Luminescence of CaS:Bi Bull. Korean Chem.. 3669 Vol. 20, No. 3 337
Luminescence of CaS:Bi
Chang-Hong Kim,* Chong-Hong Pyun, Han Choi} and Sung-Jin Kim'

Division of Applied Science, Korea Institute of Science and Technology, Seoul 136-791, Korea
'Department of Chemistry, Ewha Womans University, Seoul 120-750, Korea
Received July 20, 1998

Luminescence of bismuth activated CaS, CaS:Bi, prepared in sodium polysulfide is studied. Excitation spec-
trum of CaS:Bi shows a band at 350 nm due to the recombination process between hdlgs iardeelec-

trons in conduction bands, in addition to bands at 260 nm from band gap of CaS, and at'S20.ff ) and

at 420 nmiS, - 3Py) from electronic energy transitions of Bi. Emission band at 450 nm iSRpm 1S, tran-

sition of BP*, bands at 500 nm and 580 nm correspond to recombinations of electron domafs &Bid \52)

with acceptors (¥.2* and Nac£*). Emission band 0P, - 1S, transition is shifted to longer wavelength from
CaS:Bi to BaS:Bi, due to the increase of the Stokes shift by the decrease of the crystal field parameter from
CaS:Bi to BaS:Bi.

Introduction vacancies in the CaS:Bi system. We could also observe
Stokes shift in the emission band ofBby changing the
Bismuth activated CaS, CaS:Bi, has been well known fohost from CaS to BaS.
a long time as a blue phosphor and used as a photolumines-

cence, electroluminescence, cathodoluminescence and ther- Experimental Section
moluminescence materiatt
The $-sp transition of B is an allowed one: Bi has an Bismuth (B?*) doped alkaline earth sulfides (CaS, SrS,

electronic configuration of 8sn the ground state and 6s6p BaS) were prepared by two methods: reaction i¥Cia+S
in the excited state. Luminescence spectrum of ions #ith sflux and in BS flow. The starting materials for the synthesis
sp transition such as Bj P+, Sr#*, and SB" shows a very of Bi doped alkaline earth sulfides were Cad@lIdrich,
broad gaussian band. For example, the band halfwidth @9+), SrCQ@ (Aldrich, 99.9%), BaC®@ (Aldrich, 99.9%),
Sr¢* is ~0.65 e\? The characteristics of a broad band can beBi,Os (Aldrich, 99.9%), NaCOs (Aldrich, 99.95%) and S
explained with their configurational coordinate energy diagram(Kanto, E.P.). For the synthesis of CaS:Bi, the stoichiometric
The potential energy curve of the luminescent center in thamounts of starting materials with excess amount of flux
lattice can be plotted as a function of the distance r betweenere well mixed and heated in a covered alumina crucible at
the central cation and surrounding anions. In the potential000 °C for 2 hrs. The residual flux in the product was
energy diagram, the coordinate of the excited state minimurmashed out with distilled water at room temperature and the
is shifted from that of the ground state minimum. This shiftfinal product was dried after rinsing with ethyl alcohol.
is very large for &sp transition, and the excited p state is SrS:Bi and BaS:Bi were prepared in the stream &f ¢hs
much wider than the ground s state. Therefore, luminescendw. The mixture of SrC@or BaCQ and ByO3 was heated
from £-sp transition is observed to be a very broad emissioat 1000°C for 6 hrs. in the stream of,8l flow.
band. The products were analyzed by the X-ray diffraction tech-
The emitting state for 3h P¥*, and B#* is the3P; state.  nigue and XRD data were obtained with Rigaku X-ray dif-
But in a crystal field, this level splits into three sublevels,fractometer using Cu & radiation. For photoluminescence
and the position of Bi emission band can be changed (PL) measurements, monochromated 150 W Xenon lamp
depending on the host matrix. was used as an excitation source. The PL spectra were
Vij and Mathur found a weak orange band at 590 nm inobtained using monochromator equipped with photomulti-
addition to the strong blue band at 450 nm in the emissioplier tube.
spectrum of CaS:Bi at room temperature, and interpreted
that the orange band is originated from the sulfur ion Results and Discussion
vacancy® Yamashita and Asano obtained blue (450 nm),
green (515 nm), and orange (588 nm) emission bands at 300Figure 1 shows X-ray diffraction patterns of CaS:Bi,
K, and these bands were assigned to bands from electror8rS:Bi and BaS:Bi. The structure of host materials are rock-
transition of Bi3*7 Recently, Park assigned the emissionsalt type and the lattice parameter of CaS:Bi was 5.69 A and
band at 520 nm in CaS:Bi to the emission from the defecthose of SrS:Bi and BaS:Bi were 6.02 A and 6.38 A, respec-
center formed by Bi-Na* pair?8 tively. No extra peaks except rock-salt structure sulfides
In this work, we found the emission spectrum of* B were observed. The body color of CaS:Bi is changed from
CasS is not only from the electronic energy levels transitiorlight yellow to black depending on the concentration of
of Bi%*, but also from the emission centers of defects andis*.



