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A series of Si-N or Eu-Li doped CeAl;1013 and CeAl;201gN phosphors are prepared by solid—state reaction. Their structure and
luminescence are researched carefully. Si-N doping with the concentration less than 8% can be successfully dissolved into CeAl;1013
crystal lattice and doesn’t change the matrix structure, only resulting in crystal lattice shrinkage due to the shorter bond length for
Si—N bond versus Al-O bond. It is observed that blue emission gradually decreases and UV emission becomes stronger due to
the gradual disappearance of Opje ions with the increase of Si-N doping. Compared with the traditional UV emitting phosphor
CeMgAl;1019, Si-N doped CeAl;;0;g shows better thermal stability. The crystal structure and lattice parameters of Eu-Li codoped
CeAl;1 0,3 remain unchanged due to the large tolerance of rare-earth sites. On account of the energy transfer from UV emission of
Ce’t to Eu?*, a single overlapping blue emission with high intensity is obtained in Eu-Li codoped CeAl;;O1g phosphor.
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In recent years, rare-earth doped aluminates with hexagonal struc-
ture such as BaMgAllOOn:Eu“, CaAl;;019:M (M = Eu, Mn),
LaMgAl;;0,9:Ce** have been used as energy conversion phosphors
for fluorescent lamps, LED or PDP displays.'~’ These phosphors show
some features of high quantum yield, chemical and radiation stability,
which make them still under research in many areas now. It is demon-
strated here that some aluminates will show very interesting results by
tuning the crystal structure slightly, despite (oxy)nitride based phos-
phors are researched widely and greatly developed recently due to
their high quantum efficiency, excellent thermal, physical and chem-
ical stabilities, and therefore show large potential to be implemented
in highly efficient and reliable white LEDs.%1°

Generally, the hexagonal aluminates are divided into three differ-
ent groups:''"13 1. compounds MeAl;,0;9 (Me = Ca, Sr, Eu) with
magnetoplumbite-type structure; 2. compounds MeMgAl;(O;; (Me
= Ba, Sr, Eu) with B-alumina structure; 3. distorted magnetoplumbite-
type structure such as CeAl;;O;5. The p-alumina structures and mag-
netoplumbite are both composed of spinel blocks formed by the close
packing of Al and O atoms. There is the merely significant differ-
ence in the two mirror planes (z = 0.25 and 0.75) between these
two structures. In the p-alumina structure, each mirror plane contains
one large cation and one oxygen. The non-close-packed mirror plane
is connected with the stable spinel blocks closely. In the magneto-
plumbite structure, the mirror planes contain one large cation and
more oxygens 1. Generally, CeAl;;O;5 is considered to have dis-
torted magnetoplumbite structure. The difference from the normal
magnetoplumbite-type structure is that La (Ce) large ions are consid-
ered to be partially replaced by O ions, Oy as an abbreviation.!! Oy is
present because of non-ideal stoichiometry of CeAl;;Og with respect
to the ideal MeAl;;O,9 composition for magnetoplumbite structure
(large-cation/small-cation/anion = 1/12/19). Just due to this disorder,
CeAl ;0,5 exhibits special luminescence properties, which will be
discussed later.

Within those hexagonal aluminates, as a kind of self-activated
phosphor, CeAl;;O;3 shows very interesting characteristics, i.e. two
emission peaks one UV band at ~350 nm and one main blue band
at ~460 nm respectively. As we know, UV light can kill bacteria ef-
fectively and blue light is essential in photosynthesis for green plant.
Due to its special luminescence properties, CeAl;;O;5 based phos-
phors have been applied in sterilization, therapeutic, cosmetic skin
treatment and promoting plant growth in greenhouse.'* To meet the
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different requirements in every occasion, the luminescence spectrum
must be tunable easily. For example, a narrow UV emission peak can
be obtained by substitution La, Y, Sr, Ca large ions for Ce ions or Mg
ions for Al ions, whereas the blue emission is largely suppressed in
previous study.!14-17

In this paper, another extremely different method to tune the lumi-
nescence spectrum of CeAl;; 0,5 phosphor is carried out by replacing
Si-N for Al-O bond or Eu for Ce ions. The luminescence can be arbi-
trarily designed from blue to UV or UV to blue. It is also found that
Si-N doped CeAl;; 0,5 phosphor possesses a better thermal stability,
compared with undoped CeAl;; 0,5 phosphor.

