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Recently prepared Ce,(SiS,),I exhibits a strong room temper-
ature luminescence in the blue region of the visible spectrum
associated to a Ce™-5d" — Ce™-4f" electronic transition. In or-
der to approach the emission mechanisms, the La,_ Ce (SiS,),I
family has been investigated by optical techniques at 6 and
300 K. At low temperature luminescence of the two crystallog-
raphically distinct cerium cations was evidenced along with an
intrinsic luminescence of the lanthanum matrix. The influence of
the halogenide on the optical properties has been studied through
the substitution of iodine by chlorine and bromine which permits
us to follow the increase in energy of the 4f~5d gap in the
CI<Br<I series. © 1999 Academic Press

1. INTRODUCTION

Recently, the synthesis, structure, and electronic proper-
ties of the first cerium iodothiosilicate Ce3(SiS,),I was re-
ported (1,2). At this occasion, it was pointed out that the
pale yellow coloration of the material was associated to the
promotion of an Ce™-4f electron to the Ce™-54 band. On
the course of the optical characterization of this compound,
a room temperature strong luminescence in the blue part of
the visible spectrum was observed under UV excitation.

In rare earth halooxosilicates, cerium has already shown
the ability to give an emission in the near ultraviolet (3-5).
In their sulfide analogues, the luminescence band lies in the
visible range, owing to the higher covalency of the Ce-S
bond. This explains why cerium-activated sulfides are of
great interest for use as blue phosphors in electrolumines-
cent devices. For such an application, the highest efficiencies
have been obtained with SrS:Ce, even though in this case
a large part of the blue-green emission must be eliminated
by filtering, so as to obtain a color suitable for display (6).
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This problem has been partly solved in the SrGa,S,:Ce
compound, which yields a blue emission that does not
require any filtering (7).

After a crystal structure investigation of the Ln;(SiS,),X
(Ln = La, Ce; X =Cl, Br, I) family, an optical study is
presented whose aim was to analyze:

(1) the influence of the Ce-X bonding in the Ce;(SiS,), X
(X = Cl, Br, I) series on the absorption and emission due to
Cem’

(2) the intrinsic luminescence of Ce™ in the absence of
concentration quenching in some (Laj;_,Ce(SiS,),I with
0 < x < 1) solid solutions.
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2. EXPERIMENTAL
2.1. Synthesis

The Ce;(SiS,),X (X = Cl, Br, I) compounds were pre-
pared from silicon (Cerac, — 325 mesh, 99.99%), sulfur
(Fluka, puriss. > 99.999%), and Ce,S; (Cerac, — 325 mesh,
99.9%). The halogen sources were from CeCl; (Cerac,
99.9%), CeBrjz (Cerac, 99.9%), and iodine (Alfa, 99.9%).
In each case, the reactants were taken in the ratio
Ce:Si: X:S = 3:3:1:10, (Ce;(SiS4),X:SiS, = 1:1), i.e,, with an
excess of silicon sulfide. The reactants were handled in a dry
box under nitrogen atmosphere, weighted in the aforemen-
tioned ratios, and placed in silica tubes. These latter were
evacuated (1073 torr) after cooling in liquid nitrogen and
flame sealed. Each sample was heated at 300°C for 2 days
and then at 900°C for 7 days. The samples were then slowly
cooled to room temperature. The SiS, excess was found to
be condensed at the colder end of the reaction tube, leaving
a well-crystallized Ce;(SiS,),X powder at the warmer end.
The color of these powders, greenish white, bluish white and
beige for X = Cl, Br, and I, respectively, is caused by the
lower energy 4f — 5d transition of cerium and influenced by
the presence of defects (see below).
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Las(SiS,),I and the Laj;_.Ce(SiS,),I solid solution
phases (x = 0.01, 0.03, 0.1, 0.2, 0.5, 0.8, and 1) were prepared
from SiS, (Cerac, 99.5%), iodine (Alfa, 99.9%), La,S;
(Cerac, — 325 mesh powder, 99.9%), and Ce,S; (Cerac,

— 325 mesh powder, 99.9%). Once the reactants were inti-

mately ground, the same handling and sealing procedures as
above were used for the corresponding molar ratios La:Ce:
SiI'S = 3 — x:x:3:1:10.5, 1., La; _ .Ce(SiS,),1:SiS,:S = 1:1:0.5.
A higher crystalline quality was obtained for the solid solu-
tion and La;(SiS,),I by using the following slightly modified
heating procedure: the samples were heated at 400°C for
1 day, then at 850°C for 7 days, and slowly cooled to room
temperature afterward. Again, the SiS, excess separated
easily from the solid solution within the reaction tube.

