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Abstract

New green emitting phosphors based on SrBR@h high brightness are prepared via solid-state reactions at high temperatures in
reducing atmosphere. SrBP@oped with trivalent terbium ions emit weakly in blue and orange light region and strongly in green light
region on excitation at 220 nm. The blue and green-orange emissions are ascfibgdtdF, and®D, — ’F; (whereJ=3-6) transitions
of Tb® ions, respectively. The co-doping of €eand TE* in SIBPG phosphors results in strong emission fron?Tions on excitation
in the UV region corresponding to excitation bands of'Ciens. The enhanced luminescence observed By 0:Nay ¢sBPOs and
Sio.89Th0.0:C&.05Nag 0sBP Qs phosphors is understood as due to a reduction in the non-radiative energy trapgé€boaiCey 0sNay.0sBPOs
synthesized in reducing atmosphere show nearly two-order enhancement in emission intensity of 542 nm peak on excitation at 254 nm as
compared with the intensity of 542 nm emission ig.¢af b 0:BPGs. These results suggest the possibility of the potential of SgBfe@ated
phosphors in tri-color lamps.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction green emission in lamp®]. The phosphor materials such
as LaOBr:TB*, Ln,0,S: T (where Ln=Gd, La, and Y)
Since the introduction of tricolor fluorescent lamps based and YzAl501,:Th®* are utilized in X-ray imaging and cath-
on rare earth ions, the research in the field of lumines- ode ray tubg3,4]. Terbium doped matrices such as zirco-
cence applications has been focused on developing newnium pyrophosphate, lanthanum borophosphate, gadolinium
phosphors using rare earth ions. The newly developed de-oxybromide, zinc silicate, calcium aluminate and vaterite,
vices, such as plasma display panels and field emission dis-have lately been investigated for their spectroscopic proper-
plays, also demand phosphors with improved properties. ties[5-11].
These displays require phosphors having good luminescence Strontium borate phosphate (SrB§)having a crystal
yield, small particles, and uniform spherical morphol¢ijy structure corresponding to mineral stillwellite has been in-
Trivalent terbium ions based phosphors play an important vestigated in detail in recent years. The effects of doping
role in the field of illumination and displays in view of its Ew?* and Cé&" ions on the luminescent properties are re-

sharp green emission at around 545nm. LaP%SiOs, ported in literaturg12—14] In the present work, luminescent
CeMgAl;1019, and GAMgRO1g are certain well-established  properties of TB*, Ce** and N& doped SrBP@are investi-
phosphors based on energy transfer froni*Ge Tb®* for gated. The photoluminescence investigations are performed

to explore the luminescence and energy transfer character-
- istics of the doped ions in the host matrix. The observation
* Corresponding author. Tel.: +886 2 23651428; fax: +886 2 23623040. of intense areen luminescence from Srwgﬁ Ccé* and
E-mail addresschlu@ccms.ntu.edu.tw (C.-H. Lu). g ) ’

1 Permanent address: Radiochemistry Division, BARC, Mumbai 400085, Na" on 254 nm excitation suggests a possibility of applying
India. the newly developed phosphors to tri-color lamps.

0254-0584/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.matchemphys.2005.04.011



74 C.-H. Lu et al. / Materials Chemistry and Physics 94 (2005) 73-77

2. Experimental = SIBPO,

SrBPG-based phosphors were prepared via the
solid-state reactions at high temperatures. For synthe-
sizing Sb.o9Tho 01BPGs, reagent-grade SrGO ThyOy,
(NH4)2HPOy, and HBOs were thoroughly mixed by (a)
grinding. To investigate the effects of energy transfer . -
and co-doping on the luminescent properties,” Nand
Ce** ions were also incorporated with tons in the
host matrix. NaHPO; and CeQ@ were added along
with other ingredients during grinding stage to obtain
Sio.94Tbo.01Nag 0sBPG5,  Sip.94Thp 01Ce&n.0sBPG;,  and
Sio.89Tbo.01Cen.05Nag.0sBPQs. During the synthesis of
Sr_(x+y+2) ThCgNa,BPQ; (where x=0.01,y=0 or 0.05 .
and z=0 or 0.05), corresponding mixtures were initially d) = 1 . "
heated at 400C for 2h in air, followed by thoroughly
regrinding for 30 min before heating at higher tempera- 10 15 20 25 30 35 40 a5 50 55
tures. The 400C-heated mixtures of $pglbg 01BPGs, 20
Sip.05Cey 05sBP s, and S.94T b 01C ey 0sBPG; were heated )
at 1000°C for 4 h. For synthesizing §64Tbg.01Nag 0sBPOs '(:;?r) %B)X?gocrr():a-ﬁizz d Oéfgffgolojggigﬁzed(ai3’;99(1?0"355%