Experimental

Synthesis.— The powders with the composition of CeAl,;(.x
Si1xO18-11xNi1x (0 < x < 0.15) and CeEu,Li Al;105 (0 < x <
0.1) were prepared by direct solid state reaction under 1 atm flow-
ing N, atmosphere. X represents the amounts of Si-N substitution for
Al-O bond and Eu substitution for Ce ions respectively. The pow-
der mixtures of Al,O3 (99.99 wt%, 100 nm, Wanjing New Material
Co. Ltd, Hangzhou, China), CeO, (99.9 wt%, Sinopharm Chemical
Reagent Co. Ltd, Shanghai, China), Eu,O3 (99.99 wt%, Sinopharm
Chemical Reagent Co. Ltd, Shanghai, China), Si3N; (96.0%, UBE
Industries, Ltd, Japan,), SiO, (Sinopharm Chemical Reagent Co. Ltd,
Shanghai, China, 99.99%), Li,CO; (Sinopharm Chemical Reagent
Co. Ltd, Shanghai, China, 99.99%) were mixed fully in a Si;N4 mor-
tar by hand. Stoichiometric raw powders were put into BN crucibles
and fired at a temperature 1700°C for 2 h in flowing nitrogen gas. The
powder was heated at a constant rate of 300°C/h and cooled down
naturally.

Characterization.— The phase formation was analyzed by an X-
ray diffractometer (Model PW 1700, Philips Research Laboratories,
Eindhoven, The Netherlands) using Cu K, radiation at a scanning
rate of 0.5 degree/min. The lattice parameters of CeAl;;O,g are cal-
culated by Unit Cell software based on XRD peaks. Energy-dispersed
spectroscopy (EDS) measurements were performed at room tempera-
ture in a scanning electron microscope (JSM-6390LA, JEOL, Japan).
Fourier-Transform Infrared Spectra (FTIR) were recorded at room
temperature on a spectrophotometer (Model EQUINOX 55, Bruker,
Karlsruhe, Germany) in the range of 500-2000 cm~!. 1 mg of powder
was mixed with KBr for dispersion and then pressed into transpar-
ent sheet. The electron density calculations were performed using the
CASTEP code.'$2° A plane wave basis set with kinetic energy cutoff
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Figure 1. Crystal structure of CeAl;101g and local structure around Ce?t jons.

at 500 eV was employed, and the Perdew-Burke-Enzerhof form?'->*

of the generalized gradient approximation (GGA) was used to de-
scribe the exchange-correlation interactions, while the electron-ion
interaction was accounted for through the use of ultrasoftpseudopo-
tentials. The detailed parameters were chosen as follows: k-point spac-
ing = 0.067 A~', sets of k points = 1 x 1 x 1, space representation
= reciprocal, and SCF tolerance threshold = 1.0 x 107> ev/atom.

Luminescence Properties.— The photoluminescence spectra were
measured at room temperature by a fluorescent spectrophotometer
(Model F-4600, Hitachi, Tokyo, Japan) with a 200 W Xe lamp as
an excitation source. The emission spectrum was corrected for the
spectral response of a monochromater and Hamamatsu R928P pho-
tomultiplier tube (Hamamatsu Photonics K.K., Hamamatsu, Japan)
by a light diffuser and tungsten lamp (Noma Electric Corp., NY;
10V, 4 A). The excitation spectrum was also corrected for the spectral
distribution of the xenon lamp intensity by measuring Rhodamine-B
as reference. The temperature dependent luminescence spectra were
recorded in the range of 25°C-300°C with a 200 W Xe lamp as an
excitation source and a Hamamatsu MPCD-7000 multichannel pho-
todetector (Hamamatsu Photonics K.K., Hamamatsu, Japan).

Results and Discussion

CeAl;;0;5.— Figure 1 shows the crystal structure of
CeAl;;055.'"** CeAl; ;O3 has a similar crystal structure to
LaAl;;O,5. The CeAl;;O;g structure is drawn from a simultaneous
substitution of La’™ with Ce’* ions. It is reported to have a
magnetoplumbite structure with hexagonal space group P6;/mmc
(No. 194) with the lattice constants a = 5.5581 A and ¢ = 22.0121 A.
It is composed of spinel block and mirror plane. The spinel block is
built-up by the [AlO,] tetrahedron, [AlOs] hexahedron and [AlOg]
octahedron, which are connected by corner-sharing or edge-sharing.
Besides, the space around the Ce** location is large, making possible
substitution by doping other metal cations with large radius.