2.2. Structural Characterization

The Ln;(SiS,),X (Ln = Ce, La, X = CI, Br, I) phases were
examined by X-ray powder diffraction. Each powder was
sieved at 50 um and introduced, under dry nitrogen, in
a Lindemann capillary (diam. 0.1 mm). The diagrams were
recorded at room temperature with an INEL diffractometer
using a monochromatized radiation CuK-L, (1=
1.540598 A), equipped with a CPS120 detector calibrated
with Na,CasAl;,F,, as standard (8) and set up in a De-
bye-Scherrer geometry. The data were first analyzed by the
Prolix and the U-fit programs (9). All compounds turn to be
isostructural to Ce;(SiSy),I (1,2). In each case, the diagram
reflections (hkl) assignment and ensuing cell parameters
refinement left no lines unaccounted for, indicating (i)
a good purity of the sample at the X-ray diffraction detec-
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tion threshold and (ii) a random La/Ce distribution in the
Las_Ce(SiS,),I (0 < x < 1) solid solutions.

After a full pattern matching analysis (Fullprof (10)) of the
corresponding data file (20 range: 10°-110°, A20 step: 0.03°,
number of reflections ~850) including a pseudo-Voigt and
Cagliotti description of the peak shapes and halfwidths with
two parameters of low theta asymmetry, the structure re-
finements of the X-ray powder diagrams by the Rietveld
method were performed in the C2/c (No. 15) space group of
the monoclinic symmetry (Z = 4) with the software Fullprof
(10). Absorption corrections were made using the linear
absorption coefficient formula (11), the sample thickness
r (radius of the capillary) being corrected by a powder
compacity factor of 0.35. Even with these precautions, some
difficulties arose in the refinement of the sulfur isotropic
atomic displacement parameters (ADP;,), probably due to
the strong absorption of cerium. The sulfur ADP;,, had to
be set equal to one another. Under these conditions, the
refinements could be carried out satisfactorily. The condi-
tions and results of the refinement of the chloride and
bromide compounds, Ce;(SiS,),Cl and Ce;(SiS,),Br, and of
three iodide derivatives (La;(SiS,),I, La,Ce(SiS,),I, and
Ce;(SiS,),1) are summarized in Table 1. The atomic frac-
tional coordinates and the ADP,,, are given in Table 2,
except those of the already published Ce;(SiS,),I phase
(1,2). Selected bond distances and angles in the Ce;(SiS,), X
(X =Cl, Br) series can be found in Table 3, those for
Ce;(SiS,),1 are listed in (2). Lists of refinement parameters
and atomic positions of the Laj;_,Ce(SiS,),I (x = 0.01,
0.03, 0.1, 0.2, 0.5, and 0.8) solid solutions are available on
request.

TABLE 1
Results of the Structural Refinement (Rietveld Method) for Ce;(SiS,),Cl, Ces(SiS,),Br, Las(SiSy).I, La,Ce(SiS,).I, and Ce;(SiS,),I

Ce4(SiS4),Cl Ce,(SiS.,),Br La(SiS),1 La,Ce(SiSa),1 Ces(SiS,),1
Cos(0)-shift parameter  0.016(2) 0.001(2) 0.060(1) — 0.048(4) 0.002(2)
Overall scale factor 0.000497(3) 0.000527(4) 0.000269(1) 0.000105(1) 0.000670(5)

Cell parameters

n (pseudo-Voigt)

Halfwidth parameters
(Cagliotti)

Asymmetry parameters
(20 < 40°)

Reliability factors

o

a =15.6187(6) A
b =17.7103(3) A

¢ =10.9841(3) A
B = 96.970(2)°

V = 1312.999) A3

0.50(2)

