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Synthesis and luminescence properties of composite CaAl,0,-2CaAl,O; : Re™*
(Re** = Tb*", Sm*") phosphors for application white LEDs

Hongjun Dong*
Department of Chemistry, Bai Cheng Normal College, Bai Cheng, 137000, China

Composite CaAL,0,-2CaALO; : Re’" (Re* = Tb**, Sm*") phosphors were prepared by the SPCS technique, which were studied
via XRD, SEM, FT-IR spectra and luminescent spectra. The results show that the crystal lattice structure of them needs slight
distortion to improve luminescence properties. They exhibit wider near-UV excitation band around 380 nm. Upon exciting with
380 nm, CaAL,O;-2CaAlLO, : Tb** shows a strong green-light at 548 nm corresponding to a SD; — "F; transition of Tb*" ions,
and CaALO,-2CaAl,0, : Sm*" presents strong red-light at 604 nm corresponding to a *Gs, — °H;, transition of Sm®" ions. The
product fired at 900 °C exhibit high quality crystallinity and with a size of that is approximately 1-3 pm. All the above
characteristics of the products are beneficial for phosphors for white LEDs.
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Introduction and are widely applied because of their high quantum

efficiency, good stability, high quenching temperature,

Electric lamps, color TVs and medical imaging etc have anti-radiation, being of low cost, pollution-free, nontoxic
been widely used from the mid-20th century. Since high etc. [9]. TH*" or Sm>* doped composite calcium aluminate
power output blue indium gallium nitride (GaInN) light- phosphors have rarely been investigated, are usually prepared

emitting diodes (LEDs) were reported by Nakamura and by a traditional solid-state reactive method, whose synthesis
co-workers [1-2], white LEDs have been developed rapidly. temperature is high. Additionally, the products display

After nitride and phosphide LEDs gave line three primary larger particle sizes and more serious agglomeration, and
colors of light, the study of white LEDs has surpassed that require taking a long time to crush in order to adapt to the
of incandescent and fluorescent lamps, due to the advantages requirements applying to white LEDs. On the other hand,
of high brightness, high reliability, low electric consumption, the crystal shapes of the phosphor particles are seriously
long lifetime and environmentally friendly characteristics damaged and the luminescent intensity obviously reduced.
[3-6]. For these reasons, a focus of investigation has become Whereas, the self-propagating combustion synthesis (SPCS)
exploring the preparation of superior phosphors meeting technique possesses a fast reaction, at a low temperature,
the requirements for wide application of white LEDs. The saving energy etc. giving evident advantages [10-12].
appropriate phosphors for near-UV white LEDs must show In particular, the products present loose powders, with
a stronger and broader absorption band around 400 nm. small particle sizes, large specific surface areas, effective
It is well known that Tb** and Sm®* ions present stronger crystallization and easy crushings. It has been proved that
absorption around 380 nm. When the host compound is the SPCS technique is regarded as one of the most promising
doped by rare earth ions, the sublattice structure around synthesis methods. In this paper, we report the luminescence
luminescent center ions will be somewhat distorted. Con- properties of Tb*>" or Sm** doped composite CaAl,O,-

sequently, the spectral lines of rare earth ions are expected 2CaAl4O; prepared by the SPCS technique.
to be broadened. Recently, most attention mainly concen-

trates on red Y-,0,S : Ew’* and green ZnS : Cu”/Al’* pho- Experimental

sphors etc. However, the efficiency and lifetime of the

traditionally applied Y-O,S : Eu** phosphor is much lower AIINO;);9H,0(15.0054g, A.R.), Ca(NO;),-4H,02.7771g,
compared to that of the green and blue phosphors. In AR)), Tbs07(0.0299¢, 99.9%) and Sm,05(0.0279g, 99.9%)
addition, sulfide phosphors are unstable and are accompanied were exactly weighted. Tb;O; or SmyO; was put in 250 ml
with the released of harmful sulfide gas [7-8]. beaker and dissolved using a little concentrated HNO;(A.R.),

Aluminates are good candidate as phosphor host materials then adding AI(NO;);-9H,0, Ca(NO;),-4H,0, CO(NH,),
(A.R.) were added and the appropriate amount of distilled

*Corresponding author: water. The solution was stirred and heated until the solution
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minutes, the solution boiled and underwent dehydration,
decomposition, with swelling and frothing, following
combustion. This combustion process resulted in ruptured
foams with a flame and glowed to incandescence. A foamy,
voluminous and amorphous precursor was obtained after
five minutes. The precursor was later transferred into a
corundum crucible and calcined in a muffle furnace at
900 for 6h. A white product was obtained.

