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ABSTRACT: Ce3+- and/or Mn2+-activated Y10(Si6O22N2)O2 phos-
phors have been prepared via a soft-chemical ammonolysis method.
Structure refinement, scanning electron microscopy, high-resolution
transmission electron microscopy, energy-dispersive X-ray spectrosco-
py, Fourier transform infrared, and thermogravimetry analysis have
been employed to characterize the phase purity, crystal structure,
morphology, crystallization condition, chemical composition, and
thermal stability of the products. The photoluminescence and
cathodoluminescence properties for Ce3+- and Mn2+-doped
Y10(Si6O22N2)O2 phosphors were studied in detail. For Ce3+/Mn2+

singly doped Y10(Si6O22N2)O2 phosphors, typical emissions of Ce3+

(blue) and Mn2+ (reddish-orange) ions can be observed. Especially,
Ce3+ emission at different lattice sites 4f and 6h has been identified and
discussed. Energy transfer from Ce3+(I) and Ce3+(II) to Mn2+ ions in Y10(Si6O22N2)O2:Ce

3+,Mn2+ samples has been validated
and confirmed by the photoluminescence spectra and luminescence decay times. A color-tunable emission in Y10(Si6O22N2)-
O2:Ce

3+,Mn2+ phosphors can be achieved by an energy-transfer process and a change in the doping concentration of the
activators. The temperature-dependent photoluminescence properties and degradation property of cathodoluminescence under
continuous electron bombardment of as-synthesized phosphors prove that the Y10(Si6O22N2)O2 host has good stability.
Therefore, the Y10(Si6O22N2)O2:Ce

3+,Mn2+ phosphors may potentially serve as single-phase blue/reddish-orange phosphors for
white-light-emitting diodes and field-emission displays.

1. INTRODUCTION

In the current background of global energy shortages, energy
conservation is the important issue we have to face. Recently,
white-light-emitting diodes (W-LEDs) have drawn lots of
attention because they have many advantages compared with
incandescent and fluorescent lamps, such as energy savings,
long lifetime, small volume, and free from toxicity.1 The lack of
a red component for the classical W-LEDs combined with a
blue InGaN LED chip and the yellow phosphor YAG:Ce3+

brought out many problems including a poor color-rendering
index and high correlated color temperature.2 Therefore, it is a
pressing task to explore and develop red-emitting luminescent
materials that exhibit high stability in both brightness and
chromaticity. Besides, the phosphors that can give excellent
white-light emission directly in a single host could solve the
problems mentioned in W-LEDs.3 At the same time, field-
emission displays (FEDs) attract considerable attention
because of several charming features, such as thin-panel
thickness, self-emissivity, quick responses, distortion of the
free image, and a wide viewing angle (170°).4 Because power is
theoretically consumed only at the emitting part, FEDs are also

accounted for as low-power-consuming devices.5 However, the
available phosphors for FEDs cannot perfectly adapt the harsh
operation conditions.6 So, advanced phosphors with high
quality need to be developed to meet the demands of LEDs and
FEDs.
Because of their excellent chemical stability, compounds with

an apatite structure (space group P63/m) have been regarded as
effective host lattices for luminescent materials because of their
applications in the medical field, solid-state lighting industry,
and display areas.7 The two different crystallographic sites, i.e.,
the nine-coordinated 4f site with C3 point symmetry and the
seven-coordinated 6h site with Cs point symmetry, are the most
prominent structural characteristics of the apatite host lattice.8

Both sites are very suitable for luminescence of rare-earth ions
(f−f transitions). A large amount of research has focused on
rare-earth ions and Mn2+-activated silicate with the apatite
structure, which proves that the apatite structure doped with
suitable activators can served as a potential phosphor applied in

Received: November 24, 2013
Published: January 28, 2014

Article

pubs.acs.org/IC

© 2014 American Chemical Society 2230 dx.doi.org/10.1021/ic402916b | Inorg. Chem. 2014, 53, 2230−2239

pubs.acs.org/IC


W-LEDs.9 On the other hand, the structure of nitridosilicate
typically consists of SiN4 tetrahedra, which can be partially
replaced by Si[O/N]4 tetrahedra. The SiN4 or Si[O/N]4 units
are stacked together by sharing their corners or edges to form a
condensed framework, resulting in the chemical stability and
excellent thermal stability of nitridosilicate and oxonitridosili-
cate.10 Compared with silicate phosphors, oxonitridosilicate
phosphors usually have longer-wavelength excitation (emis-
sion) bands and excellent stability toward oxidation, hydrolysis,
and high temperature.11 The strong crystal fields and high
covalency of the crystal lattices of oxonitridosilicate are
responsible for this observation.12 In the Y−Si−O−N
quaternary system, Y10(Si6O22N2)O2 belongs to the family of
apatite compounds. So, excellent luminescence is expected in
rare-earth ions and Mn2+-doped Y10(Si6O22N2)O2 phosphors.
However, the synthesis of oxonitridosilicates always needs
critical synthesis conditions, such as high temperature and high
pressure.13 Also, costly Si3N4 is usually chosen as the resource
of nitrogen in the compound.14 Hence, exploring a more
convenient, moderate, and less expensive method to synthesize
oxonitridosilicates is necessary in further research.
In this report, the Y10(Si6O22N2)O2 and Y10(Si6O22N2)-