U = 0.077(8)
V= —00356)
W = 0.026(1)

0.110(6),0.019(2)

R, =238, R,, = 3.02
Reyp = 1.69, 7% = 3.19

a=15.7150(4) A
b = 7.7643(2) A

¢ =10.9344(3) A
B =97.295(1)°

V =1323.37(6) A3

0.33(2)

U = 0.023(2)
V= —0018(2)
W = 0.0142(5)

0.00(1),0.007(2)

R, =226, R,, = 2.97
Rey = 1.42, 7% = 435

o

a = 16.0920(3) A
b=79117(1) A

¢ =10.9296(2) A
B =97.959(1)°

V = 1378.10(5) A3

0.33(1)

U = 0.044(2)
V= —003902)
W = 0.0201(5)

0.108(7),0.041(2)

R, =172, R,, =232
Reyp = 2.95, 7% = 0.619

a=16.057(1) A
b = 7.8916(6) A
¢ =10.9116(8) A
B = 97.939(4)°

V = 1369.4(2) A3

0.14(4)

U = 0.14(2)
V= —0.10(1)
W = 0.041(2)

0.05(2),0.049(5)

R, = 1.96, R, = 2.51
Rep = 2.20, 7% = 131

a=1597355) A
b = 7.8559(2) A

¢ =10.8734(3) A
B =97.9352)°

V = 1351.40(7) A3

0.28(2)

U = 0.039(4)
V= —0.036(4)
W = 0.0211(8)

0.117(9),0.045(3)

R, = 4.60, R, = 5.98
Regp = 2.72, 7% = 485
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TABLE 2
Fractional Atomic Coordinates and Isotropic Atomic Dis-
placement Parameters of Ce;(SiS,),X ((a) X = Cl, (b) X =Br),
(c) La3(SiS,),I and (d) La,Ce(SiS,),I

Atom X y z ADP;, (A®)

(a)
Ce(1) 0.1920(2) 0.1188(4) 0.6852(2) 1.05(8)
Ce(2) 12 0.1185(6) 3/4 0.9(1)
Cl 0 0.001(2) 1/4 2.0(5)
Si 0.1590(8) 0.462(2) 0.026(1) 0.3(3)
S(1) 0.1434(7) 0.254(1) 0.133(1) 0.9(1)
S(2) 0.2883(7) 0.572(1) 0.086(1) 0.9
S(3) 0.0629(7) 0.667(1) 0.049(1) 0.9
S(4) 0.1494(7) 0.412(1) — 0.1584(9) 0.9

(b)
Ce(1) 0.1939(2) 0.1193(4) 0.6835(2) 0.80(6)
Ce(2) 12 0.1084(6) 3/4 1.2(1)
Br 0 0.9891(9) 1/4 2.2(2)
Si 0.1580(9) 0.471(2) 0.026(1) 1.3(3)
S(1) 0.1442(7) 0.254(1) 0.141(1) 0.6(1)
S(2) 0.2837(7) 0.573(1) 0.0857(9) 0.6
S(3) 0.0674(6) 0.655(1) 0.0468(9) 0.6
S(4) 0.1494(6) 0.404(1) — 0.1559(8) 0.6

©
La(1) 0.1962(1) 0.1200(3) 0.6801(2) 0.67(5)
La(2) 12 0.0941(4) 3/4 0.61(8)
I 0 0.9857(4) 1/4 1.68(9)
Si 0.1579(7) 0.459(1) 0.0293(9) 1.1(3)
S(1) 0.1449(5) 0.2577(9) 0.1434(7) 0.38(9)
S(2) 0.2786(5) 0.567(1) 0.0838(7) 0.38
S(3) 0.0671(5) 0.6491(9) 0.0424(7) 0.38
S(4) 0.1525(5) 0.404(1) — 0.1557(7) 0.38

