal degradation on PL intensity,
which can be comparably distinguished by the brightness variation
of the as-prepared and N,-treated phosphor powders in a 365 nm-
UV box before and after heating and cooling processes from the inset
of Figure 11. Furthermore, the contribution of the thermal-
treatment in N, on decreasing the thermal degradation on PL
intensity can also be more accurately found in the temperature-
dependent external and internal QEs of the as-prepared and 300 °C-
N, treated Sr,SisNg:Eu2* phosphors with heating (from 50 °C to 300
°C) and cooling (from 300 °C to 50 °C) temperature, as shown in
Figure 12. When temperature cooling down to 50 °C, the recovered
external and internal QEs of the 300 °C-N, treated phosphor were
99.5% and 99.8% appreciably higher that those of 92.7% and 94.1%
of the as-prepared Sr,SisNg:Eu?*, respectively.
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Fig.12 Temperature-dependent external and internal QEs of the as-
prepared and 300 °C-N; treated Sr,SisNg:Eu?* phosphors with heating
(from 50 °C to 300 °C) and cooling (from 300 °C to 50 °C) temperature
to indicate the influence of thermal degradation on PL intensity.

The main reason for the thermal degradation on deteriorating PL
intensity of the Sr,SisNg:Euz* phosphor should be mainly attributed
to the oxidation of the Eu?* activator. Figure 13 illustrates the crystal
structure of Sr,SisNs:Eu?*. It can be seen that the Eu?* activator in the
SrySisNg structure is inserted between the [SiN4] tetrahedral layers,
enabling EuZ* easily contact with O; although the network of vertex-
sharing [SiN4] tetrahedral connects two (N[) and three (NBI)
neighboring Si atoms to form a rigid and stable structure. Similar case

8 | J. Name., 2012, 00, 1-3
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has been reported in the crystal structure of BaMgAl0O17:Eu?*
phosphor, in which the Eu?* ions are also inserted between the
conduction layers and therefore Eu?* is readily exposed to 0,.%3 In
addition, thermally stable luminescence has been proposed in Eu?*-
doped Ba,Ln(BOs),Cl (Ln=Y, Gd, and Lu) phosphors due to different
Eu?* ion sites substituting Ba2* positions.**

b

L

‘ Sr/Eu
) Si
® N

Fig.13 Crystal structure of Sr,SisNg:Eu?*, viewing along c-axis.

Sr,SigNg

Eu2+
® Eu*

Oxide layer

Oxldatioz

As-prepared Sr,SigNg:Eu2*

Oxidation

Post-treated Sr,SigNg:Eu?* in N,

Fig. 14 Schematic illustration of contribution of oxide compound
layer formed around Sr,SisNg:Eu?* surface via thermal treatment in
N, in preventing activator EuZ* ions from being oxidized.

In addition, the higher covalence of Sr-N than that of Sr-0 in the
Sr,SisNg:Eu?* structure also makes Eu?* have a higher probability to
connect with 0,33 However, the reduction in the thermal
degradation on PL intensity by the thermal treatment in Ny, as
revealed in Figure 11 and Figure 12, indicates that the oxidation of
Eu?* was significantly inhibited by this post treatment. This
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phenomenon should be understood from that the formation of the
oxide compound layer around the surface of the Sr;SisNg:EuZ*
phosphor after the heat-treatment in N, played a role as a
passivation layer in avoiding O, attack on the Eu?* activator and
preventing O, from penetrating into the inner of the phosphor, as
illustrated in Figure 14, and, as a result, the formed passivation layer
reduced the influence of the thermal degradation on deteriorating
PL intensity of the phosphor.

Conclusions

Red phosphor of Sr;SisNg:Eu?* was synthesized by a solid state
reaction. The thermal post-treatment was conducted on the as-
prepared phosphor powders at 300 °C-500 °C in N, atmospheres.
The N,-treatment caused ignored influence on the phase purity and
particle morphology of the phosphor powders. After the heat
treatment in N,, there were some changes occurring in the
phosphor: the surface of the phosphor particle became more
hydrophilic; the isoelectric point of the suspension of the phosphor
powder shifted to higher pH value; the formed surface layer around
the phosphor particle had lower CL intensity than the inner part but
it inhibited the surface damage caused by e-beam irradiation. The
Eu?* activator and the Sr;SisNg host after the heat treatment in air
were seriously oxidized, which was known from dramatically
deteriorated PL property; in comparison, these oxidation were
effectively retarded via the thermal treatment in N,. In addition, the
blue or red shift in the emission peak of the phosphor was found to
be varied with temperature increase or decrease. More interestingly,
the heat treatment in N; significantly depressed the influence of the
thermal degradation on the PL intensity of the SrSisNg:Eu?*
phosphor through the formation of the passivating layer around the
phosphor particle against the activator Eu?* being oxidized,
suggesting an effectively improved possibility in application for the
white LEDs.
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