The X-ray powder diffraction (XRD) patterns of the
products were carried out with a Rigaku Dmax-2200
powder diffractometer (Cu K = 1.54056 x 107'° m, scan-
ning speed 6°/minute, scanning 20 range 3-80° with steps
of 0.02°). Fourier transform infrared (FT-IR) absorption
spectra were recorded on a Nicolet 360 FT-IR spectrometer
using KBr pellets in the range of 4000-400 cm™'. The
scanning electron microscopy (SEM) was performed on a
Hitachi S-3000N. Excitation and emission spectra were
measured by a Hitachi F4500 fluorospectrophotometer (EX
slit 2.5nm/EM slit 2.5 nm, scanning speed 12000 nm/
minute). All the measurements were performed at room
temperature.

Results and Discussion

Fig. 1 shows the XRD pattern of the CaAl,O4-2CaALO;:
Tb** phosphor, which presents that two types X-ray
diffraction peaks of aluminate crystal phases that are CaAl,O,
and CaAl,O;. the diffraction intensities of CaAl,O; peaks
(the peaks are marked using the symbol ¥') are stronger
than from CaAlL Oy (the peaks marked using the symbol 4 ),
which indicates that raw material produced were CaAl,O;
with a quantity of CaAl,O,. However, the relative intensity
of the main diffraction peaks from them show on evident
change, which indicates that crystal lattice becomes distorted
when Ca** ions are non-equivalently replaced by Tb** doped
into CaAl,04-2CaAl,0;, This will affect the crystal field
at the Ca”" sites, consequently, cause a change of luminescent
properties. FT-IR spectra of CaAl,0,-2CaAl,O; : Tb**
and CaAl,0,-2CaAl,0; : Sm*" phosphors are displayed
in Fig. 2. We believe that the structure of CaAl,Oy-
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Fig. 1. XRD pattern of the CaAl,0,-2CaAl,0; : Tb** phosphor.
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Fig. 2. FT-IR spectra of the CaAl,0,-2CaAl;0; : Tb*" and the
CaAl,04-2CaAl,0; : Sm*" phosphors.
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2CaAl,0; : Sm* is similar to CaAl,04-2CaAl,0; : Tb**
due to the similar FT-IR spectra of them, although a XRD
of CaALO,-2CaAl0; : Sm* is not measured. The absor-
ption bands around 1550 cm™ and 3450 cm™ belong to
vibration absorption from CO;*~ and OH™ groups, respec-
tively, because of the CO, and H,O existing in the air.
Fig. 3 shows the excitation and emission spectra of the
CaAlL042CaAl0; : TH** phosphor. The excitation spectrum
was obtained by monitoring the D4 — ’Fs transition of
Tb*" ions (scanning wavelength 548 nm), whose excitation
peaks that are located in the 200-300 nm result from the
well-known 4f*-4f75d" transition absorption of Tb*" ions.
This is easily excited by a lower energy because 41’ possesses
a stable half-filled electronic configuration. According to
the Reisfeld and Jergensen investigation, The "D energy
level of 4f” — 5d' configuration displays more obvious
coulomb exchange interaction than the °D of that. Thereby,
the transition absorption of "F¢(4f*) — "D(4f'5d") is relatively
located in the higher energy region by contrast with
"Fe(4f*) — °D(4175d") [13]. The excitation peak at 250 nm
maybe comes from "F¢ — "D, correspondingly, that at
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Fig. 3. Excitation and emission spectrum of the CaALO,-2CaAl,O; :
Tb** phosphor.
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288 nm maybe comes from 'F¢ — °D. This phenomenon
is similar to the excitation characteristics of Tb** ions in the
zeolite. Another three excitation peaks in the 300-400 nm
near-UV excitation region relate to the 4f-4f transition
absorption of Tb*" ions, which respectively are attributed
to 7F6 - 5D(), 7F6 —> 5L10 and 7F6 —> SLQ at 320 nm, 358 nm
and 376 nm. The emission spectrum of CaAl,Oy4-
2CaAl,0;: Tb*" is excited by 380 nm wavelength irradiation.
In general, the common linearly characteristic spectra
of the Tb*" doped phosphors are only displayed [14-15],
while the emission spectrum of Tb** ions is broadened in
Fig. 3. The emission peaks are attributed to 4f-4f transition
of Tb** jons, which respectively correspond to °D; — 'F,,
5D3 —> 7F3, 5D4 —> 7F6, 5D4 —> 7F5, 5D4 —> 7F4 and 5D4 - 7F3
at 445 nm, 466 nm, (496 nm, 511 nm), 548 nm, (586,
594 nm) and (618, 624 nm). It is well known that the
luminescent spectra of trivalent lanthanide ions in crystals
mainly come from two types of electronic transitions that
are the 4f-4f and 5d-4f transitions. The former generally
shows sharp emission lines, while the latter have a broad
band character. In order to eliminate forbidden parity,
electronic configurations that are mixed with the opposite
parity energy levels are not a charge transfer state (CTS)
but the lower self-energy 4f7 — 5d' levels, so the 4f-4f
transition are broadened. In addition, the D, — "Fy electric
dipole transition of Tb*" ions is less sensitively affected
by ligand environments than the Dy — 'F, of Eu’* [16].
Therefore, a magnetic dipole transition D4 — 'Fs of Tb**
is strongest at 548 nm. The CaAl,0,-2CaAl,O;: Tb*
phosphor emits green-light under 380 nm near-UV irradia-
tion. The D; — 7F, and °D; — F, transition emissions
originating from higher excited states are observed, which
indicates that the usual cross relaxation effect (°D; +’Fs —
D, + Fs) is not complete.