(d)
Ce(1)/La(1) 0.1975(3) 0.1186(7) 0.6805(5) 1.4(1)
Ce(2)/La(2) 12 0.096(1) 3/4 1.3(2)
1 0 0.985(1) 1/4 2.1(2)
Si 0.163(2) 0.460(3) 0.029(2) 2.1(8)
S(1) 0.144(1) 0.261(2) 0.137(2) 0.2(2)
S(2) 0.278(1) 0.557(3) 0.083(2) 0.2
S(3) 0.065(1) 0.653(2) 0.041(2) 0.2
S(4) 0.152(1) 0.396(3) —0.154(2) 0.2

2.3. Optical Measurements

Excitation and emission spectra were recorded with
a Spex Fluorolog 212 spectrofluorometer. Excitation
spectra were corrected for the variation of the incident flux
as well as emission spectra for the transmission of the
monochromator and the response of the photomultiplier.
Reflectance spectra were obtained with the same equipment
by simultaneously rotating the monochromators placed be-
fore and after the sample. Decay measurements were per-
formed with a FL900 Edinburgh Instruments spectrometer
which uses the time correlated photon counting technique.
The excitation source was a hydrogen lamp delivering sub-
nanosecond pulses.
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3. RESULTS AND DISCUSSIONS
3.1. Structural Discussion

Ce;(SiS,),X (X = CI, Br) compounds. No particular dis-
cussion is to be made on the general structural features of
these two compounds since they are both isostructural to
Ce;(SiS,),1 (1,2). It may be just recalled that these struc-
tures can be considered as constructed from a 3D Ce;(SiS,),
skeleton defining tunnels filled by Ce-bonded halogenides.
A general view of the structure along the ¢ axis is given in
Fig. 1.

For each phase, the structural characteristics (bond dis-
tances and angles) are those expected. For instance, the

TABLE 3
Selected Bond Distances (A) and Angles (°) in (a) Ce;(SiS,),Cl
and (b) Ce;(SiS,),Br (ESD and Bond Multiplicity Between
Brackets)

(a)

[Ce(1)SgCl] group: [SiS,] group:
Ce(1)-S(1) 3.01(1) Si-S(1) 2.02(2)
Ce(1)-S(1) 3.21(1) -S(2) 2.21(2)
Ce(1)-S(2) 3.05(1) -S(3) 2.21(2)
Ce(1)-S(2) 3.09(1) -S(4) 2.05(2)
Ce(1)-5(2) 2.90(1) ﬁ 2.12
Ce(1)-S(3) 2.88(1) S(1)-Si-S(2) 107.5(9)
Ce(1)-S(4) 2.97(1) S(1)- Sl S(3) 111.7(9)
Ce(1)-S(4) 2.99(1) S(1)-Si-S(4) 115.109)
Ce(1)-Cl 3.297(5) S(2)- Sl S(3) 107.7(9)

3.01 S(2)-Si-S(4) 108.6(9)

[Ce(2)SgCl] group: S(3)- S1 S(4) 106.0(9)
Ce(2)-S(1) 2.89(1) (x2) [CICe;] group:
Ce(2)-S(3) 3.33(1) (x2) Cl-Ce(1) 3.304(6) (x2)
Ce(2)-S(3) 3.35(1) (x2) Cl-Ce(2) 2.92(2)
Ce(2-5(4) 29001 (x2) Cl-Ce 3.18
Ce(2)-Cl 2.93(2) Ce(1)-CI-Ce(2)  106.3(3) (x2)
Ce(1)-S 3.12 Ce(1)-Cl-Ce(1)  147.4(2)

(b)

[Ce(1)SgBr] group: [SiS4] group:
Ce(1)-S(1) 3.02(1) -S(1) 2.13(2)
Ce(1)-S(1) 3.14(1) -S(2) 2.15(2)
Ce(1)-S(2) 3.03(1) -S(3) 2.05(2)
Ce(1)-S(2) 3.04(1) -S(4) 2.05(2)
Ce(1)-S(2)  291(1) S 209
Ce(1)-S(3) 2.92(1) S(1)-Si-S(2) 105.7(9)
Ce(1)-S(4) 2.96(1) S(1)- Sl S(3) 111.3(9)
Ce(1)-S(4) 3.02(1) S(1)-Si-S(4) 112.009)
Ce(1)-Br 3.329(3) S(2)- Sl S(3) 109.6(9)
Ce(1)-S 3.00 S(2)-Si-S(4) 109.4(9)