O2:Ce
3+,Mn2+ samples with apatite structure have been

prepared by a facile, low-cost, and time-saving method. First,
we synthesized the precursors for the desired products using
the Pechini-type sol−gel process at low temperature. Then,
ammonolysis of the precursors was conducted to obtain the
final phosphors. Compared with the traditional solid-state high-
temperature method, the technique used in our study can be
operated in much more mild conditions with low energy
consumption. Thomas et al. have prepared La10−xSrx(Si/
Ge)6O27−x/2−3y/2Ny phosphors by the ammonolysis of the
oxysilicate or oxygermanate precursors which were obtained by
high temperature solid state reaction.15 However, the sintering
time is too long (156 h in total), and the sintering temperature
is very high (1350−1450 °C) in the preparation of the
precursors. In our method, the precursors were synthesized by
prefiring the gels at 500 °C for 2 h and then calcining at 750 °C
for 4 h in air. So, our method has the advantage of lowering
both the sintering time and temperature. The phase purity,
crystal structure, particle size, crystallization, and chemical
composition of as-synthesized powders have been characterized
by General Structure Analysis System (GSAS) refinement,
scanning electron microscopy, high-resolution transmission
electron microscopy, Fourier transform infrared, and energy-
dispersive X-ray techniques. The thermogravimetry analysis

Figure 1. Rietveld refinement of the powder XRD pattern (a) and the crystal structure (b) of Y10(Si6O22N2)O2.
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curves, temperature-dependent photoluminescence, and degra-
dation of cathodoluminescence were investigated to determine
the stability of the products. The photoluminescence properties
for Ce3+(I) and Ce3+(II) located at the 4f and 6h sites and the
energy-transfer properties from Ce3+(I) and Ce3+(II) to Mn2+

in the Y10(Si6O22N2)O2 host under ultraviolet (UV) light and
low-voltage electron-beam excitation have been discussed
carefully.

2. EXPERIMENTAL SECTION
2.1. Materials. Y2O3 (99.999%) was purchased from Science and

Technology Parent Company of Changchun Institute of Applied
Chemistry, and other chemicals were purchased from Beijing
Chemical Company. All chemicals were of analytical grade and were
used directly without further purification.
2.2. Preparation. Polycrystalline samples of Y10(Si6O22N2)O2 and

Ce3+- and/or Mn2+-doped Y10(Si6O22N2)O2 were prepared by the
Pechini-type sol−gel method followed by ammonolysis of the
precursors. First, Y2O3 was dissolved in dilute nitric acid (HNO3)
under stirring and heating, resulting in the formation of a colorless
solution of Y(NO3)3. Stoichiometric amounts of Y(NO3)3, Ce(NO3)3·
6H2O, and Mn(CH3COO)2 were dissolved in deionized water, with
stirring for 15 min, followed by the addition of citric acid in the above
solution [2:1 (mol/mol) citric acid/metal ion]. Then, the pH of the
solution was adjusted to ∼1 with HNO3 followed by the addition of a
stoichiometric amount of tetraethyl orthosilicate, which was dissolved
in ethanol. Finally, a certain amount of poly(ethylene glycol) (PEG;
molecular weight = 20000, analytical reagant grade) was added as a
cross-linking agent (CPEG = 0.01 mol/L) after stirring for several
minutes. The resultant mixtures were stirred for 2 h and then heated at
75 °C in a water bath until homogeneous gels formed. The gels were
prefired at 500 °C for 2 h in air. Then the samples were fully ground
and calcined at 750 °C in air for 4 h. The obtained precursors were
treated at a temperature of 1200 °C for 5 h under a NH3 atmosphere
to produce the final oxonitridosilicates.
2.3. Characterization. The X-ray diffraction (XRD) measure-

ments were carried out on a D8 Focus diffractometer using Cu Kα
radiation (λ = 0.15405 nm). Structure refinement was done using the
GSAS program.16 Scanning electron microscopy (SEM) micrographs
and energy-dispersive X-ray (EDX) spectra were obtained using a
field-emission scanning electron microscope (Philips XL30). High-
resolution transmission electron microscopy (HRTEM) was per-
formed using a PEI Tecnai G2 S-Twin microscope with a field-
emission gun operating at 200 kV. Images were acquired digitally on a
Gatan multiople CCD camera. Fourier transform infrared (FTIR)
spectra were measured on a Vertex Perkin-Elmer 580BIR spectropho-
tometer (Bruker) with the KBr pellet technique. Thermogravimetry
analysis (TGA) was carried out on a Netzsch STA 409 thermoanalyzer
with a heating rate of 10 °C/min in air and nitrogen atmospheres.
Photoluminescence (PL) measurements were performed on a Hitachi
F-7000 spectrophotometer equipped with a 150 W xenon lamp as the
excitation source. The temperature-dependent (300−500 K) PL
spectra were obtained on a fluorescence spectrophotometer equipped
with a 450 W xenon lamp as the excitation source (Edinburgh
Instruments FLSP-920) with a temperature controller. Cathodolumi-
nescence (CL) measurements were carried out in an ultrahigh-vacuum
chamber (<10−8 Torr), where the phosphors were excited by an
electron beam, and the emission spectra were recorded using an F-
7000 spectrophotometer. The luminescence decay curves were
obtained from a Lecroy Wave Runner 6100 digital osilloscope (1
GHz) using a tunable laser (pulse width = 4 ns; gate = 50 ns) as the
excitation (Contimuum Sunlite OPO).

