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Crystal structure and luminescence properties of a novel Ce
3+
 and Ce

3+
, Sm

3+
-

activated Y4SiAlO8N phosphors for near-UV white LEDs 

Youjie Hua a, b, Xiaojun Li b, Dawei Zhang a*, Hongping Ma c, Degang Deng b, Shiqing Xu b* 

Abstract: A series of novel Ce3+ and/or Sm3+ activated Y4SiAlO8N (YSAON) phosphors are successfully synthesized by a 

conventional solid-state reaction method. The monophasic formation of YSAON is confirmed by X-ray powder diffraction 

(XRD) analysis. The crystal structure of YSAON is solved by XRD refinement data. The DFT calculation indicates that 

Y4SiAlO8N has an indirect band gap of 3.819 eV. Based on the analysis of crystal structure and lifetime curves, four 

emission sites of YSAON: 0.02Ce3+ is determined as Y1 (413 nm, 448 nm), Y2 (428 nm, 469 nm), Y3 (619 nm, 698 nm) 

and Y4 (512 nm, 569 nm), respectively. The concentration quenching mechanism of Ce3+ in YSAON is discussed in detail 

and is confirmed as dipole−dipole interactions. Photoluminescence excitation (PLE) and Photoluminescence (PL) spectra 

measurements showed that the Ce3+ and Sm3+ co-doped phosphor could be efficiently excited by near-UV light, and 

exhibited four emission bands peaked at 485nm, 565nm, 605nm and 650 nm respectively. The CIE chromaticity of obtained 

white light can pass through by adjusting the content of Ce3+ and Sm3+ ions. Therefore, we anticipate that these materials can 

be used in near-UV chip pumped white LEDs. 

Key word: Y4SiAlO8N; Crystal structure; Luminescence; White LEDs 

1 Introduction 

In past decade, solid-state lighting has made tremendous progress 

and penetrated deeply into various market segments, such as 

automotive lighting, indoor and outdoor lighting, medical 

applications and also lifestyle products.1,2 Compared with the 

previous incandescent and fluorescent lamps, the new solid-state 

lighting technique based on phosphor converted white-light emitting 

diodes (pc-WLEDs) shows many advantages, such as long lifetime, 

small volume, toxicity-free and environmentally friendly 

characteristics.3 Most commercially available pc-WLEDs are based 

on blue-LED chips combined with YAG: Ce3+ as a yellow-emitting 

phosphor material.4-5 However, the obvious drawbacks of this 

combination are low color-rendering index (CRI) and high color 

temperature due to the limited spectral power distribution in the red 

spectral range.6,7 Consequently, an alternative approach that using 

near-UV (380 ~ 420 nm) LED chips coupled with red, green, and 

blue phosphors have been developed rapidly during the past few 

years.8 This style can provide superior color uniformity with a high 

color rendering index and excellent quality of light. In both methods 

the conversion phosphors are playing an important role. Hence, it is 

urgent to explore and develop new near-UV excitable phosphors to 

fulfill the requirements in the pc-WLEDs technology.  

Compared with oxosilicates, the nitridosilicates and 

oxonitridosilicates are more appropriate host lattices for phosphors 

due to several advantages, such as high chemical stability, good 

thermal quenching ability, and exhibit intense luminescence for 

application in white LEDs.9,10 However, the preparations of 

nitridosilicates always require critical synthesis conditions, such as 

high temperature and high pressure.9,10 Accordingly, the 

oxonitridosilicates phosphors have attracted much more attention of 

people. Yttrium oxide and alumina are most frequently used as 

additives to promote sintering in silicon nitride and sialon 

ceramics.11,12 A large amount of research has focused on Y–Si–O–N 

quaternary system applied for pc-WLEDs, such as YSiO2N,13 

Y2Si3O3N4,14 Y4Si2O7N2,
15-17 Y5Si3O12N,18 Y6Si3O9N4,

19 and 

Y10(Si6O22N2)O2
20. Nevertheless, owing to critical preparation 

conditions, only a few papers have reported the luminescent 

properties of Y–Si–Al–O–N five component compounds. K. Liddell 

et al have studied X-Ray data for Y-Si-Al-O-N glass ceramics in 

detail but not for luminescent properties.21 Wei-Ren Liu et al 

reported (Ba, Sr)Y2Si2Al2O2N5: Eu2+ as a novel near-ultraviolet 

converting green phosphor.22 Woon Bae Park et al reported 

Y6+x/3Si11-yAlyN20+x-yO1-x+y: Re3+ (Re= Ce3+, Tb3+, Sm3+) as a new 

oxynitride phosphor for use in white light-emitting diodes.23 Wu and 

Xia et al studied the crystal structure and luminescence properties of 

Y4Si2O7N2: Re3+ (Re= Ce3+, Tb3+) phosphors.16,17 

  In this paper, we prepared a series of novel Ce3+ and/or Sm3+ 

activated Y4SiAlO8N phosphors by a conventional solid-state 

reaction. The Ce3+ and Sm3+ co-activated phosphors can give 
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excellent white-light emission directly in a single host. The crystal 

structure and luminescence properties of the Y4SiAlO8N: Ce3+, Sm3+ 

phosphor has been investigated in detail. 