[Ce(2) gBr] group: S(3)-Si-S(4) 108.8(9)

Ce(2)-S(1) 290(1) (x2)  [BrCe;] group:

Ce(2)-S(3) 3.30(1) (x2) Br-Ce(1) 3.3293) (x2)
Ce(2)-S(3) 3.29(1) (x2) Br-Ce(2) 3.125(8)
Ce(2-S@)  291(1) (x2)  BrCe 3.26
Ce(2)-Br 3.125(8) Ce(1)-Br-Ce(2)  104.6(2) (x2)
Ce(2)-S 3.10 Ce(1)-Br-Ce(1)  150.7(1)
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FIG. 1.

View of Ce;(SiS,),I down the ¢ axis. Black atoms are Si, dark gray are Ce, light gray are S, and white are I. Each cerium atom is surrounded by

eight S™"and one I~ anions in (CeSgl) polyhedra that can be regarded as (CeSg) triangular prisms capped by two chalcogens and one halogen located in
a plane perpendicular to the rectangular faces. I~ is coordinated by three cerium cations to form (ICes) isosceles triangles (see (2)).

Ce-S bond distances of the (CeSg X) units range from 2.88(1)
to 3.35(1) A (average: 3.05 A) in Ce;(SiS,),Cl and from
2.90(1) to 3.30(1) A (average: 3.03 A) in Ces(SiS,),Br, versus
2.904(2) to 3.285(2) A (average: 3.037 A) in Ces(SiS4),I (2).
This agrees well with the sum of the ionic radii
rCe™ + rS™" =304 A (12). The Ce-S distances are thus
quasi-independent of the nature of the halogenide. Other-
wise, within the (XCe;) groups, the Ce-X distances
(Ce(2)-Cl = 2.93(2) A, Ce(1)-Cl = 3.297(5) A (x2) (average:
3.17A) (Table 3a), Ce(2)-Br =3.125(8) A, Ce(1)-Br =
3.3293) A (x2) (average: 3.26 A) (Table 3b) and Ce(2)-I,
3.2954(9) A, Ce(1)-1, 3.4324(4) A (x2) (average: 3.39 A) (2)),
increase as expected from chlorine to iodine
(rC1™"= 1.67 A, rBr ' = 1.82 A and r1 ™" = 2.06 A (12)). But
whereas for the iodide the Ce-X distance compares satisfac-
torily well with the sum of the ionic radii of Ce™ and iodide
(rCe™ + 117" = 3.396 A) or with those observed for example
in CeSI, i.e., from 3.301(1) to 3.4368(4) A (13), these atomic
distances depart somewhat from the expected ones for the
chloride and bromide derivatives (rCe™ + rX ~' = 3.006 A
and 3.156 A, respectively). Nevertheless, it has to be noticed
that 3-coordinated halogenide ionic radii are not reported
in the literature, and consequently, the theoretical distances
tabulated in (12) may not fit the present halogenide coord-
ination.

The Si-S bonds of the (SiS,) groups range from 2.02(2) to
221(2) A in Ces(SiS,),Cl and from 2.05(2) to 2.15(2) A in

Ce;(SiS,),Br. These values are close to those observed in
Ce5(SiS,),I (2.099(3) A < dg; s < 2.130(2) A) and agree well
with the sum of the ionic radii rSi'V(C.N.4) + rS™™(C.N.6) =
2.10 &) (12).

Figure 2 presents the variation of the cubic root of the cell
volume versus the ionic radius of the halogenide anion
X Tin the Ce5(SiS,4),X (X =Cl, Br, I) series. A linear
relationship between these two parameters is observed.
Nevertheless, it is worth mentioning that the cell expansion

11-06 T T T T T T T l
11.04 | B
11.02 B

11.00 - q

v (A)

1098 |- = B

10.96 -

10.94 1 1 ! 1 1 £ 1 1
183 19 19 20 20 20 21 21 22

r(A)

FIG. 2. Variation of the cubic root of the cell volume versus the ionic
radius of the halogenide anion X ~'in the Ce3(SiS,),X (X = Cl, Br, I) series.