As can be seen from the emission spectrum of the
CaAl,04-2CaAl,0; : Sm*" phosphor that is excited by
380 nm irradiation in Fig. 4, there is a broad band emission
at 493 nm, besides the four emission peaks arising from
the 4f-4f transition of Sm*" ions that respectively are
attributed to 4G5/2 e 6H5/2, 4G5/2 - 6H7/2, 4G5/2 - 6Hg/z and
4Gsp — °H, 1 at 568 nm, 604 nm, 654 nm and 713 nm.
The emission intensity of the *Gs, — *Hy, transition is
strongest, so the CaAl,0,-2CaAl,O;: Sm** phosphor emits
red-light under near-UV irradiation. In general, the symmetry
of luminescent centers in a crystal lattice is determined
by the relative strength of the electric dipole transition
and magnetic dipole transition. May and co-workers believe
that the *Gs;, — ®Hs), transition is due to its predominant
magnetic dipole character. On the other hand, the *‘Gs, —
SH,, transition principally presents an electric dipole
character, although a magnetic dipole transition is allowed.
However, the hypersensitive *Gs, — ®Hy,, transition is
forbidden by the magnetic dipole, in contrast, allowed by
a forced electric dipole [17]. The *Gs, — °Hyp, transition
occurring in the emission peaks indicates that the symmetry
of the CaAL,O,-2CaAl,0; : Sm*" structure is lower. Namely,
a portion of the Sm®* jons are located at a non-symmetric
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Fig. 4. Excitation and emission spectrum of the CaAl,O,-2CaAl,O; :
Sm>* phosphor.

centered lattice. Tamura reports that Sm** ions, if mainly
occupy a non-symmetric centered lattice, produce a typical
emission around 650 nm, by contrast, if they mainly
occupy a symmetric centered lattice, produce a typical
emission around 602 nm [18]. The *Gs;, — ®H, transition
is stronger than the *Gs, — ®Hy,, which indicates that Sm**
ions mainly occupy a symmetric centered lattice in CaAl,O,-
2CaAlLO;: Sm**. The excitation spectra of CaAl,Oy-
2CaAl,0; : Sm** which is measured by monitoring the
*Gs;, — ®*Hy, transition of Tb*" ions (wavelength of irradia-
tion 604 nm), whose strongest excitation peak at 380 nm
originates from the 4f-4f (*Hs;, = ‘D, or *Hs;, — °Pyp0)
transition absorption of Sm®" ions. The relatively weaker
excitation peak at 285 nm maybe results from the charge
transfer state (CTS) of Sm>"-O*".

In the application of phosphors for white LEDs, the
size distribution and shape of the particles are very important.
Fig. 5 presents the size and morphology of the green
CaA1204—2CaA1407 . Tb3+ and the red CaA1204—2CaA1407:

Fig. 5. SEM micrographs of CaAl,04-2CaAl,O; : Re**(Re =Tb
Sm) a: CaAle4 2C3A1407 Tb}Jr b: CaA1204-2CaAl4O7 SI’I'13Jr
¢ : CaAl,04-2CaAl,0; : Tb* (higher magnification), d : CaALO;,-
2CaAl,0; : Sm*" (higher magnification).
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Sm®" phosphors. Both CaAl,0,-2CaAl,O;: Tb* Fig. 5(a)
and CaAl,0,-2CaAl,O; : Sm** Fig. 5(b) show that the
products present have an irregular bulky shape distribution
and are slightly agglomerated, which are due to calcination
of the precursors at 900 °C. Correspondingly, both CaAl,O,-
2CaAl,0; : Tb*" Fig. 5(c) and CaAl,04-2CaAl,0;: Sm**
Fig. 5(d) show the product surfaces are smooth, dense,
with high crystallinity and present a honeycomb shape.
The particles adhere to each other to give approximate
ellipsoidal particles. A lot of gases are released in the SPCS
process due to the burning of urea, which holds back
formation of the massive products. So crystal nuclei grow
along the directions for the formation of the smooth spherical
shape containing low surface energies [19]. This investigation
indicates that spherical surfaces contribute to enhancing
the luminescent intensity. The products fired at 900 °C
exhibit high quality crystallinity and a size approximately
is 1-3 um, which are suitable for the requirements of
phosphors for white LEDs.