2 Experimental 

2.1 Sample preparation 

A series of Ce3+ and/or Sm3+ activated Y4SiAlO8N phosphors were 

prepared by a high temperature solid-state reaction method. Y2O3 

(99.99%), SiO2 (99.99%), Al2O3 (99.99%), α-Si3N4 (99.9%), CeO2 

(99.995%) and Sm2O3 (99.995%) were used as starting materials. 

They were weighed in stoichiometric proportions and mixed in an 

agate mortar. Then the mixture were placed into alumina crucible 

and sintered at 1500 °C for 6 hours under a reducing atmosphere 

(5%H2 / 95%N2 mixture). The products were then obtained by 

cooling down to room temperature in the furnace, grinding, and 

pulverizing for further measurements. 

2.2 Characterization 

The phase purity of obtained samples were checked by X-ray 

powder diffraction (XRD) analysis using a Bruker AXS D8 advance 

powder diffractometer, with CuKα radiation operated at 40kV and 

40mA. The 2θ ranges of all data sets were from 10° to 80° with a 

step size of 0.02° and a counting time of 5 seconds/step. The 

crystallographic data including lattice parameters, unit cell volume, 

and atomic positions were estimated by Rietveld refinement on the 

basis of the XRD data, using the Y4Si2O7N2 (ICSD: 81860) as 

starting model.  

The band structure and density of states (DOS) were calculated by 

density functional theory (DFT) method with the Cambridge Serial 

Total Energy Package (CASTEP) code.24-26 For the calculations, the 

energy cut-off of the plane wave basis set was selected as 750 eV 

and K-point sampling was chosen as the 2×1×1. Criterion for the 

self-consistent field (SCF) was eigen-energy convergence within 

3.468×10−7 eV/atom.  

The scanning electron microscopy (SEM) micrographs were 

obtained by using a SU8010 field-emission scanning electron 

microscope (Hitachi, Japan). The photoluminescence (PL) and 

photoluminescence excitation (PLE) spectra were measured at room 

temperature by FL3-211-P spectrofluorometer (Horiba Jobin Yvon, 

USA) equipped with a 450W Xe light source. The PL decay-curves 

were measured on the same spectrophotometer, which was combined 

with a Time-Correlated Single-Photon Counting (TCSPC) system. 

The diffuse reflectance spectra of these samples were measured by 

an ultraviolet-visible-near infrared spectrophotometer (UV3600) 

using BaSO4 as a reference in the range of 200–800 nm. All the 

above measurements were performed at room temperature. 

3 Results and discussion,  

3.1 Crystal structure of Y4SiAlO8N host material 

The host material of Y4SiAlO8N phosphor has been prepared 

successfully by a high temperature solid-state reaction method. Fig. 

1 shows the experimental (black line) and calculated (red line) XRD 

patterns for the Rietveld refinement result of Y4SiAlO8N host at 

room temperature. Due to the substitution of Al3+ and O2-, the XRD 

diffraction peaks of Y4SiAlO8N and Y4Si2O7N2 show obvious 

differences according the JCPDS (No. 48-1630) and JCPDS (No. 32-

1451). However, according to the design principle of Chemical Unit 

Cosubstitution, 27-28 the crystal structure of Y4SiAlO8N can be 

regarded as isotypic to that of Y4Si2O7N2 (ICSD: 81860) with a 

cosubstitution via the [Al-O] for [Si-N]. Thus the crystal structure of 

Y4SiAlO8N can be solved successfully by the Rietveld refinement on 

the basis of the XRD data using the Y4Si2O7N2 (ICSD: 81860) as 

starting model. The results of Rietveld refinement indicate that a 

pure Y4SiAlO8N phase was formed without any impurities. 

 

Fig. 1 Experimental and calculated XRD patterns of Y4SiAlO8N. 