3. RESULTS AND DISCUSSION
3.1. Crystallization Conditions and Morphology. The

XRD pattern of the Y10(Si6O22N2)O2 sample was defined by
GSAS refinement. The starting model was built with crystallo-
graphic data taken from ISCD-91850 for the structure of

La10(Si6O22N2)O2. The experimental, calculated, and difference
XRD profiles and Bragg positions for the Rietveld refinement of
Y10(Si6O22N2)O2 at room temperature are shown in Figure 1a.
The pure Y10(Si6O22N2)O2 crystallizes hexagonally with space
group P63/m with a = b = 9.381 Å, c = 6.7723 Å, V = 516.14 Å3,
α = β = 90° and γ = 120°. All atom positions, fraction factors,
and thermal vibration parameters were refined by convergence
and satisfied well the reflection conditions, Rp = 5.13%, Rwp =
6.26%, and χ2 = 3.79 (Table S1 in the Supporting Information,
SI). Figure 1b displays the crystal structure of Y10(Si6O22N2)O2
and the coordination environments of the Y3+(I) (4f site) and
Y3+(II) (6h site) ions. Obviously, two different crystallographic
sites in the Y10(Si6O22N2)O2 structure can be distinguished: 4f
(C3) and 6h (Cs). The 4f site with nine-coordination needs
large cations for its capacious space, while the 6h site with
seven-coordination is favorable for high charge cations.17 Ce3+

has a larger ionic radius [1.07 Å for coordination number (CN)
= 7 and 1.196 Å for CN = 9]18 and higher charge (3+), which is
suitable for both the 4f and 6h sites. So, the doped Ce3+ ions
can occupy the two sites simultaneously in the Y10(Si6O22N2)-
O2 structure. According to previous discussions from the points
of the electrostatic bond strength and Pauling’s electrostatic
valence principle,19 we can infer that the 6h site has little
possibility to adopt the cations with low charge. Hence, the
Mn2+ ions have to occupy the 4f sites (CN = 9) in the
Y10(Si6O22N2)O2 host.
Figure 2a compares the XRD patterns for Y10(Si6O22N2)-

O2:0.015Ce
3+, Y10(Si6O22N2)O2:0.05Mn2+, and Y10(Si6O22N2)-

O2:0.015Ce
3+,0.07Mn2+ samples to the calculated pattern for

Y10(Si6O22N2)O2 obtained by GSAS refinement. From the
patterns, we can determine that the desired single-phase
phosphors with hexagonal structure have been synthesized and

Figure 2. (a) Calculated pattern for the Y10(Si6O22N2)O2 host and
XRD patterns for the Y10(Si6O22N2)O2:0.015Ce

3+, Y10(Si6O22N2)-
O2:0.05Mn2+, and Y10(Si6O22N2)O2:0.015Ce

3+,0.07Mn2+ samples and
(b) SEM and (c) HRTEM images of the as-prepared Y10(Si6O22N2)O2
sample, respectively.
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the patterns could not be changed by altering the doping
activators (Ce3+ and Mn2+ ions). No impurity peaks were
detected. However, the diffraction peak positions of the
Y10(Si6O22N2)O2:0.05Mn2+ sample shift to a high diffraction
degree in contrast with that for the calculated pattern for
Y10(Si6O22N2)O2. This observation can be attributed to the
smaller ionic radius of Mn2+ with respect to Y3+,18 implying that
the obtained samples are single phase and adopt the same
structure as the Y10(Si6O22N2)O2 host. However, no peak shift
was observed in the Y10(Si6O22N2)O2:0.015Ce,0.07Mn sample.
In the Y10(Si6O22N2)O2 host, both Ce3+ and Mn2+ ions
substitute the Y3+ site. The relationship of the ionic radii for
Ce3+, Y3+, and Mn2+ ions is RCe

3+ > RY
3+ > RMn

2+.18 The doped
Ce3+ ions can enlarge and the Mn2+ ions will reduce the cell
parameters of the crystal structure for Y10(Si6O22N2)O2. With
these two opposite effects, no shift was observed in the
Y10(Si6O22N2)O2:0.015Ce,0.07Mn sample, which is a predict-
able result. Figure 2b shows the SEM picture of the as-prepared
Y10(Si6O22N2)O2. The powder consists of nearly spherical and
well-dispersed particles with size ranging from 3 to 8 μm
diameter. The clear lattice fringes in the HRTEM image
displayed in Figure 2c indicate the high crystallinity of the as-
prepared sample. The distance between the adjacent fringes was
estimated to be 2.79 Å, corresponding well with the d211
spacing (2.8 Å) of the pure Y10(Si6O22N2)O2 phase.
Figure 3a depicts the FTIR spectra of the precursor for the