338 Bull. Korean Chem. Sot999 Vol. 20, No. 3 Chang-Hong Kim et al.

em:470 nm

em:515 nm

(@

a
—b

-
£
—
<
N
> L | . | L
=
w
=}
o
o
R,

intensity (arb.)

| |

250 350 450 250 350 450

20

Figure 1. The X-ray diffraction patterns of (a) CaS:Bi, (b) SrS:Bi, _. o .
and (c) BaS:Bi. Bi concentration was 0.05 mole% for eachFigure 3. The excitation spectra of CaS:Bi. (&) y=0.05, (b) y=0.25,
phosphors. (c) y=0.5, and (d) y=1.0, where y=Bi mole%.

wavelength (nm)

Excitation Spectra of CaS:Bi The ground state of Bi  any other bands when it was monitored at 515 nm and 580
with 6& configuration is'S,. The excited levels have 6s6p nm. It suggests that another excitation center other'than
configuration. Thus®P,, 3Py, 3P,, and'P; are possible states. and3P; states exist in CaS:Bi.

Figure 2 shows the energy levels ofies in the Q symme- Emission Spectra of CaS:Bi Bismuth doped CaS shows
try. The transitions fromS, to 3P, and3P, are completely  different colors of emission depending on the doping con-
spin forbidden, but the two levelB;, and!P; are mixed by  centration of Bi. For example, the emission color is changed
spin-orbital coupling. Therefore, the transitiot® — 3P; to blue, white, yellow, and deep yellow when the Bi concen-
and?P; are allowed transitions and are expected to have redration is increased to 0.05 mole%, 0.25 mole%, 0.5 mole%,
sonable absorption intensfiP and 1.0 mole%, respectively.

The excitation spectra of CaS:Bi are shown in Figure 3.

These spectra show three broad bands: the band at 260 1

corresponds to the band gap of CaS, and that at 380-450 r 260 (b) ex:320
corresponds t8S — 3P, transition of B¥. But the band (2) ex:260 nm ) ex:320 nm
250-350 nm in Cas is not clear, because it changed with tF §=0.05
monitoring wavelength and the doping concentration of — 025
Bi%*. The excitation band around 350 nm is stronger thai --- 05
1.0
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Figure 2. Energy level diagram of a hin in the Q symmetry. wavelength (nm)

Solid lines are allowed transition and dashed lines are forbiddefrigure 4. The emission spectra of CaS:Bi (y=mole%) under the
transitions. excitation by (a) 260 nm, (b) 320 nm, (c) 350 nm and (d) 418 nm.
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Figure 4 shows that the emission spectra of CaS:Bi deper conduction band
on the Bi concentration and the excitation wavelength. Thi
emission spectra of CaS:Bi consist of three broad bands « T
450, 515 and 580 nm. The bands at 515 and 580 nm are cc Py
siderably enhanced as the concentration of tie iBn is
increased from 0.05% to 25%. In addition, intensity of these
bands are maximized under the excitation of 350 nm. A: 3Pl
previously known, the band at 450 nm corresponds tc
3P, - 1S transition of the atomic energy level irfBihow-
ever, bands at 515 and 580 nm have not been explained
the literature until now.

When CaS:Bi is prepared in pMEOs+S flux, BB+ ions can
easily be doped to €asites by compensating the charge
with Nat. Especially, two CH (1.00 A) sites can be easily = .
replaced by a Bt (1.03 A) ion and a N&(1.02 A) ion due to Nacg-
the similar size of their ionic radit.When C&" sites in CaS 1so
are replaced by Biand Na, the following defect equations
can be followed:

2Ca&* = 2Ndca + Vs valence band
3C&* = 2Bi*ca + Vca+ Figure 5. The atomic energy levels of Biand energy levels of

2C#* = Bit*ca + Natca- defects and vacancies in CaS:Bi. a: 320 nm (3.87 eV), b: 420 nm
(2.95 eV), c: 450 nm (2.76 eV), d: 260 nm (4.76 eV), e: 300 nm