and  Sp.gaTho.01Ce 0N 0sBPC5, the 400°C-heated  heated  SyoiThooiNaooBPOs  (aif), and  (d) 900C-heated
mixtures were further heated at 900 for 4 h. As for the Sro.89Tho 01Cen 05Nag,0sBPOs (air).

reducing treatment, the samples prepared in air were further
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3. Results and discussion 4000 |-
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3.1. Luminescent characteristics of3hions in SIBP@ 3000 -

Fig. 1illustrates the XRD patterns for 100CQ-heated 2000__
Sio.99Th0.01BPOs (curve a) and Srg4Tho.01Cen.0sBPGs 1000
(curve b), and 900C-heated S¥94Tbg.01Nag.0sBPOs (curve L
c) and Sg.goT bg.01Cen.05N&p.0sBPG; (curve d). All of the 0
above samples were heated in air. The above XRD patterns 350 400 450 500 850 600 650
are similar to that reported for the compound strontium bo- Wavelength (nm)
rate phosphate (ICDD file N0.18-1270), indicating the for-
mation of the stillwellite phase. They could be indexed to Fig. 2. Emission spectraxcitation= 220 nm) of (a) S§.94Tbo.01Na0.0sBPOs
a hexagonal space group. In the case @fo§Fbg 01BPOs, heated at 900C in air and (b) S§.99Tbp.01BPOs heated at1000C in air.
the unit cell parameters obtained areb=0.68119 nm and
¢=0.67696 nm. Further heating these samples at’ @0id 618 nm, respectiveljl6]. Owing to the crystal field splitting
the reducing atmosphere did not result in any change in theof the levels into several sublevels, the observed spectra are
XRD patterns. complicated in appearance. The emission intensity of 542 nm

Fig. 2illustrates the emission spectiafcitation.= 220 nm) peak corresponding f4 — ’Fs transition shows a two-fold
for 900°C-heated S94Tbp0i1NapsBPG; (curve a) and increase in S 94Tbp.01N&g.0sBPG; in comparison with that
1000°C-heated Syg99Tbg 01BPOs (curve b) prepared in air.  of Srg.g9Thg.01BPCs.

The emission spectra show weak blue emission in the region  Fig. 3illustrates the excitation specttesission= 542 hm)

of 380—-450 nm and strong green emission in 475-630 nm.for 900°C-heated Sy94Tbo 01N&g 0sBPG; (curve a) and
The emission peaks at 385, 417 and 438 nm are due to transi11000°C-heated Sy99Tho 01BPG; (curve b) prepared in air.
tions from excited levelD3 to ’Fg, 'F5, and’F4 levels of TB™* Theinsetin the figure reveals weak excitation peaks observed
ions, respectively. The emission peaks ditExp— Fg, 'Fs, for these phosphors in the wavelength range of 250-400 nm.
’F4, andF3 transitions are observed at 492, 542, 582 and A strong excitation peak at 220 nm along with a number

T
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Fig. 3. Excitation spectra.tmission= 542 nm) of (&) S4.94Tbp 01Nap 0sBP G5
heated at 900C in air and (b) S#.99Tbp 01BPGs; heated at 1000C in air.
The inset: enlarged excitation spectra at 250-400 nm.