Y10(Si6O22N2)O2 and Y10(Si6O22N2)O2 samples. The precursor

has a broad absorption band near 3443 cm−1, which could be
assigned to the stretching vibration of O−H bonds.20 The
absorption bands of the Si−O−Si (νas, 1100 cm−1; νs, 810
cm−1), Y−O (567 cm−1), and Si−O (δ, 465 cm−1) bonds
(where νas = asymmetric stretching, νs = symmetric stretching,
and δ = bending) are also observed.21 The absorption band at
1515 cm−1 is due to the organic impurities that arise from the
starting materials such as citric acid and PEG.21c,22 The FTIR
spectrum of the Y10(Si6O22N2)O2 sample shows a profile

different from that of its precursor. The absorption band of
organic impurities disappears, and new absorption peaks
located at 941, 525, and 480 cm−1 turn up. The Si−O(N)
and Y−O(N) bonds in the Y10(Si6O22N2)O2 compound may
be responsible for those new peaks. The result proves that the
chemical compositions of these two specimens are different.
The composition of the precursor is a mixture of Y2O3 and
SiO2, as shown in Figure S1 in the SI. The final products were
obtained by introducing a NH3 flow at a temperature of 1200
°C, which can be expressed by the following reaction:

+ ⎯ →⎯⎯5Y O 6SiO Y (Si O N )O2 3 2
NH

10 6 22 2 2
3

(1)

In addition, EDX analysis of the Y10(Si6O22N2)O2 sample
shown in Figure 3b also supplies competent evidence for
formation of the desired samples.
TGA was carried out to determine the thermal stability and

further confirm the composition of the as-prepared
Y10(Si6O22N2)O2 sample. Figure 4 shows the TGA curves of

the Y10(Si6O22N2)O2 sample in air and N2 atmospheres. From
the TGA curve in air flow (black line), it is found that the
weight of the product does not change significantly below 510
°C. From 510 to 780 °C, the weight of the sample increases
gradually by about 1.3%. However, the weight of the sample
remains almost unchanged at any temperature in nitrogen flow
(red line). So, we can conclude that the powder has basically
not been oxidized from room temperature to 510 °C without
an inert atmosphere (N2). However, the oxidation process
became intensified as the temperature rose to 780 °C. The
results reveal that the as-prepared Y10(Si6O22N2)O2 sample has
impressive thermal stability and antioxidation property. Because
the valence states for the cations (Y3+ and Si4+) in the
Y10(Si6O22N2)O2 host are unchanged, Y10(Si6O22N2)O2 can
finally be oxidized to Y10Si6O27 (in form) in air at a temperature
higher than 780 °C:

⎯ →⎯⎯⎯⎯⎯⎯⎯Y (Si O N )O Y Si O (in form)10 6 22 2 2
oxidation

10 6 27 (2)

So, the theoretical weight increment is 1.36% if Y10(Si6O22N2)-
O2 has been completely oxidized to Y10Si6O27. The
experimental value matches well with the theoretical value.
Thus, we can further confirm that the composition of our
sample is Y10(Si6O22N2)O2.

Figure 3. (a) FTIR spectra of the precursor of the Y10(Si6O22N2)O2
and Y10(Si6O22N2)O2 samples. (b) EDX spectrum of the
Y10(Si6O22N2)O2 host.

Figure 4. TGA curves of the Y10(Si6O22N2)O2 sample in air and N2
atmospheres.
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3.2. PL Properties. Y10(Si6O22N2)O2:Ce
3+. The excitation

and emission spectra of the Y10(Si6O22N2)O2:0.015Ce
3+

phosphor are shown in Figure 5. Under 324 and 358 nm

UV-light excitation, the Y10(Si6O22N2)O2:0.015Ce
3+ phosphor

gives an asymmetric and splitting emission band ranging from
360 to 570 nm in wavelength due to the 5d1 → 4f1 transition of
Ce3+. The excitation spectra of the Y10(Si6O22N2)O2:0.015Ce

3+

phosphor monitored at 437 and 468 nm both consist of two
separated bands in the region from 260 to 400 nm
corresponding to the transitions from the ground state to the
different crystal-field splitting levels of the 5d state for Ce3+

ions. Clearly, the intensity and shape of the excitation and
emission spectra are different with different monitored bands.
As we know, the emission spectrum for the phosphor doped
with Ce3+ ions usually has doublet quality because of the spin−
orbit splitting of the ground state (2F5/2 and 2F7/2) with an
energy difference of about 2000 cm−1.23 The energy difference
between 437 and 468 nm is about 1516 cm−1, which is far from
2000 cm−1. So, the two emission bands cannot be ascribed to
the splitting ground state of the single Ce3+ emission center. As
discussed in section 3.1, Ce3+ ions can occupy two different
crystallographic sites in the Y10(Si6O22N2)O2 host. Therefore,
the splitting bands located at 437 and 468 nm can be attributed
to Ce3+ ions entering the 4f and 6h sites [denoted as Ce3+(I)
and Ce3+(II)], respectively.19 The selected emission spectra of
Y10(Si6O22N2)O2:xCe