As seen in Figure 2, at the reaction temperature 1700°C and the
holding time 2 h, the starting materials Al,O; and CeO, are trans-
ferred into the product consisted of major CeAl;;O;3 and minor

CeAlOj; phase. The strong XRD peaks of the powders match well with
the standard date (JCPDS card number: 00-048-0055), indicating the
CeAl ;045 phase can be obtained under this synthesis condition. Ac-
tually CeAl;; O;5 phase can always be synthesized successfully in the
synthesis temperature ranged from 1500 to 1700°C. For better crys-
tallinity and luminescence properties, the synthesis temperature of
1700°C is fixed to fire the starting materials and research the structure
and luminescence properties of CeAl;;Oys.

To research the influence of CeAlO; purity on the luminescence
properties in the products, CeAlO; is prepared. The photolumines-
cence results show that the influence of CeAlO; can be neglected
because its luminescence intensity is extremely weak and the amount
of CeAlO; is too small in the products here. Figure 3 shows the
photoluminescence of CeAl;; O3 powders. This phosphor shows two
emission peaks at 350 nm (UV band) and 450 nm (blue band) un-
der 260 nm excitation respectively. As we know, for CeAl;; O3 with

o:lCeAIO3I | Ce/'%111018| |
Prepared sample

El

3

= '

: U

£ "

JCPDS card number: 00-048-0055

0 DA bt ol
20 30 40 50 60 70 80

26

Figure 2. XRD patterns of CeAl;;0;g synthesized at 1700°C for 2h.
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Figure 3. Excitation and emission spectra of CeAl;101g, CeMgAl;;O019 and
CeAl;201gN powders. For CeAl;;0;g, the value in the inset represents the
corresponding monitored emission wavelength and excitation wavelength.

disordered magnetoplumbite-type structure, Ce ions are replaced by
O ions partly, named as Oy, for short. It is commonly believed that the
UV emission is ascribed to 4f-5d electron transitions of normal Ce**
in CeAl;;O,g crystal lattice, whereas the blue emission is ascribed
to Ce-Oy. associates.!! This blue emission shouldn’t come from Ce-
O charge transfer transitions because generally these charge transfer
transitions happen at very higher energy. The 5d-4f emission of Ce**
coordinated with Oy (forming associates) is shifted to higher wave-
length (lower energy) as compared to Ce** coordinated with only
regular O*~ ions, because Oy, is more covalently bonded to Ce* as
compared to the regular O*~ ions, resulting in larger redshift of the 5d
center of gravity (nephelauxetic effect).

To be clearer, the structure chart is performed to explain the origin
of luminescence, as shown in Figure 4a—4b. So in CeAl;; 0,4 crystal
lattice, there are two types of luminescent Ce>* sites imposed by
different crystal field. It can be proved by the excitation spectra, which
covers two bands at 260 nm and 320 nm as the monitored emission
peak is 450 nm. A main excitation peak at 260 nm is observed as
the monitored emission peak is 350 nm. Under 320 nm excitation,
CeAl;; 045 only gives blue emission.

These results indicate that 260 nm should be responsible for the
UV emission band ascribed to normal Ce** while 320 nm should be
responsible for the blue emission band ascribed to Ce-Oy. associates.
The most noteworthy is that energy transfer from normal Ce** to Ce-
O\ associates is very effective because the blue emission becomes the
predominant band for CeAl;; O3 phosphor under 260 nm excitation.

If Mg?* is doped into CeAl;; O, lattice, the interaction between
Ce’* and Oy seems to be screened (i.e. no Ce-Oyye associates present
anymore), resulting in absence of blue emission in the final phosphor,
(Figure 4c). So CeMgAl;;0y9 as shown in Figure 3, just gives only
UV emission. Due to the magnetoplumbite-structure with ideal sto-
ichiometry (large-cation/small-cation/anion = 1/12/19), no Oy ions
are expected to be present in CeMgAl;; Oy like in CeAl;;OgN. As a
result, no blue emission due to 5d-4f transitions of Ce** coordinated
with Oy can be observed (Fig. 3). So Mg doping will play an im-
portant role in disappearance of Oy (in agreement with a previous
report),'' and a similar effect can be realized with N doping.