Conclusions

Composite CaAl,0,-2CaAl0;: Re** (Re*" = Tb*", Sm*")
phosphors were prepared for the first time by the SPCS
technique. The synthesis temperature was decreased
significantly compared to the conventional solid-state reactive
method (starting oxides CaO and Al,Os). A small quantity
of dopant Tb*" or Sm** ions give a slight distortion to the
crystal lattice structure of CaAl,0,-2CaAl,O;. The products
show the particle sizes of approximately 1-3 pm dimension
and high quality crystallinity. The composite CaAl,Oy4-
2CaAl,05 is a good type of candidate as a host material.
The luminescence properties of them indicate that they
possess a wilder near-UV excitation band around 380 nm
and emit green-light and red-light under near-UV irradiation.
All the above mentioned results are beneficial to the
requirements of the phosphors for white LEDs.

Acknowledgements

It was supported by “Eleventh Five-Year” plans science

and technology research projects of Jilin Provincial Office of
Education (2008-225, 2008-383), and Youth Science
Foundation of the Bai Cheng Normal College (2007-04).

References

1. S. Nakamura, M. Senoh and T. Mukai, Appl. Phys. Lett.
62 (1993) 2390-2392.
2. S. Nakamura, M. Senoh T. Mukai, Appl. Phys. Lett. 76
(1994) 8189-8191.
3. S. Aanegola, J. Petroski AND E. Radkov, SPIE 10 (2003) 16.
4. JXK. Sheu, S.T. Chang, C.H. Kuo, Y.K. Su, L.W. Wu, Y.C. Lin,
W.C. Lai, J.M. Tsai, GC. Chi and R.K. Wu, IEEE Photonics
Technol. Lett. 15 (2003) 18-20.
5. T. Nishida, T. Ban and N. Kobayashi, Appl. Phys. Lett. 82
(2003) 3817-3819.
6. H.S. Jang and D.Y. Jeon, Appl. Phys. Lett. 90 (2007)
041906-041908.
7. S. Neeraj, N. Kijima and A.K. Cheetham, Chem. Phys. Lett.
387 (2004) 2-6.
8. T.R.N. Kutty and A. Nag, J. Mater. Chem. 13 (2003) 2271-
2278.
9. F.C. Palilla, A.K. Levine and M.R. Tomkus, Journal of the
Electrochemical Society 115 (1968) 642-644.
10. A.Y. Zhang, M.K. Lt and Z.F. Qiu, Materials Chemistry
and Physics 109 (2008) 105-108.
11. M.A. Kale, C.P. Joshi, S.V. Moharil, P.L. Muthal and S.M.
Dhopte, Journal of Luminescence 128 (2008) 1225-1228.
12. Vijay Singh, R.P.S. Chakradhar, J.L. Rao and D.-K. Kim,
Solid State Sciences 10 (2008) 1525-1532.
13. R. Reisfeld and C.K. Jorgensen, Lasers and Excited States
of Rare Earths. , Springer, Berlin (1977).
14. Z.Y. Zhang, YH. Zhang, X.L. Li and L.J. Shen, Spectroscopy
and Spectral Analysis 28 (2008) 1737-1741.
15. GH. Wy, R. Chen and Q.Y. Zhang, Spectroscopy and Spectral
Analysis 20 (2000) 560-563.
16. J.Y. Sun, H.Y. Du and W.X. Hu, in “Solid Luminescent
Materials” (Chemical Industry Press, 2004) p. 240.
17. PS. May, D.H. Metcalf, F.S. Richardson, R.C. Carter and
C.E. Miller, J. Lumin. 51 (1992) 249-268.
18. Y. Tamure, Shibuawa, Jpn. J. Appl. Phys., 32 (1993),
3187-3196.
19. Y.C. Kang, I.W. Lenggoro, S.B. Park and K. Okuyama,
Mater. Res. Bull. 35 (2000) 789-798.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