3+ with different concentrations of Ce3+

(x) are displayed in Figure S2 in the SI. Clearly, the doped Ce3+

ions prefer to occupy the 4f site in the Y10(Si6O22N2)O2 host at
low doping concentrations. Figure S3 in the SI shows the
relationship between the emission intensity of Ce3+ ions and x
in the Y10(Si6O22N2)O2:xCe

3+ system. Obviously, the optimum
doping concentration of Ce3+ in the Y10(Si6O22N2)O2 host is
1.5 mol % of Y3+. The emission intensity decreases with a
further increase in the value of x because of the concentration
quenching effect.24

Y10(Si6O22N2)O2:Mn2+. The transition-metal ion Mn2+ has a
bare 3d5 electronic configuration. So, the band position of the
Mn2+ emission spectrum, which consists of a broad band
[corresponding to the 4T1(

4G) → 6A1(6S) transition], depends
strongly on the crystal-field strength of the host lattices. If the
crystal field around Mn2+ is weak, the splitting of the excited 3d
energy levels will be small, resulting in Mn2+ emission with

higher energy; otherwise, the Mn2+ ions can emit light with low
energy.25 So, one can realize red emission if the right host has
been chosen.
The excitation and emission spectra of the Y10(Si6O22N2)-

O2:0.07Mn2+ sample are presented in Figure 6. We can observe

that the excitation spectrum includes a very strong band
centered at 266 nm and several weak bands from 300 to 500
nm. The former can be attributed to the charge-transfer
transition of Mn2+ ions, and the latter can be attributed to the
forbidden d−d transitions of Mn2+.26 Under 266 nm UV-light
excitation, the Y10(Si6O22N2)O2:0.07Mn2+ phosphor gives a
symmetrical and broad emission band centered at 615 nm,
which can be ascribed to the spin-forbidden 4T1(

4G) →
6A1(6S) transition of Mn2+ ions. This observation is consistent
with the speculation that the Mn2+ ions just occupied one
crystallographic site (4f site) in the Y10(Si6O22N2)O2 host
proposed in section 3.1. In addition, we also noticed that the
emission band of Mn2+ ions in the Y10(Si6O22N2)O2:yMn2+

system gradually shifts to the long-wavelength direction with
increasing Mn2+ concentration. For radii of Mn2+ ions smaller
than those of Y3+ ions, the crystal lattice of Y10(Si6O22N2)O2
will shrink after doping of a high Mn2+ concentration into the
host to replace Y3+. Then, the crystal-field strength surrounding
Mn2+ ions becomes stronger, which further results in a larger
crystal-field splitting of the Mn2+ 3d energy levels. As
mentioned above, the strong crystal-field strength could cause
Mn2+ to give a longer-wavelength emission. In addition, we
have also investigated the concentration quenching effect of the
Y10(Si6O22N2)O2:yMn2+ sample with a change in the content of
Mn2+ ions. Figure S4 in the SI shows the emission intensity of
Mn2+ as a function of its doping concentration (y). Evidently,
the optimum doping concentration of Mn2+ is y = 0.06.

Y10(Si6O22N2)O2:Ce
3+,Mn2+. A comparison of the excitation

spectrum for Y10(Si6O22N2)O2:0.07Mn2+ and the emission
spectra for Y10(Si6O22N2)O2:0.015Ce

3+ is shown in Figure S5
in the SI. The result reveals that there is great spectral overlap
between the emission band of Ce3+(I) centered at 437 band
and the Mn2+ excitation transitions of 6A1(6S) → 4A1(

4G),
4E(4G).27 Accordingly, the occurrence of efficient resonance-
type energy transfer from Ce3+ to Mn2+ in the Y10(Si6O22N2)O2
host is possible. Figure 7a gives excitation spectra of the

Figure 5. Excitation and emission spectra of the Y10(Si6O22N2)-
O2:0.015Ce

3+ phosphor.

Figure 6. Excitation and emission spectra of Y10(Si6O22N2)-
O2:0.07Mn2+ phosphor.
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Y10(Si6O22N2)O2:0.015Ce
3+,0.07Mn2+ phosphor monitored

with typical emissions of Ce3+(I), Ce3+(II), and Mn2+ ions,
respectively. The profiles of the excitation spectra for the
Y10(Si6O22N2)O2:0.015Ce

3+,0.07Mn2+ phosphor monitored
with the emission of Ce3+ ions are almost identical with
those of the Y10(Si6O22N2)O2:0.015Ce

3+ sample. However, a
comparison between the excitation spectrum of the
Y10(Si6O22N2)O2:0.015Ce

3+,0.07Mn2+ phosphor monitored
with the typical emission band of Mn2+ ions (614 nm) and
that of the Y10(Si6O22N2)O2:0.015Ce

3+ phosphor monitored
with the emission band of Ce3+ ions indicates that Mn2+ ions in
the Y10(Si6O22N2)O2:0.015Ce