According to previous research on Ce doped phosphors, the general
critical distance corresponding to concentration quenching of lumi-
nescent ions in the matrix is almost more than 7 A.2° It means that
the interaction between luminescent ions is strong at this inter-ionic
distance. In the CeAl;;O;g crystal lattice, there is only one type of Ce
site and the neighbored Ce-Ce distance is different. The nearest Ce-Ce
distance is 5.558 A in [001] plane, whereas for the [110] plane, the
Ce-Ce distance is up to 11.465 A, as shown in Figure 5. But it is easily
concluded that Ce-Oy. associates with short distance show stronger
interaction than that with long distance. So it is reasonable to discuss
the case in the [001] plane instead of [110] plane in the CeAl;; O3
crystal lattice, just like what has been discussed above in Figure 4.

CeAl;1(1.xSi11xO01s.11xN11x.— Many aluminates based phosphors
have been researched to improve their luminescence properties by
doping Si-N.3'* Like BAM: Eu?* blue-emitting phosphor, alumi-
nates phosphors suffer from serious deterioration of luminescence
efficiency during continuous excitation in fluorescent lamps.*' Wang
et al. have successfully proposed a new method of Si-N doping in
BAM: Eu?* phosphor to improve its luminescence intensity and ther-
mal stability.*? In this part, the structure and luminescence properties
are also studied in terms of effects of Si-N doping.

Figure 6 shows the XRD patterns of synthesized powders with the
composition of CeAl; (.5 SijixOis-11xNiix- A single phase with mag-
netoplumbite structure is still formed when the doping concentration

Figure 4. Representation of the luminescence mechanism projected along [001] direction. a. CeAl;;O;g structure gives UV emission, which is ascribed to 5d-4f
electron transition of normal Ce>*; b. blue emission of CeAl;; O phosphor is ascribed to Ce-Oyje associates; c. Mg ions remove the Ce-Oye associate, resulting

in UV emission only.

Figure 5. Representation of Ce-Ce distance projected along [001] and [110] direction respectively in CeAl;;O;g crystal lattice.
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Figure 6. XRD patterns of CeAl;j(1-x)Si11xO18-11xN11x. X ranges from 0 to
0.15.

of Si-N is less than 0.08. The impurity of Si;N, gradually appears
with further increase of the content of the starting material SizNy, in-
dicating that the solubility limit of Si-N doped into CeAl;; O3 crystal
lattice is approximately 0.08 by solid state reaction. Meanwhile, with
the more Si-N doping in powders, the crystallinity of CeAl;;O,g turns
worse. The reason is the substitution of Si-N for Al-O will bring in
defects, which destroys the periodic structure of CeAl;; O,z crystal
lattice.

The energy-dispersive X-ray spectroscopy (EDS) is introduced
to analyze the CeAIHOlg and CeAll1(1_X)Si11x013_11xN11x (X = 008)
chemical compositions qualitatively. Figure 7 shows the EDS spectra
of the samples, in which elements of Ce, Al, O and Ce, Al, O, Si, N
are examined respectively, indicating that the Si-N is present in the
host lattice of the CeAl,;(1xSi11xO1s.11xNiix structure.

The dissolution of Si-N in CeAl;; O3 lattice could also be proved
by the decrease of crystal lattice parameters with increasing SizNy4
content. As shown in the inset of Figure 8, with increasing SizN, con-
tent, the major CeAl;; Og diffraction peaks at ~34.2° and 36.3° shifts
to ahigher angle. Itis clearly seen that the hexagonal lattice parameters
of CeAl;; O3 are decreased for higher doped Si;N, contents in terms
of calculated results by Unit Cell software based on XRD peaks. This
crystal lattice reduction is likely due to the shorter bond length for
Si—N bond (168.5-176 pm in SizN4) versus Al-O bond (176.1 pm).
When the dopant concentration of Si-N is more than 0.1, the crystal
lattice parameters almost remain constant, indicating that the amount
of Si-N doped into CeAl;;Oyg lattice has been saturated. The ratio of
the lattice parameters (c/a) nicely fits the dependence of the various
alkaline-earth hexaaluminates with a (disordered) magnetoplumbite
or B-alumina-type structure.'” For Si-N doped CeAl,;03 powders,
the c/a ratio is nearly constant and its value is always below 3.96,