The crystallographic data of Y4SiAlO8N derived from Rietveld 

refinement of X-ray diffraction are presented in Table 1. The crystal 

structure of Y4SiAlO8N was solved and refined as monoclinic 

system and space group P121/c1 (14) with a=7.4491Å, b=10.3933Å, 

c=11.0563Å, β=109.7109°. The refinement finally converged to 

satisfy the reflection condition well with the residual factors to Rwp = 

5.39%, Rp = 3.73% and goodness of fit (GOF) =1.52. The atomic 

coordinates, isotropic displacement parameters, and site occupancies 

of Y4SiAlO8N host are presented in Table 2. There are obvious 

differences of the atomic positions and cell volume between 

Y4SiAlO8N and Y4Si2O7N2 according to ref.11. 

Table 1 Crystallographic data of Y4SiAlO8N derived from Rietveld 
refinement of X-ray Diffraction. 

Space group: Pmnb: ba-c (orthorhombic) 

Formula Y4SiAlO8N 

Crystal system monoclinic 

Space group  P 1 21/c 1 (14) 

Lattice parameters (Å, °)  a=7.4491Å, b=10.3933Å, 

c=11.0563Å, β=109.7109° 

Cell volume (Å3)  805.83 Å3 

Formula units per unit cell, Z 4 

Calculated density 4.55536 g/cm3 

Temperature (K) 300 K 
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Radiation (Å)  Cu-Kα1 (λ = 1.54056 Å)  

Profile range  10.0 ≤ θ ≤ 80.0  

R values  Rwp = 5.39%, Rp = 3.73% 

Goodness of fit, GOF  1.52 

Table 2 Atomic coordinates, isotropic displacement parameters, and site 
occupancies for Y4SiAlO8N determined by Rietveld Refinement of X-ray 
Diffraction. 

Atom Wycko

ff Site 

x y z Occ Ueq/Å
2 

Y1 4e 0.8373 0.12159 0.42661 1 0 

Y2 4e 0.35224 0.12567 0.42558 1 0 

Y3 4e 0.52818 0.40683 0.29812 1 0.0037 

Y4 4e 0.02159 0.40185 0.29919 1 0.0095 

Al 4e 0.7444 0.18886 0.12541 1 0 

Si 4e 0.15698 0.18585 0.11227 1 0 

N1 4e 0.95101 0.2411 0.10216 1 0 

O1 4e 0.72617 0.03516 0.16247 1 0 

O2 4e 0.21269 0.03114 0.16266 1 0 

O3 4e 0.72414 0.27626 0.24133 1 0.0343 

O4 4e 0.28561 0.26622 0.23633 1 0 

O5 4e 0.58438 0.23407 -0.01508 1 0.0996 

O6 4e 0.1661 0.22101 -0.026 1 0.001

6 O7 4e 0.43651 0.49627 0.10235 1 0 

O8 4e 0.92974 0.52139 0.09057 1 0 

The crystal structure of YSAON is shown in Fig. 2. Fig. 2 (a) 

shows a unit cell of the YSAON view toward the [111] axis. The 

structure of YSAON has four formula units in a unit cell, i.e. the unit 

cell contains 16Y + 4Si + 4Al+ 32O + 4 N atoms. The YSAON 

structural type is characterized by [111] axis of Y coordination 

polyhedral sharing faces, which are linked with eight symmetric 

SiO3N and AlO3N tetrahedron forming a three-dimensional 

framework of polyhedral, as shown in Fig. 2 (a). Fig. 2 (b) shows 

coordination spheres and bond lengths of Y1, Y2, Y3 and Y4 sites. 

The YSAON has four Y3+ sites: Y1 is seven-coordinated with O and 

one-coordinated with N (coordination number CN=8); Y2 is seven-

coordinated with O (CN=7); Y3 is six-coordinated with O (CN=6); 

Y4 is six-coordinated with O and one-coordinated with N (CN=7). 

Accordingly, different emission centers originated from the different 

sites will be discussed in detail below. 

 

Fig. 2 (a) Extended coordination spheres of Y, Si and Al in signal 

Y4SiAlO8N unit cell view toward the [111] axis; (b) Coordination spheres of 

Y1, Y2, Y3 and Y4 sites of Y4SiAlO8N. 

3.2 Band structure of Y4SiAlO8N 

Fig. 3 presents the calculated band structure of Y4SiAlO8N based 

on density functional theory (DFT) methods.24-26 Here, the ground 

state GGA-PBE calculation was used for determining the band 

structure. The results indicate that the material has an indirect band 

gap of 3.819 eV, with the valence band (VB) maximum at B point 

and the conduction band (CB) minimum at G point. This broad band 

gap can provide an appropriate environment for the Ce3+ and Sm3+ 

emission. 

 

Fig. 3 The band structure of Y4SiAlO8N based on density functional theory 

(DFT). 

Page 3 of 10 New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

 

Fig. 4 Total and partial density of states of Y4SiAlO8N. 