3+,0.07Mn2+ phosphor are essen-
tially excited by the absorption band of Ce3+ ions through the
energy-transfer process. The short UV wavelength (324 nm) of
the absorption band for the Y10(Si6O22N2)O2:Ce

3+ phosphor
selectively excites the Ce3+(I) center, while the long UV
wavelength (358 nm) prefers to excite the Ce3+(II) center.
According to the profile of the excitation spectrum for the
Y10(Si6O22N2)O2:0.015Ce

3+,0.07Mn2+ phosphor monitored
with Mn2+ emission (green line in Figure 7a), we can speculate
that Ce3+(I) contributed more to the emission of Mn2+ in the
Y10(Si6O22N2)O2:Ce

3+,Mn2+ phosphor.
Figure 7b displays emission spectra for the Y10(Si6O22N2)-

O2:0.015Ce
3+,yMn2+ samples under excitation of 324 nm UV

light. All of the emission spectra are composed of a splitting
blue band (Ce3+ emission) and a reddish-orange band (Mn2+

emission), which indicate that Ce3+ ions have successfully
transferred their absorbed energy to Mn2+ ions. In the
Y10(Si6O22N2)O2:0.015Ce

3+,yMn2+ samples, the emission in-

tensity of Ce3+ decreased and that for Mn2+ increased with
increasing Mn2+ concentration. The relative integrated emission
intensities of Ce3+ and Mn2+ ions are present in Figure S6 in
the SI. The emission intensity of Mn2+ reaches its maximum
value at y = 0.10 in the Y10(Si6O22N2)O2:0.015Ce

3+,yMn2+

system. In general, the expression η = 1 − IS/IS0 (η is the
energy-transfer efficiency, and IS and IS0 are the luminescence
intensities of the sensitizer with and without the activator
present) can be used to estimate the energy-transfer efficiency
from the sensitizer to the activator.28 According to the relative
emission intensity of Ce3+ ions shown in Figure S6 in the SI, we
can deduce that the energy-transfer efficiency (η) increases with
the addition of the content of Mn2+ ions. The controllable
emission color is an attractive feature that can be obtained in
most energy-transfer systems. In our study, we investigated the
adjustment of the emission color for the Y10(Si6O22N2)-
O2:0.015Ce

3+,yMn2+ samples with a change in the Mn2+

doping concentration. Figure 8 depicts the CIE chromaticity

coordinates of the Y10(Si6O22N2)O2:0.015Ce
3+,yMn2+ samples.

By codoping Mn2+ ions into the Y10(Si6O22N2)O2:0.015Ce
3+

phosphor, the emission color can be adjusted from blue (x =
0.1739, y = 0.187) to reddish-orange (x = 0.4268, y = 0.3581)
with increasing Mn2+ concentration. Although most of the
current UV chips used in W-LEDs can only have excitation
ability in the wavelength of 380−420 nm, more short UV-
emitting chips (300−380 nm) may be available in the future
with the development of a semiconductor chip.
Figure 9 provides the fluorescence decay curves of Ce3+(I)

and Ce3+(II) in the Y10(Si6O22N2)O2:0.015Ce
3+,yMn2+ samples

with different Mn2+ concentrations under excitation of 324 nm
UV light. The different decay behaviors for Ce3+(I) and
Ce3+(II) support the fact that the splitting emission band
originates from two separate Ce3+ centers.

Figure 7. Exci tat ion spect ra for the Y10(Si 6O22N2)-
O2:0.015Ce

3+,0.07Mn2+ sample (a) and emission spectra of the
Y10(Si6O22N2)O2:0.015Ce

3+,yMn2+ samples with different Mn2+

doping concentrations (b).

Figure 8. CIE chromaticity coordinates of the Y10(Si6O22N2)-
O2:xCe

3+,yMn2+ samples with different Ce3+ and Mn2+ doping
concentrations.
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The decay curves of Ce3+(I) and Ce3+(II) in Y10(Si6O22N2)-
O2:0.015Ce

3+,yMn2+ phosphors can both be fitted by eq 3, and
the lifetime can be calculated by eq 4.29 In the above equations,
I(t) represents the luminescence intensity at a time t, A1 and A2
are constants, τ1 and τ2 are rapid and slow lifetimes for
exponential components, respectively, t is the time, and τ is the
average decay time. According to eqs 3 and 4, the lifetimes for
Ce3+(I) and Ce3+(II) have been calculated and are listed in
Figure 9a,b. Distinctly, the lifetimes for both Ce3+(I) and
Ce3+(II) are shortened by increasing the content of Mn2+ ions,
which is convincing evidence for energy transfer from Ce3+ to
Mn2+ ions in the Y10(Si6O22N2)O2 host. However, a decrease of
the lifetime for Ce3+(I) is much more conspicuous than that of
Ce3+(II). Hence, we can guess that energy transfer from
Ce3+(I) to Mn2+ is more efficient. Besides the emission
intensity of the sensitizer, the energy-transfer efficiency from
Ce3+ to Mn2+ can also be estimated by the lifetimes of the
sensitizer:30