Fig. 4. Excitation spectra Afmission=330nm) of (a) 900C-heated
SrggTh01CegsNag 0sBPG;  (reducing  atmosphere), (b) 900-
heated Sy94Tbp.01Ce&.0sBPOs (reducing atmosphere), (c) 900-
heated SygoThp 01Cen.0sNag.0sBPG; (air), and (d) 1000C-heated
of comparatively weak excitation peaks in the wavelength S ¢4Tbg 01Ce.0sBPOs (air).

range of 280—-380 nm are observed. The relatively strong ex-

citation band at 220 nm can be attributed t8 4f 4f'5d

transition[15]. The weak excitations shown in the inset are emission with peaks at 330 and 350 nm upon excitation at
due to various excited states of 3tions belonging to 4f 295 nm.

electronic configuration, including ttD3 excited state at

380 nm. The excitation spectra also reveal a similar degree of3 3 Energy transfer from G& ions to TB* ions in
enhancementin the intensity, as a result of co-dopingeva SIBPG;

Th3* ions in Spg4Tho 01Nag 0sBPGs. Introduction of C&*

or Tb®" ions without the coexistence of charge compensat- Fig. 4 illustrates the excitation spectra for ¥e

ing ions requires the formation of cation vacancies. More- jons for Aemission=330 M in 900C-heated SyssTbo o1
over, heating in air produces oxygen vacancies as well. It is cq) ,-Nay 0sBPO; and 1000 C-heated S¥94Tbo.01Ce.05
probable that the starting material with the composition of gpo; samples prepared in the reducing atmosphere (curves
Sto.94Tbo.01Na0,0sBPCs can lead to §9gTho.01Na0.02BPCs a and b) and in air (curves ¢ and d). For the samples pre-
formation with excess Na, Band P either volatilized or present pared in air, the excitation peaks are observed at 295, 275
as a minor phase that undetected by XRD. In that case,and 260 nm with the former two peaks comparable in inten-
the observed enhancement in the*Tkemission can be at- ity while, the excitation peak at 260 nm is relatively weak.
tributed to the charge compensation by'Nans that allevi-  The excitation spectra for the samples prepared in the reduc-
ates the need for formation of defects. These defects, suchng atmosphere (curve a and b) show strong intensities. The
as cation vacancies and oxygen vacancies, are expected ipositions of the excitation peaks of these samples are nearly
the case of $r99Tho.01BPO; samples which usually lead to the same. Among three excitation peaks illustrated in curves

non-radiative energy losses. aand b, the one at 275 nm is the most intense, while those at
260 and 295 nm appear as shoulders to the peak at 275 nm.
3.2. Luminescent characteristics ofCédons in STBPQ The emission intensities of &eions in the samples heated

in the reducing atmosphere are noted to increase, suggesting
The luminescent characteristics of éons are known nearly complete reduction of ¢eions to Cé* ions.

to depend upon whether the charge compensatory vacancy Fig. 5shows the excitation spectra of Fions at 542 nm

is associated with CG& ions in the cases of similar alio- emission in different phosphors. The excitation peaks in the
valent substitution[17,18] Our earlier investigations on  240-380 nm region are relatively weak for 10@heated
Sip.95Ce 0sBPOs have revealed that Geions situated at Srp.09Tbp.01BPGs prepared in air (curve e). For the other sam-
Sr?* sites with no associated vacancy show a broad emis-ples co-doped with G& ions, additional strong excitation
sion peak at 317 nm with a shoulder around 330 nm upon peaks occur in the region of 240-320 nm. Additional excita-
275 nm excitatio19]. On the other hand, G&ions substi- tion peaks at 275 and 295 nm are observed for@deated
tuting at Sf* sites with associated vacancy show red shifted Srg ggTho.01Cen.0sNao.0sBP G5 (curve ¢) and 1000C-heated
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Fig. 5. Excitation spectra Afmission=542nm) of (a) 900C-heated
Sro.89Tbo.01C& 05Nap 0sBPGs  (reducing  atmosphere), (b) 900-
heated Sy94Tbp.01Ce.0sBPOs (reducing atmosphere), (c) 900-
heated Sg9Thp 01Cen.0sNag0sBPG;  (air), (d) 1000 C-heated
S19.94Tbp.01Ce& . 0sBP G5 (air), and (e) 1000C-heated SygoThp.01BPCs
(air).