Previously, similar defect formation mechanisms could bd#-13 €V). f: 350 nm (3.54 eV), g: 450 nm (2.76 eV), h: 515 nm
used to explain the nature of excitation and emission bano(s2 A0eV), and i: 580 nm (2.14 eV).
of CaS:La, CaS:Dy and CaS:Ce prepared isO0g+S flux.
Especially, in CaS:La, Baion itself does not have d and f (a) (b) ©)
electrons. Therefore, possible vacancies#(VVs) and
defects formed by the substituted ions*d¥a Lat*ce+) are
considered to be responsible for the luminescence ¢
CaS:La. For example, the emission bands at 450 nm and 5!
nm are assigned to the bands resulted from the two recomt
nation process of Bz (or V<) with holes in the valence
band and with vacancies of €n, Vcz:. Here Ld*ce- and
Vs are the electron donor and the acceptor, respectivel
The band at 580 nm is assigned to the band resulted from tl
recombination process of ¥a# and Nécz* sites?12 Simi-
lar spectra can also be observed in CaS:Dy prepared
NaCOs+S flux. The emission spectrum of CaS:Dy has two
bands at 520 nm and 580 nm in addition to the weak line
from the f-f transition of D¥r.

In the same manner, we suggest that the luminescen N N T T T e
spectra of C_aS:B'i consist of two kinds of bands: one is due_ 350 400 450 500 550 600 650 700 750 800
to the atomic energy level transitions and the other one i
due to the recombination processes of the defects ..
CaS: M+ type materials. Both the energy states &f Bin Figure 6. Emission spectra Of. (a) CaS:Bi (005 mole%), (b) SrS:Bi
and the energy bands of defects in CaS are shown iff-05 mole%), and (c) BaS:Bi (0.05 mole%).

Figure 5. Both the emission bands at 515 and 580 nm are

suggested to be associated with the lattice defects: Thiacrease beyond the quenching concentration point of Bi.
former is due to the recombination ofB8k/Vs- and \t#, This relatively early quencing point of Bi may be due to the
which is a different view from othefsThe latter band is interaction of the activator Biwith the luminescence cen-
associated with the recombination ofBie/ Vs level with  ters at lattice defects.

Natcz* level. Emission Spectra of Bi Doped Alkaline Earth Sulfides

The emission intensity at 450 nm decreases with Bi conThe emission color of Bi doped alkaline earth sulfides are
centration above 0.05 mole % (refer to Figure 4), where thdifferent depending on the alkaline earth metals: The emis-
concentration quenching seems to begin from relatively lowsion color of CaS:Bi is blue (450 nm), that of SrS:Bi is green
concentration of Bi. However, the emissions due to defect§497 nm) and that of BaS:Bi is red (608 nm). The emission
and vacancies in the range of 500-600 nm continue tspectra of SrS:Bi and BaS:Bi are shown in Figure 6.
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Table 1 The Stokes shift and crystal field parameter of Bi dopedfides from CaS to BaS. From this diagram, we can explain

alkaline earth sulfides

. Crystal field parameter
Stokes shift (cr)

(10 Dq, cmb)
CaS:Bi 1,348 1,588 18,750
SIS:Bi 2,578 3,239 17,400
BaS:Bi 4,498 5,082 16,100

afrom ref. 9.°from ref. 14 cthis study.

energy (arb.) —»

effective anion-cation distance

Figure 7. Simplified potential energy curve of Ca:Bi. Excited state
level is only shown the lowest state3}f stokes states. Only the
lowest allowed stark statéP;, is indicated in excited states.

The positions of each emission band of SrS:Bi and BaS:Bi

the increase of the Stokes shift to longer wavelength from
CaS to BaS. The lowest statelef Stark state goes higher in
energy from CasS to BaS, which is due to the fact that CaS
has larger 10 Dq than SrS and BaS. So splittidgiaftate is
influenced much more by CaS. The minim&R energy
level of BE* in BaS is located at a large <r> value, and
accordingly it leads to a large Stokes shift of BaS.

Conclusions

The excitation spectra of CaS:Bi show three broad bands:
the band at 260 nm is from band gap transition of CaS, that
at 320 nm is fromMS, - 1P, transition and that at 420 nm is
from 1S - 3P.. The excitation intensity at 350 nm is
increased with the increase of Bi concentration, especially at
515 nm and 580 nm emission. It is indicated the excitation
band at 350 nm is not from Bitransition, but from the
recombination between Nae- and the hole in the conduc-
tion band. The emission band at 450 nm is fé@mn- 1S
transition of B#, that at 515 nm is due to the recombination
of Bi%*c#/ Vs and =, and that at 580 nm is associated
with the recombination of Bicz-and Nécz+. The positions
of emission bands of CaS:Bi to BaS:Bi are shifted to longer
wavelength by the Stokes shift due to the crystal field
effect.
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