0.00 003 006 0.09 012 0.15

T T ' T
3968 [ _a— o/
3.960 |-
s
T——nm —p—pn L
3.952 |
[ \./
—~ 3944 |
o’
N
# 20|—"—C
@ )
‘E; 21.95
E |
E 21.90 .
o - .\._. |
o 2185}
.9 CeAl Si, 0, N,
 667|—m—ag BN
© - AT e
el | o e v+
| e R _ x=0.03
I \. Nj\ J\\__fL
34 35 36 37 3

5.54 E & s 5

553 |-

P S — .$.._!*|

000 003 006 009 012 0.15
Si-N concentration

Figure 8. Lattice parameters of CeAljy(1-x)Si11xO1s-11xN11x as a function
of x.

indicating that the structure of Si-N doped CeAl;;O;3 powders re-
mains disordered magnetoplumbite-type structure similar to undoped
CeAluOlg.

Figure 9 shows the luminescence properties of Si-N doped
CeAl; ;0,5 phosphors. It is clearly seen that the emission peak of
the phosphors gradually changes from blue to UV by Si-N dop-
ing excited by UV light of 260 nm. More Si-N doping results in
larger percentage of UV emission in the whole emission spectrum.
Blue emission ascribed to Ce-Oy associates seems to be effectively
screened. For example, when the Si-N concentration reaches 0.08 in
CeAly1(1-05111xO18-11xN11x system, the UV emission becomes domi-
nant absolutely. The excitation spectra are also shown in Figure 9.
It is clearly seen that the intensity of the excitation peak at 320 nm
gradually decreases and the excitation peak at 260 nm becomes dom-
inant. According to the analysis of the luminescence properties of
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Figure 7. EDS imags of CeAl;;O1s, CeAl;1(1x)Si11xO18-11xN11x (x = 0.08) and Ce_xEuxLixAlj;O1g (x = 0.1).
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Figure 9. Excitation and emission spectra of the powders with composition of
CeAlj(1-x)Si11xO18-11xN11x. The excitation wavelength is 260 nm for emission
spectra. The monitored emission wavelength is the highest emission peak for
excitation spectra.

CeAl;; 045 and CeMgAl;; Oy, it is concluded that Si-N doping results
in a decrease of Oy ions in CeAl;;Oys. Driving force could be the
formation of a compound with ideal magnetoplumbite-stoichiometry,
like CeAl;;013N. The compound CeAl;,03N can be deduced from
SrAl;;0;9 with ideal magnetoplumbite-stoichiometry by replacing
(SrO) by (CeN)."* To figure out this question, therefore, CeAl;,015N
is produced and its spectra are described before in this paper. As
seen in Figure 3, CeAl;;O.5N shows a single UV emission similar
to CeMgAl;;0y9. So the synthesized powders with composition of
CeAll1(;.4Si11xO15.11xNi1x tend to form CeAl;,O 3N phase instead
of a compound CeAl;;Oy5 phase. Unfortunately, both structures can’t
be easily discriminated due to uniform XRD date. In all cases, su-
perimposed broad bands are observed. For Ce** ions with D3h local
symmetry in CeAl;; O3 crystal lattice, it is expected that the excited
5d energy levels of Ce* are split into three sublevels. Indeed, three
excitation bands can be distinguished in the spectra (see Fig. 9). The 5d
energy level of Ce* is very sensitive to the local environment, as well
as Eu?*.*? So some difference in excitation spectra is observed due
to crystal field change before and after Si-N is doped into CeAl;;Og
crystal lattice.

It is generally reported that the emission occurs at longer wave-
length with more nitrogen doping attributable to the decrease of crystal
lattice parameters and the lower electronegativity of nitrogen (3.04)
compared with oxygen (3.44) (i.e. nephelauxetic effect), which re-
sults in stronger crystal-field splitting and lower energy of the center

Figure 10. Comparison of calculated electron clouds of CeAl;;O13 and
CeAly1(1-x)Si11xO18-11xN11x projected along [001] plane.

of gravity of the 5d levels of Ce**.*** But here, an absolutely oppo-
site result is exhibited. The emission changes from blue to UV with
Si-N doping. Why this phenomenon happens is that the luminescence
mechanism is different basically. For CeAl;; 0,3 phosphor, its UV
and blue luminescence originates from two parts: normal Ce** ions
and Ce-Oy,. associates respectively. Si-N doping leads to the disap-
pearance of Oy ions. So it is observed that blue emission gradually
decreases and UV emission becomes stronger with the increase of
Si-N doping in CeAl;;Oy5 crystal lattice.