 

Fig. 3 presents the calculated band structure of Y4SiAlO8N based 
on density functional theory (DFT) methods.24-26 Here, the ground 
state GGA-PBE calculation was used for determining the band 
structure. The results indicate that the material has an indirect band 
gap of 3.819 eV, with the valence band (VB) maximum at B point 
and the conduction band (CB) minimum at G point. This broad band 
gap can provide an appropriate environment for the Ce3+ and Sm3+ 
emission. 
Fig. 4 shows the total and partial density of states (DOS) of 

Y4SiAlO8N, as determined by the ground state GGA-PBE 

calculation. It can be seen that the conduction band is mainly 

composed by dominant 4d (Y) orbitals and minor 2p (O) orbitals. 

The variations in the 4d (Y) orbitals are mirrored in the 2p (O) 

orbitals. This suggests covalent bonding within Y and O atoms. In 

the valence band, it is mainly composed by dominant 2p (O) orbitals 

and minor 4d (Y) orbitals, and some 2p (N) orbitals in the higher 

valence band. The 2p orbitals of N atoms have more contributions 

than that of O atoms to the top of the valence band; thus, it is 

deduced that nitrogen benefits reduction of the band gap for 

Y4SiAlO8N.29 In addition, the coincident peaks are also been 

observed obviously between 2p (O) and 4d (Y) orbitals in the large 

range of lower valence band, implying this region is characterized by 

Y–O covalent bonds. Besides, the DOS variation of 2p (N) orbitals 

is coincident with 4d (Y) orbitals in the top of valence band. This 

also indicates that the Y atoms are coordinate with N atoms by 

covalent bond. However, the bond energy of Y-N bond is less than 

that of Y-O bond. 

3.3 Crystalline phases of Y4SiAlO8N: Ce
3+, Sm3+ phosphors 

 

Fig. 5 The X-ray diffraction patterns of YSAON host, YSAON: 0.06Sm3+, 
YSAON: 0.01Ce3+ and YSAON: 0.01Ce3+, 0.06Sm3+ phosphors. 

Fig. 5 shows the X-ray diffraction patterns of YSAON host, 

YSAON: 0.06Sm3+, YSAON: 0.01Ce3+ and YSAON: 0.01Ce3+, 

0.06Sm3+ phosphors. It shows that all of the observed XRD peaks 

match well with the standard Y4SiAlO8N phase (JCPDS #48-1630). 

These results indicate that the monophasic Y4SiAlO8N-based 

phosphors have been synthesized and the crystalline phases could 

not be changed by doping Ce3+ and Sm3+ ions. However, the 

diffraction peaks of the YSAON: 0.06Sm3+, YSAON: 0.01Ce3+ and 

YSAON: 0.01Ce3+, 0.06Sm3+ samples shift slightly to a lower 

diffraction degree in contrast with that of the YSAON host. This is 

because the relationship of the ionic radii of Y3+, Ce3+ and Sm3+ is 

RCe
3+ > RSm

3+ > RY
3+ in the YSAON host lattice. The above results 

indicate that Ce3+ and/or Sm3+ have been successfully introduced 

into the Y4SiAlO8N host lattice. In addition, the inset in Fig. 5 shows 

a typical scanning electron microscopy (SEM) image of as-prepared 

Y4SiAlO8N: 0.01Ce3+, 0.06Sm3+ phosphor. The obtained powder 

consists of nearly spherical and well-dispersed particles with a 

diameter size range from 8µm to 10µm which is suitable for use in 

white LED packaging.  

3.4 Photoluminescence of Y4-xSiAlO8N: xCe
3+ phosphors 
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Fig. 6 PLE and PL spectra of (a) Y3.99SiAlO8N: 0.01Ce3+ and (b) 
Y3.94SiAlO8N: 0.06Sm3+ phosphors. 