η τ
τ

= −1
0 (5)

where τ0 and τ are the lifetimes of the sensitizer without and
with the activator, respectively. Figure 10 shows the depend-

ence of the energy-transfer efficiency η1 [Ce
3+(I) → Mn2+] and

η2 [Ce3+(II) → Mn2+] on the Mn2+ doping concentration.
When y = 0.15, the energy-transfer efficiencies η1 and η2 are
80% and 10%, respectively. The result can be supported by
Figure S5 in the SI, which can be interpreted by larger spectral
overlap between Ce3+(I) emission and Mn2+ excitation than
that between Ce3+(II) and Mn2+. That is because the energy-
transfer probability (PSA) from a sensitizer to an acceptor is
proportional to the spectral overlap between the emission band
of the sensitizer and the excitation band of the acceptor.31

3.3. Temperature Quenching. As we know, phosphors
applied to LEDs must have stable PL properties at an operation
temperature of about 150 °C over the long term.32 So,
investigation of the thermal stability for the samples must be
carried out when preparing phosphors for LEDs. The emission
intensity and chromaticity coordinates are the two most
important qualities that should be taken into account. Figure
11a shows the emission spectra of the Y10(Si6O22N2)-
O2:0.015Ce

3+,0.03Mn2+ phosphor with respect to the temper-
ature. As shown in Figure 11b, the integrated emission intensity
drops with an increase in the temperature. The emission
intensity of the Y10(Si6O22N2)O2:0.015Ce

3+,0.03Mn2+ sample
remains at about 74% of the initial emission intensity at a
temperature of 423 K (150 °C). With increasing temperature,
the emission band position for Ce3+ ions stays unchanged,
whereas the emission band of Mn2+ ions shows a blue shift. A
similar phenomenon has been found and studied in other
phosphors doped with Mn2+ ions.33 The CIE chromaticity
coordinates for the Y10(Si6O22N2)O2:0.015Ce

3+,0.03Mn2+

sample at different temperature are shown in Figure S7 in
the SI. All of the results prove that Y10(Si6O22N2)O2:Ce

3+,Mn2+

phosphors have good thermal stability and color stability under
high-temperature conditions. Additionally, the activation
energy ΔE can be calculated by the following expression:34

= + − Δ −
⎜ ⎟

⎡
⎣⎢

⎛
⎝

⎞
⎠
⎤
⎦⎥I I c

E
kT

1 expT 0

1

(6)

in which I0 is the initial emission intensity, IT is the emission
intensity at different temperatures, c is a constant for a certain
host, k is the Boltzmann constant (8.629 × 10−5 eV/K), and T
is the temperature. In the inset of Figure 11b, the relationship
between ln[(I0/IT) − 1] and 1/kT for the Y10(Si6O22N2)-

Figure 9. Decay curves for luminescence of Ce3+ in the Y10(Si6O22N2)-
O2:0.015Ce

3+,yMn2+ samples with different Mn2+ doping concen-
trations (λex = 324 nm).

Figure 10. Dependence of the energy-transfer efficiencies η1 and η2 on
the Mn2+ doping concentration (λex = 324 nm).
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O2:0.015Ce
3+,0.03Mn2+ sample is presented. On the basis of eq

6, ΔE of the Y10(Si6O22N2)O2:0.015Ce
3+,0.03Mn2+ sample was

estimated to be 0.234 eV. This result further confirms the good
thermal stability of as-prepared Y10(Si6O22N2)O2:Ce

3+,Mn2+

phosphors.
3.4. CL Properties. Under low-voltage electron-beam

excitation, the CL properties and the degradation property
for as-prepared Y10(Si6O22N2)O2:Ce

3+,Mn2+ phosphors have
been investigated in detail. The typical CL spectra for
Y10(Si6O22N2)O2:0.015Ce

3+, Y10(Si6O22N2)O2:0.07Mn2+, and
Y10(Si6O22N2)O2:0.015Ce

3+,0.03Mn2+ phosphors along with
their matching digital luminescence photographs are displayed
in Figure 12. Compared with their PL properties, the CL
spectra have no significant change. However, the CL emission
band for Y10(Si6O22N2)O2:0.015Ce

3+ is the combination of
their PL spectra excited by 324 and 358 nm UV light. This can
be explained by the fact that the electron beam has fairly high
energy and it cannot selectively excite a specific luminescent
center [Ce3+(I) or Ce3+(II)]. Moreover, the emission intensity
for Mn2+ in the Y10(Si6O22N2)O2:0.015Ce

3+,0.03Mn2+ phos-
phor increased with the respect of that for Ce3+ ions. This can
be attributed to different excitation sources.35 Additionally,
energy transfer from Ce3+ to Mn2+ in the Y10(Si6O22N2)-
O2:Ce

3+,Mn2+ system has also been noticed in their CL spectra.
With the same doping concentration, the emission intensity for
Mn2+ ions increases distinctly by introducing Ce3+ ions into
Y10(Si6O22N2)O2:Mn2+ samples. As expected, the tunable CL
color can also be achieved. The emission color of the
Y10(Si6O22N2)O2:0.015Ce