In order to further clarify the influence of Si-N doping on lumi-
nescence, Ce clusters [Ce,Al;50;5]*'+ and [Ce, Al 14SiO4N]?1* are
constructed and first-principles calculations of electron clouds are per-
formed. Figure 10 shows the calculated electron clouds of CeAl;;Og
and Si-N doped CeAl;;O;s. It is assumed that Si-N pairs are located
around Ce** in the mirror plane, which will be discussed later. An
expanded electron cloud is intuitively shown due to higher formal
charge of N3~ compared with O?~ and more covalent nature of the
metal-nitrogen chemical bonding versus metal-oxygen.? Si-N doping
should play a role in shifting the UV luminescence spectra of normal
Ce’* ions to longer wavelength theoretically. As seen in Figure 9, a
small redshift of UV emission peak is truly observed due to stronger
crystal-field splitting of the 5d levels of Ce** and nephelauxetic effect
caused by Si-N doping.

Based on the above analysis, the UV emission is ascribed to nor-
mal Ce** in CeAl;; O3 crystal lattice and blue emission is ascribed
to Ce-Oy. associates. It is concluded that due to Si-N incorporation
the Oy disappears gradually and Ce-Oy associates collapse and turn
to normal Ce’* ions, resulting in UV emission again in Si-N doped
CeAl;;045. Hence, the total quantity of effective luminescent centers
is fixed although Si-N doping changes the proportion of Ce* and
Ce-Oy associates. Figure 11 exhibits the sum of luminescence in-
tensity of UV emission peak at 350 nm and blue emission peak at
450 nm. With the Si-N doping concentration below 10%, the sum is
almost balanced, indicating the result sounds logical that two kinds
of luminescence centers (normal Ce* ions and Ce-Oy associates)
can be conversed by Si-N doping. In a previous study, it has been
pointed out that the number of Oy is ~14% in single CeAl;;O;3,!"
which is coincident with the critical concentration of 10% of Si-N
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Figure 11. Sum of luminescence intensity of UV emission band and blue
emission band as a function of x in CeAl;(1-x)Si11xO18-11xN11x-
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dopant from the view of order of magnitude. It seems that one Si-
N doping corresponds to disappearance of one Ce-Oy, associate.
It has been researched carefully about Si-N location in Si-N doped
BaMgAl,;0,7:Eu** phosphor using CASTEP code, which can give us
a significant reference because of the almost similar hexagonal crystal
structure between BaMgAl ;0,7 and CeAl;;0,5.¢ The results show
the total systematical energy is the lowest among dozens of structural
model when Si and N atoms are connected to each other and one Si-N
bond replaces one Al-O bond around rare-earth in mirror plane in
BaMgAl 100;7:Eu?t crystal lattice, which well agreed with the EPR,
XAFS and TL experimental results. For Si-N doped CaAl,O4 phos-
phor, it is also found that Si-N bonds prefer to replace Al-O bonds
around Eu®* ions by the analysis of electron paramagnetic resonance
(EPR) spectra.* So it can be concluded and also expected from lo-
cal charge balance considerations that one connected Si-N bond is
substituted for one Al-O bond around Ce** in the mirror plane of
CeAl;;Oqg. This conclusion can better explain the corresponding re-
lationship between doped Si-N concentration (~10%) and the number
of Ope (~14%). But so far, it is still unknown about the exact mech-
anism how Si-N doping decreases Oy ions. It is possibly related to
the fact that N3~ cannot well stabilize O*~ ions because of larger
nephelauxetic effect of N3~. The coexistence of N3~ and Oy will
bring in higher energy of the system, resulting in unstable structure of
CeAl; Oy crystal lattice. This analysis needs more detailed calcula-
tion.