Fig. 6(a) shows the excitation and emission spectra of 

Y3.99SiAlO8N: 0.01Ce3+ phosphor. Upon 370 nm near-UV light 

excitation, the PL spectra of YSAON: 0.01Ce3+ phosphor shows an 

asymmetric emission band range from 420 nm to 600 nm due to the 

5d1 → 4f1 transition of Ce3+. The broad emission band was attributed 

to the high covalency of the Ce–N bond and a large crystal-field 

splitting effect.17 The excitation spectra of the YSAON: 0.01Ce3+ 

phosphor monitored at 485 nm consist of a broad band in the region 

from 320 to 430 nm corresponding to the transition from 4f1 ground 

state to 5d1 excitation state of Ce3+ ions. Fig. 6(b) shows the 

excitation and emission spectra of Y3.94SiAlO8N: 0.06Sm3+ 

phosphor. It can be observed that the excitation spectrum includes a 

very strong band centered at 410 nm and several weak bands 

centered at 350 nm, 365 nm, 380 nm, 423 nm and 470 nm 

respectively. These excitation bands can be attributed to the 
6H5/2→

3H7/2 (350 nm), 6H5/2→
4L17/2 (365 nm)，6H5/2→

4K13/2 (380 

nm)，6H5/2→
4F7/2 (410 nm), 6H5/2→

6P5/2 (423 nm) and 6H5/2→
4I11/2 

(470 nm) of Sm3+ ions, respectively.30 Under 370 nm near-UV light 

excitation, the Y4SiAlO8N: Sm3+ phosphor shows three broad 

emission bands centered at 565 nm, 605 nm and 650 nm, which can 

be ascribed to the 4G5/3-
6H5/2，

4G5/2-
6H7/2 and 4G5/2-

6H9/2 transitions 

of Sm3+ ions.31 It suggests that both Y4SiAlO8N: Ce3+ and 

Y4SiAlO8N: Sm3+ phosphors can be excited effectively by near-UV 

LED chips. Consequently, under near-UV light excitation, we can 

obtain white light by co-doping Ce3+ and Sm3+ ions into Y4SiAlO8N 

host lattice due to their distinctive emission bands in visible light 

range. The Commission International de l'Eclairage (CIE) 

chromaticity coordinates; color-rendering index (CRI) and color 

temperature can be tuned by adjusting the content of Ce3+ and Sm3+ 

ions.  

 

Fig. 7 Gaussian fitting of the emission band of Y3.99SiAlO8N: 0.01Ce3+ 
phosphor. 

The emission band of Y3.99SiAlO8N: 0.01Ce3+ was decomposed 

into eight well-separated Gaussian components, as shown in Fig. 7. 

It can be observed that this emission band center at: Y1: 24195 cm-1 

(413 nm), 22329 cm-1 (448 nm); Y2: 23372 cm-1 (428 nm), 21321 

cm-1 (469 nm); Y4: 19508 cm-1 (512 nm), 17560 cm-1 (569 nm); Y3: 

16156 cm-1 (619 nm), 14329 cm-1 (698 nm). These distributed 

emission bonds in different sites above can be explained as follow. 

At a same site, Ce3+ have two distinct emission bands with the 

theoretical energy value of 2000 cm-1 because the emission of Ce3+ 

is attributed to transitions from two lowest 5d excited states (2D3/2, 
2D5/2) to two 4f    ground states (2F5/2, 

2F7/2).
32, 33  

The emission site is closely related to the crystal field strength, 

which is influenced by site symmetry, covalency, ligand charge and 

bond length.32 According to Uitert’s report, the relationship between 

energetic position of Ce3+ emission and its local structure 

environment is suggested to obey an empirical equation34: 

]10)
4

(1[ 80

1 rEn

V

aV
QE

××
−

−×=                                               (1) 

where E is the position for the Ce3+ emission peak, Q is the position 

in energy for the lower d-band edge for the free Ce3+ ion, V is the 

valence of the Ce3+, n is the coordination number (CN) of anions, Ea 

is the electron affinity of the atoms that form anions (eV), and r (Å) 

is the radius of the host cation replaced by the Ce3+. For YSAON: 

Ce3+, Q = 50000 cm−1, V = 3, Ea is constant in the same host, the 

value of E is directly proportional to the product of n and r. The 

crystal field splitting (Dq) can be determined by the following 

equation17, 35: 

5

4
2

6

1

R

r
ZeDq =                                                                        (2) 

where Dq is a measured energy level separation, Z is the anion 

charge, e is the electron charge, r is the radius of the d wavefunction, 

and R is the bond length. As shown in Fig.2 (b), among the four 

sites, Y1 has the loosest site (CN=8), the largest n value and average 

bond length (2.492 Å), so according to equ (1) and (2), it 

corresponding to the smallest E value and weakest crystal field 

splitting. So Y1 accommodate Ce3+ activators to correspond with the 
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highest energy (shortest-wavelength) emission peak (413 nm, 448 

nm). While Y3 has the tightest site (CN=6), the smallest n value and 

average bond length (2.313 Å), it corresponding to the largest E 

value and strongest crystal field splitting. So Y3 accommodate Ce3+ 

activators to correspond with the lowest energy (longest-wavelength) 

emission peak (619 nm, 698 nm). 
The Y2 and Y4 sites have the same 7 coordination number, and 

both the average bond length R and anion charge Z of Y2 site is 
smaller than that of Y4 site. Thus the emission bands of Y2 and Y4 
sites can’t be determined effectively by equ. (1) and (2). However, 
the emission site is also related to the centroid shift in the Ce3+ ions 
d-orbitals. The 5d centroid shift for Ce3+ can be expressed by the 
following equation36, 37: 