3+,0.03Mn2+ phosphor is gray to the

naked eyes with the CIE chromaticity coordinates of (x =
0.3278, y = 0.2814). Moreover, the maximum current density
for the Y10(Si6O22N2)O2:Ce

3+,Mn2+ phosphor is 41 μA/cm2

with the electron voltage fixed at 5.0 kV. According to the
literature,36 the phosphors that have current densities ranging
from 10 to 100 μA/cm2 under excitation of lower electron
voltages (≤5 kV) can serve as the FED phosphor. So, the
Y10(Si6O22N2)O2:Ce

3+,Mn2+ phosphor can be a good candidate
material for FEDs.
We also investigated the degradation behavior of CL for the

Y10(Si6O22N2)O2:0.015Ce
3+ sample under low-voltage electron-

beam excitation. Figure 13 shows the dependence of the
relative CL intensity of Y2SiO5:Ce

3+ (commercial) and
Y10(Si6O22N2)O2:0.015Ce

3+ on the radiation time (0−120
min) under electron-beam excitation. The CL intensities for
both Y2SiO5:Ce

3+ and Y10(Si6O22N2)O2:0.015Ce
3+ phosphors

decrease gradually with prolonged electron bombardment time.

Figure 11. Temperature-dependent emission spectra (a) and plots of
ln[(I0/IT) − 1] versus 1/kT (b) for the Y10(Si6O22N2)O2: 0.015Ce

3+,
0.03Mn2+ sample.

Figure 12. CL spectra for Y10(Si6O22N2)O2:0.015Ce
3+ (a),

Y 1 0 (S i 6O2 2N2 )O2 : 0 . 07Mn2 + (b) , and Y 1 0 (S i 6O2 2N2 ) -
O2:0.015Ce

3+,0.05Mn2+ (c). The insets are their corresponding digital
luminescence photographs under low-voltage electron-beam excita-
tion.

Figure 13. Dependence of the relative CL intensity of Y2SiO5: Ce
3+

(commercial) and Y10(Si6O22N2)O2:0.015Ce
3+ on the radiation time

under low-voltage electron-beam excitation (accelerating voltage = 3.5
kV; filament current = 90 mA).
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The CL intensity of the Y2SiO5: Ce
3+ phosphor falls to 91 and

82%, and that for the Y10(Si6O22N2)O2:0.015Ce
3+ sample drops

to 90 and 79% of their initial values after continuous electron
radiation for 60 and 120 min, respectively. So, the
Y10(Si6O22N2)O2:0.015Ce

3+ sample has almost the same
stability as the commercial Y2SiO5:Ce

3+ phosphor. The more
stable products may be obtained by improving the synthesis
conditions. The accumulation of carbon at the surface of the
samples during electron bombardment may be responsible for
degradation of the CL intensity.37 Some permanent damage to
the structure of Y10(Si6O22N2)O2:0.015Ce

3+ after electron
bombardment for a certain time may be another reason to
the decrease of the CL intensity. Although the emission
intensity changes a lot, the emission color for these two
phosphors is nearly invariable under continuous electron
radiation for 2 h. The investigation on the degradation of CL
for the Y10(Si6O22N2)O2:0.015Ce

3+ phosphor indicates that the
as-prepared samples have stable CL intensity and CIE color
coordinates under electron bombardment.

4. CONCLUSION
In summary, we presented a convenient, economical, and
energy-saving soft-chemical method to prepare the
Y10(Si6O22N2)O2 and Y10(Si6O22N2)O2:Ce

3+,Mn2+ samples for
the first time. The crystal structure, phase purity, crystallinity,
morphology, and PL and CL properties of as-prepared
phosphors were well discussed. For monodoped
Y10(Si6O22N2)O2 samples, Ce3+ ions can occupy both the 4f
and 6h sites and its emission spectrum shows a splitting band,
while the Mn2+ ions can only hold 4f sites and exhibit reddish-
orange emission because of the 4T1(

4G) → 6A1(6S) transition.
Energy transfer from Ce3+(I) to Mn2+ is more efficient than
that from Ce3+(II) to Mn2+, which can be attributed to the
larger spectral overlap between Ce3+(I) emission and Mn2+

excitation than that between Ce3+(II) and Mn2+. Tunable
emission from blue to reddish-orange can be realized by energy
transfer and a change in the doping concentrations of the
activators under UV-light and low-voltage electron-beam
excitation. The investigation of the temperature-dependent
PL properties for the Y10(Si6O22N2)O2:0.015Ce

3+,0.05Mn2+

phosphor demonstrates that our samples have good thermal
stability. The study of the degradation property of CL for
Y10(Si6O22N2)O2:0.015Ce

3+ under continuous electron bom-
bardment proves that the as-synthesized phosphors can serve as
the phosphor applied in FEDs. All in all, because of their good
luminescence properties, structure stability, low raw-material
cost, and energy-saving preparation method, the Y10(Si6O22N2)-
O2:Ce

3+,Mn2+ phosphors have promising applications in W-
LEDs and FEDs.
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