From Figures 9 and 11, it is observed that the luminescence in-
tensity of Si-N doped CeAl;;0,3 phosphors decreases when Si-N
doping concentration is more than 10%. In order to explain such be-
havior, defects caused by doping Si-N into CeAl;;O;g host should be
considered.*’” More Si-N dissolution brings defects into CeAl;;Og
crystal lattice, leading to lattice distortion and lattice imperfection
due to the shorter bond length for Si—N bond compared with Al-O
bond and due to deviations from ideal magnetoplumbite stoichiome-
try. FTIR can tell us more about the inner structural change of Si-N
doped CeAl;; O,g phosphors. As shown in Figure 12, CeAl;;O5 phos-
phors show infrared absorption ranging mainly from 900 to 450 cm™!,
which are ascribed to A104 and AlOy vibrations.*® The appearance of
infrared Si-N and Si-O vibrations in CeAl;; O,z lattice with increasing
the Si-N doping, also indicates the successful dissolution of connected
Si-N bond. The FTIR data show that the absorption band of AlO4 and
AlOg becomes broader, the intensity becomes smaller due to defects
induced by increasing Si-N doping while unreacted Si;N, phase is de-
tected in the product when the doping concentration of Si-N is more
than 10%, which is in agreement with XRD results of Figure 6. So the
luminescence decrease is due to defects caused by Si-N doping and
residual Si;N, impurity.
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Figure 12. FTIR spectra as a function of x in CeAl;1(1-x)Si11xO18-11xN11x-
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Figure 13. Temperature dependence of emission intensity for CeAl;;O;g and
CeAly1(1-x)Si11xOs-11xN1x) (x =0.1).

In high-power lighting and display devices, the parameter of high
quenching temperature is very crucial to maintain their smooth oper-
ation. Figure 13 is the influence of temperature on the intensity of the
emission peak of CeMgAl,; ;09 and CeAl|;(1xSij1xOis.11xNi11x phos-
phors (x = 0.1). In both cases, the emission intensities decrease with
increasing temperature, but Si—-N incorporation minimizes the tem-
perature effect on thermal quenching, compared with CeMgAl;; 09
phosphor. For example, The emission intensity of the Si-N doped
CeAl;; 0,5 phosphor at 250°C remains at 86% of the intensity mea-
sured at room temperature, whereas only 83% for CeMgAl;;O9
phosphor. '

Thermal quenching is related to thermal ionization of the 5d elec-
tron to the conduction band states or energy level crossing between the
lowest energy 5d level and the 4f ground states.”>**** A strong N3~-
Ce’* covalent bond is expected to suppress the electronic transition
from the 5d levels to the bottom of the conduction band. Moreover Si—
N incorporation leads to the increasing stiffness of the crystal structure
and lattice shrinkage because the shorter bond length of Si—-N versus
Al-O bond, resulting in uneasy nonradiative relaxation of Ce>*. Both
factors should contribute to smaller thermal quenching after the Si-N
incorporation.

Ce;Eu,Li,Al;;0,;5.— Ce doped phosphors often yield short wave-
length emission and Eu doped phosphors yield long wavelength emis-
sion in the same matrix. Hence, it is possible for energy transfer from
Ce’* to Eu* if the emission spectrum of Ce>* and the excitation spec-
trum of Bu®* are significantly overlapping, which has been reported
in many Ce**-Eu?* codoped hosts.”*> For CeAl;; O3 phosphor, it
yields UV and blue emission when excited by 260 nm. In Eu doped
hexaaluminates, most of them have strong absorption in UV band
from 250 to 400 nm. For example, EuMgAl;(O17; shows absorption
band from 300 to 400 nm and yields blue emission,*® as seen in
Figure 14. Another example is the famous commercial phosphor
BAM: Eu?*t, which can effectively convert UV band from 250 to
400 nm into blue emission.*? The effective resonant energy transfer is
expected based on the significant spectral overlap between the UV part
of the emission spectrum of Ce* and the excitation spectrum of Eu**
and consequently a single blue-emitting phosphor can be obtained.