∑
= ∆−

=
N

i i

i

SP
c

RR

a
A

1
6)6.0(

ε                                                    (3) 

where A is a constant, αSP
i is the spectroscopic polarizability of anion 

i, Ri is the distance between Ce3+ and anion i in the undistorted 
lattice, and ∆R is the difference between the radii of Ce3+ and Y3+ in 
different sites. Y2 and Y4 sites have same coordinate number 
(CN=7), which lead to the same Y3+ ions radius. So A and ∆R are 
constant, αSP

i and Ri are variable. The polarizability αSP
i of N ligand 

is larger than that of O ligand due to the smaller electronegativity of 
N (3.04). The Ri of Ce-N is slightly larger than Ce-O.38 Based on the 
analysis above, the Y4 site has a larger centroid shift than Y2 site. 
On the other hand, because the difference of electronegativity 
between Ce3+ and N3- is smaller than Ce3+ and O2-, the covalency of 
Ce-N is stronger than that of Ce-O, which causes the larger 
nephelauxetic effect. Therefore Y2 site have a shorter emission (428 
nm, 469 nm) while Y4 site have a longer emission (512 nm, 569 
nm). 

 

Fig. 8 PL decay curves of YSAON: 0.01Ce3+ (λex=370 nm: λem=446 nm, 
λem=466 nm, λem=518 nm and λem=635 nm). 

In order to further confirm that the four emission bands are 

assigned to Y1, Y2, Y3 and Y4 sites respectively. The PL decay 

curves of the Ce3+ ions in Y4SiAlO8N: 0.01Ce3+ phosphors were 

obtained with an excitation at 370 nm, and monitored at 446 nm, 466 

nm, 518 nm and 635 nm (see the inset of Fig. 8), as shown in Fig. 8. 

It can be seen that the varying decay curves of the Ce3+ ions upon 

370 nm excitation can be fitted well to a typical four exponential 

decay curve using the following equation17, 20: 

)exp()exp()exp()exp()(
4

4

3

3

2

2

1
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t
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t
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t
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t
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+
−

+
−

+
−

=       (4) 

where I(t) represents the luminescence intensity at time t, A1, A2, A3 
and A4 are constants, and τ1, τ2, τ3, and τ4 are the four exponential 
components of the decay time, t is the time. Using these parameters, 
the average decay time (τavg) can be determined by the following 
formula17, 20: 
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Table 3 presents the values of A1, A2, A3, A4, τ1, τ2, τ3, τ4 and degree 

of fitting. Under different monitored wavelength, all the degree of 

fitting is close to 1, which suggest that the varying decay curves of 

the Ce3+ ions in YSAON host are suitable for four exponential curve 

fitting. The average lifetime of the Ce3+ ions are determined to be 

121.12ns, 271.21ns, 478.43ns and 525.46ns for YSAON: 0.01Ce3+ 

with the monitored wavelength at 446 nm, 466 nm, 518 nm and 635 

nm, respectively. In general, the active ions occupied the same site 

have similar emission decay times.39 Fig. 8 and Table 3 indicate that 

the lifetime of Ce3+ in four sites above are different, which can 

demonstrate the existence of four emission sites in YSAON: 

0.01Ce3+. 

Table 3. Measured values of A1, A2, A3, A4, τ1, τ2, τ3, τ4 and degree of fitting. 

Emission 

peaks 

A1 A2 A3 A4 τ1(ns) τ2(ns) τ3(ns) τ4(ns) τavg(ns) CHISQ 

446nm 4300 4200 1500 100 4.6 17.5 43.5 452.4 121.12 1.0466 

466nm 4800 4400 600 200 5.3 24.2 94.7 619.2 271.21 0.991 

518nm 3700 3300 1600 1400 5.6 30.4 150.8 630.1 478.43 1.047 

635nm 3600 2900 1800 1800 6.1 36.6 173.3 669.2 525.46 0.996 

 

Fig. 9 Diffuse reflection spectra of doped and undoped YSAON: xCe3+ (0 ≤ x 

≤ 0.1). 

Fig. 9 shows the diffuse reflection spectra of doped and undoped 
YSAON: xCe3+ (0 ≤ x ≤ 0.1). As shown in Fig. 9, compared with 
undoped YSAON host materials, a board strong absorption band is 
observed from 250 nm to 500 nm in YSAON: xCe3+ (0.005 ≤ x ≤ 
0.1), which is attributed to the 5d1 → 4f1 transition of Ce3+ and is 
consistent with the PLE spectra. With the increase of Ce3+ 
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concentration, the absorption band appears an obvious red shift. This 
is because a higher Ce3+ concentration leads to a compact energy 
band structure and a smaller band gap, which causes a smaller 
transition energy E. According to E=hc/λ, hence a higher Ce3+ 
concentration can cause a red shift. 