Sio.94Tbo.01Cen.0sBPOs (curve d) prepared in air as a result of
co-doping with cerium ions. These peaks, observed féf Th

emission, correspond to the excitation bands o¥'dens

6000

5000 —

4000

3000

2000

Intensity

1000 —

0 =
150 -~ -

120 - ""‘..‘ o
90 s
60 - =

ﬁ
-2'9
>
o
8.
1l
g
>
3

0y
~—n
—_ ~————
-
.-
.

e

P
e MW b ¥ " e
EAEPLN st

e N

.
SN et

E I L | L | L |
450 475 500 525 550 575 600

Wavelength (nm)

Neo .- -
| TR e vem e

Fig. 6. Emission Spectra Afxcitation=254 nm) of (a) 900C-heated
S1o.89Tho.01C& 05Nap 0sBPGs (reducing atmosphere), (b) 900-heated
S1.94Thp.01C& 0sBPOs  (reducing atmosphere), (c) 1000-heated
Sr0.94Tb0.01CQ)'05BPO5 (air), and (d) 1000C-heated ijggTboloj_BPO_;
(air).

and Sp.g9Thp.01BPO; prepared in air are shown in curves
¢ and d, respectively. Upon excitation at 254nm, the
green emission at 542nm increases by nearly 100-fold
in Sry.94aTbo.01Cey 0sBPOs (curve b) and 170 folds in

[19]. This observation clearly indicates the energy transfer Sy, ggThg 91Cen.0sNag.0sBPCs (curve a) in comparison with

amongst these ions.

Si9.99Thp.01BPG; (curve d) prepared in air. The inten-

For the samples prepared in the reducing atmospheresity of the emission peak of Pb ions at 542nm in
shift in peak positions and changes and increase in relativeSy, ggThg 01Cey.0sNap.0sBPG5 phosphor prepared in the re-
excitation intensities are observed. Intense excitation peaksducing atmosphere was compared with that of the commercial

are found at 260 and 280 nm forgSuTbg 01Cey 0sBPCs

green phosphor LaP@Cce**, Tb®* (Nichia, Japan), and the

(curve b) prepared in the reducing atmosphere. Theserelative luminescence yield was found to be about 10%.

correspond to the Gé& excitation peaks. However, for
Sio.89Tbo.01Cen.05Nag.0sBPGs (curve a) prepared in the re-
ducing atmosphere, peaks due to3’Cabsorption are ob-

Asiillustrated inFigs. 2 and 6the incorporation of sodium
ions as co-dopants in the respective sample does not lead to
changes in emission wavelengths; however, increased lumi-

served at 285 and 265 nm. This shift can be explained by thenescence of TH and Cét* ions is observed. The enhance-

changed crystal field environment of €éons because of the
co-doping of smaller Naions in SrBP@. The peak shifts

ment in luminescence can arise due to several reasons such
as energy transfer, decreased formation of charge compen-

and change in relative intensities of the excitation peaks in sating cation Vacancies/oxygen vacancies due toittaco-
curves ¢ and d are presumably due to the contribution from doping, and increased concentration of emitting ions. The
Ce** ions occupying sites with and without charge compen- monovalent sodium ions cannot involve directly in the en-

sating cation/oxygen vacancies in varying proportion.

3.4. Effects of co-doping of Ndons on the luminescent
properties

ergy transfer process, since their closed shell configuration
cannot have matching energy levels with those ot*Tand

Ce** ions. An increase in luminescence intensity ofCe
ions due to co-doping of monovalent lithium ions has been
reported in lanthanum phosphate and is ascribed to the en-

The emission spectra for the prepared samples uponergy transfer from C¥ to Ce* ions facilitated by co-doping
excitation at 254nm were recorded for the interest in of Li* ions[20]. The preparation of the phosphors in the

mercury-based fluorescent lamps and are showridn 6.

reducing atmosphere result in reduction of*Cand Ti*

Curves a and b illustrate the emission spectra obtained forions to C&* and TB" ions, respectively. Since ¢&ions

Sro.89Tbo.01Cen.05Nag.0sBPCG5 and Sp.94T0p.01Cen 0sBPOs

are expected to be absent inggsTbp 01Ce& 0sBPOs and

heated at 900C in the reducing atmosphere, respec- Sry.gglbp.01Ce.05Nay.0sBPOs prepared in the reducing at-

tively. The emission spectra for §&44Tbg.01Cen 0sBPGs

mosphere, the observed luminescence enhancement cannot
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be attributed to the energy transfer from*€@ns. Further-  inair. Itisrevealed that SrBP{related phosphors exhibiten-
more, similar luminescence enhancement with co-doping of hanced luminescence and can be utilized as green phosphors
Na' ions has been reported in CagBu?*, wherein this has  in tricolor lamps.
been attributed to the decreased concentration of vacancies
[21].
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