The phase identification for the synthesized powders with the com-
position of Ce; (EusLi Al;;Og is researched by XRD, as seen in
Figure 15. All diffraction peaks of the Eu, Li codoped samples are
consistent with those of CeAl;;O;3 when x ranges from O to 0.1,
indicating Eu, Li ions are completely dissolved into the CeAl;;Og
crystal lattice. EDS result also verifies this conclusion, as shown in
Figure 7, in which elements of Ce, Al, O and Eu are examined. Not like
Si-N doped CeAl;; 0,3, Eu-Li codoping does not lead to the change
of lattice parameters, as shown in Figure 16. Eu?* ions occupy Ce**
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sites, accompanied by the charge balance by Li* ions. Because of the
small radius of Li* (90 pm, CN = 6),°” Li* can enter the interstitial i
sites of CeAl,; O g crystal lattice.”® The crystal structure of CeAl;;O,g 5.550 . L . L . L
shows there is large space at the location of Ce* sites in the mirror 0.00 0.03 . 0.06 . 0.09
plane as seen in Figure 1. It reveals some degree of tolerance for Eu-Li concentration
Eu-Li codoping, although Eu** (131 pm, CN = 6) has larger radius
than Ce** ions (115 pm, CN = 6) compensated by Li* codoping. So Figure 16. Lattice parameters with the increase of Eu-Li doping.
the crystal structure and lattice parameters are kept stable after Eu-Li
codoping. 6000
Figure 17 shows the excitation and emission spectra of the pow- /\ | Ce Euli
| i u Li Al O
ders with composition of Ce;(EuyLixAl;;Og with different dopant — 009 17 7x X 1118
contents X. under excitation at 260 nm, the emission intensity of UV o s
band is found to decrease, whereas the intensity of the blue band in- 1
creases with increasing Eu-Li doping content. The UV emission finally 4000 +
disappears and blue emission reaches a maximum at x = 0.03, and = 1o.
then decreases with further increasing Eu-Li doping content, which 2 3000 -
is mainly attributed to energy reabsorption among the nearest Eu®* i)
or Ce** ions. From the emission spectrum of 3% Eu-Li doping, the = 2000 4
CIE chromaticity coordinate is determined to be (0.162, 0.172), corre-
sponding to a blue emission. The excitation spectra show no obvious 1
change in shape between CeAl;; O3 and Eu-Li codoped CeAl;; O3 1000
phosphors. The observed variations in the emission intensities and un- 1
changed shape in excitation spectra of Ce; cEuLi;Al;; O3 phosphors i —
strongly indicate the energy transfer from the Ce** to Eu**. So the 300 350 400 450 500 550 600
total observed blue emission should come from two parts: 1. Ce-Opge
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20 Figure 17. Excitation and emission spectra of the powders with composition
of CejxEuxLixAl11013. The excitation wavelength is 260 nm for emission
Figure 15. XRD patterns of Ce|.xEuxLixAlj1013.x.X ranges from 0 to 0.10. spectra. The monitored emission wavelength is 450 nm for excitation spectra.
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associates discussed before. 2. 4f ©5d' — 4f7 transition of Eu?* ions,
which are overlapping together.

To explain the strong blue emission intensity intuitively, Eu-Li
codoped phosphor (x = 0.03) is used to compare with commercial
BAM: Eu?* phosphor (Guangzhou Research Institute of Nonferrous
Metals, China). The absolute emission intensity of Eu-Li codoped
phosphor (x = 0.03) reaches 60% relative to that of well-known
BAM: Eu®* phosphor. It is worth mentioning that the quantum ef-
ficiency of 3% Eu-Li codoped phosphor could be further increased
by doping other metal ions and optimization of its crystallinity and
morphology, making it a promising blue-emitting phosphor for use in
display equipments.

Conclusions

The synthesis, structure and luminescence properties of Si-N or
Eu-Li codoped CeAl;; 0,5 phosphors are investigated carefully.

For Si-N doped CeAl;; 0,3, Si-N doping can be successfully dis-
solved into CeAl,;; O3, which is proved by the shrinkage of crystal
lattice due to the shorter bond length for Si-N bond versus Al-O bond.
Because Si-N doping leads to the disappearance of Oy ions, blue
Ce** emission gradually decreases and UV Ce** emission becomes
stronger with the increase of Si-N doping in CeAl;; O3 crystal lattice.
Compared with the traditional UV-emitting phosphor CeMgAl;; 05,
Si-N doped CeAl;;O;5 shows less thermal quenching.

For Eu-Li doped CeAl;; O3, a single blue-emitting phosphor can
be obtained by Eu-Li codoping because of the energy transfer from
Ce** (UV emission) to Eu?*. The emission intensity of Eu-Li codoped
phosphor (x = 0.03) reaches 60% of commercial BAM: Eu** phos-
phor, making it a potential candidate in display devices after optimiza-
tion of its luminescence properties.
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