 

Fig. 10 Absorption spectra of YSAON host as calculated by the Kubelka–

Munk formula. 

The band gap of the YSAON host can be estimated according to 

eqn (6)40: 

[ ] )()( g

n
EhAhRF −=∞ νν                                           (6) 

where hν is the photon energy, A is a proportional constant, Eg is the 
value of the band gap, n = 2 for a direct transition or 1/2 for an 
indirect transition, and F(R∞) is the Kubelka–Munk function, with 
F(R∞)= (1-R)2/2R, and R is the observed reflectance in the Fig. 9. 

The values of [ ] 2/1)( νhRF ∞  are plotted as a function of the 

incident photon energy (hυ) as illustrated in the Figure 10. From the 

linear extrapolation of [ ] 2/1
)( νhRF ∞ =0, the Eg value was 

estimated to be about 4.56 eV, which is slightly larger than the value 
of 3.819 eV obtained from DFT calculation. This is because the 
energy states of samples were geometry optimized before DFT 
calculation in order to obtain the most stable structure and lowest 
energy states. 

 
Fig. 11 (a) PL spectra of YSAON: xCe3+ (x = 0.005, 0.01, 0.02, 0.04, 0.06, 
0.08 and 0.10). (b) The linear relation of the emission peaks and relative 
intensity with the increase of Ce3+ concentration. 

The influence of the Ce3+ concentration on the luminescence 

properties is presented in Fig. 11. With increasing Ce3+ 

concentration, the luminescence intensity increases and then 

decrease, reaches a maximum at x = 0.01. It is mainly attributed to 

the energy transfer among Ce3+ ions, which may occur via exchange 

interaction, radiation reabsorption, or multipole–multipole 

interaction. With increasing amount of doped Ce3+, the distance 

between Ce3+ ions shortens, which increases the probability of non-

radiative energy transfer between Ce3+ ions. The critical distance for 

energy transfer can be roughly calculated using eqn (7)16, 22, 

3/1

4

3
2 








=

Nx

V
R

c

c π
                                                              (7) 

Where xc is the critical concentration, N is the number of cation sites 

in the unit cell, and V is the volume of the unit cell. In this case, V= 

805.83 Å3, N=16 and the critical doping concentration of Ce3+ in 

YSAON host is found to be 0.01. According to the above equation, 

Rc of Ce3+ was then determined to be 21.27 Å. Thus, it can be 

inferred that themechanism of exchange interaction plays no role in 

energy transfer between Ce3+ ions in YSAON host since the 

exchange interaction requires a forbidden transition and a typical 

critical distance less than 5 Å.41, 42 Therefore, according to the 

Dexter theory, the non-radiative transitions between Ce3+ ions 

happened via electric multipolar interactions.42  

 

Fig. 12 The relationships of lg(x) versus lg(I/x). 

The interaction type between sensitizers or and activator can be 

calculated by the following equation (8)42, 43: 

[ ] 13/)(1/
−

+= θβ xkxI                                                            (8) 

Here, x is the activator concentration, I/x is the emission intensity (I) 

per activator concentration (x), k and β are constants for the same 

excitation condition, and θ is a function of multipole−multipole 

interaction. When the value of θ is 6, 8 or 10, the form of the 

interaction corresponds to dipole−dipole (d−d), dipole−quadrupole 

(d−q), or quadrupole−quadrupole (q−q) respectively. To determine 

the θ value, the relationship between lg (I/x) and lg (x) is plotted in 

Fig. 12. The slope of the straight line is −1.4 which equals −θ/3. 

Thus, the value of θ is calculated to be 4.2, which is mostly close to 

6, suggesting that the quenching in YSAON: xCe3+ phosphors most 

likely results from dipole−dipole interactions. Besides, as shown in 

Fig. 6(a), there are small overlap between the excitation and 

emission spectra in the range from 400 nm to 450nm. Thus, the 

contribution of reabsorption plays another role in causing 

concentration quenching. 
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3.5 Emission spectra and CIE chromaticity coordinates of 

Y4SiAlO8N: 0.01Ce
3+, ySm3+ 

 
Fig. 13 PLE and PL spectra of Y4SiAlO8N: 0.01Ce3+, ySm3+ phosphors. 

Fig. 13 indicates the emission spectra of the Y4SiAlO8N: 0.01Ce3+, 
ySm3+ (0.01 ≤ y ≤ 0.1) phosphors under 370 nm excitation. All the 
emission spectra are composed of a splitting blue band (Ce3+ 
emission) and three reddish-orange bands (Sm3+ emission). In the 
YSAON: 0.01Ce3+, ySm3+ samples, the emission intensity of Ce3+ 
decrease monotonically and that of Sm3+ increase firstly and then 
decrease (reach a maximum at y = 0.06) with increasing Sm3+ 
concentration. The change of emission intensity of is Sm3+ attributed 
to the results of Sm3+- Sm3+ concentration quenching and interaction 
between Ce3+ and Sm3+. The decrease of emission intensity of Ce3+ 
can be ascribed to the competitive absorption between Ce3+ and 
Sm3+, which could be verified by the Fig. 6.  

 

Fig. 14 CIE chromaticity diagram for YSAON: 0.01Ce3+, ySm3+ phosphors 

with different doping concentrations of Sm3+ ions. 

The CIE chromaticity coordinates of YSAON: 0.01Ce3+, ySm3+ 

phosphors with different Sm3+ dopant contents are shown in Fig. 14. 

The measured chromaticity coordinates (X, Y) for YSAON: 

0.01Ce3+, ySm3+ phosphors are listed in Table 4. As shown in Fig. 

14, by control the concentration of doped Sm3+, the chromaticity 

coordinates (X, Y) YSAON: 0.01Ce3+, ySm3+ (y=0.04, 0.06, 0.08 

and 0.10) can pass through the Planckian black-body radiator that 

radiates light of comparable hue to that white light source.  

Table 4. Measured values of A1, A2, A3, A4, τ1, τ2, τ3, τ4 and degree of fitting. 

Different y values CIE coordinates CCTs(K) 
x y 

y=0.01 0.2709 0.3165 9587  

 

 

 

y=0.02 0.2909 0.3215 7940 

y=0.04 0.308 0.3229 6824 

y=0.06 0.3277 0.3274 5718 

y=0.08 0.3089 0.3194 6802 

y=0.10 0.3027 0.318 7210 

Moreover, for phosphors, correlated color temperature (CCT) is 

another important parameter, which is calculated using the following 

approximate formula reported by McCamy: 44 T = −437n3 + 3601n2 

− 6861n + 5514.31, where n = (x − 0.3320)/(y − 0.1858). The 

calculated and measured results listed in Table 3, which indicate that 

YSAON: 0.01Ce3+, ySm3+ emit cool white light. When the value of y 

increases to 0.06, the smallest CCT value of 5718 K can be obtained, 

which is consistent with the highest emission intensity of Sm3+. 

These results indicate that the white light can successfully be 

obtained by co-doping Ce3+ and Sm3+ ions into Y4SiAlO8N host 

lattice, which is suitable for use in 370 nm near-UV light chips. 

4 Conclusions 

In summary, Y4SiAlO8N: Ce3+, Sm3+ phosphors are successfully 

synthesized by a conventional solid-state reaction method. The XRD 

refinement results indicate that pure Y4SiAlO8N phase has been 

obtained. The crystal structure of Y4SiAlO8N was solved and refined 

as monoclinic system and space group P121/c1 (14) with 

a=7.4491Å, b=10.3933Å, c=11.0563Å, β=109.7109°. The DFT 

calculation indicates that Y4SiAlO8N has an indirect band gap of 

3.819 eV that can provide an appropriate environment for the Ce3+ 

and Sm3+ emission. The four emission sites of Y4SiAlO8N: 0.02Ce3+ 

is determined as Y1 (413 nm, 448 nm), Y2 (428 nm, 469 nm), Y3 

(619 nm, 698 nm) and Y4 (512 nm, 569 nm), respectively. The 

diffuse reflection spectra show that Y4SiAlO8N: Ce3+ has a board 

absorption band that in the range of 250-500 nm, which are 

consistent with the PLE spectra. The PLE and PL spectra 

measurements showed that the Ce3+ and Sm3+ co-doped phosphor 

could be efficiently excited by near-UV light, and exhibited four 

emission bands peaked at 485 nm, 565 nm, 605 nm and 650 nm 

respectively. The concentration quenching mechanism of Ce3+ in 

Y4SiAlO8N is discussed in detail and is confirmed as dipole−dipole 

interactions. The CIE chromaticity of obtained white light can pass 

through by adjusting the content of Ce3+ and Sm3+ ions. Therefore, 
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we anticipate that these materials can be used in near-UV chip 

pumped white LEDs. 
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The band structure and CIE chromaticity coordinates of Y4SiAlO8N: 0.01Ce
3+

, ySm
3+

 

phosphors were studied. 
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