Ces(SiS4),X (X = Cl, Br, T) AND La,_Cey(SiS,),I (0 < x < 1)

11.13

11.12
11.11
11.10
11.09

vI?(A)

11.08
11.07

11.06

11.05 L 1 ( 1 !
0.0 0.50 1.0 1.5 2.0 25 3.0

FIG. 3. Variation of the cubic root of the cell volume versus x in the
La;_Ce,(SiS,),I series.

is not isotropic; actually, the a and b parameters increase
along the Cl, Br, I series, while an opposite trend is observed
for the ¢ parameter (Table 1). Moving from Cl™ to 1™, the
halogenide induces increasing steric repulsions in the a and
b directions, associated to in-plane Ce-X bonds, while
weaker X ~'-X !electrostatic repulsion along the tunnels is
the probable origin to the ¢ parameter contraction.

La;_ Ce (SiS,),I (0 <x <1 and x =3) solid solutions.
As mentioned above, the X-ray pattern was assigned to
a single phase. Nevertheless, we may note a slight increase of
the peak full width at half maximum of the
La;_,Ce(SiS,;),I (0 <x <1) compounds compared to
those observed in La3(SiS,),I and Ce;(SiS,),1. This suggests
the possible occurrence of micro domains with different
cationic compositions. Figure 3 shows the variation of the
cubic root of the cell volume versus x. The observed linear
decrease, from Las(SiS,),I to Ce;(SiS,),1, confirms the long
range random Ce/La distribution and is in agreement with
the lanthanide contraction law (rLa™(C.N.9) = 1.216 A and
rCe™(C.N.9) = 1.196 A) (12).

3.2. Optical Properties

3.2.1. Diffuse reflectance measurements. The reflectance
spectra of Ce;(SiS,),Cl, Ce;(SiS,),Br, and Ce;(SiS,),1 show
strong absorption properties up to about 410 nm (3.02 V).
For Laj(SiS,),I, the absorption edge lies in the ultraviolet
range, around 320 nm (3.87 eV), and has to be assigned to
an electronic transition from predominantly anionic or-
bitals (valence band (vb)) to predominantly 5d-La orbitals
(conduction band (cb)). This charge transfer transition is
expected to be located at a similar energy threshold in
Ce-containing parent phases. Moreover, since the energy of
the vb — cb transition is expected to increase with decreas-
ing size of the lanthanide ion as observed, for instance, in the
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NaLnS, series (14), the absorption between 320 and 420 nm
(295 and 3.87eV) in Ce;(SiS,),Cl, Ces(SiS,),Br, and
Ce;(SiS,),1 cannot be ascribed to vb — cb transitions but,
without any ambiguity, to the 4f — 5d intra-atomic cerium
transition. This fact was already inferred from previous
band structure calculations (1). Although the onset of this
transition seems little influenced by the nature of the halo-
gen, the absorption (/S) data calculated from the reflec-
tance, using the Kubelka—Munk function, lead to cerium
4f~5d band gaps of 2.77, 2.82, and 2.92 eV for Ce;(SiS,),Cl,
Ce;(SiS,),Br, and Ce;(SiS,),1, respectively (Fig. 4). At lon-
ger wavelengths, the absorption is still elevated, indicating
a high density of defects or small amounts of undetected
impurities (15).

At this stage we may wonder what factors govern the
4f-5d energy gap. In order to unravel this point, let us
indicate first extra absorption results obtained from
Ce;(SiSey),I and Ce;(GeS,),I (16). Both compounds are
isostructural to Ce;(SiS,),1. The cerium iodothiosilicate and
the cerium iodoselenosilicate show an absorption edge en-
ergy of 292 and 2.40 eV, respectively. This gap energy
decrease of AEg=10.52¢V is to be linked to higher
covalency of the Ce-Se bond. As for CePS, and y-Ce,Ss,
where the color shift from yellow (A4, s, = 2.49 €V) to red
(Agrs4 = 1.89 €V) originates from a decrease of the Ce-S
bond ionicity character (17), the same phenomenon is ob-
served between the thio and selenio compounds. Moreover,
since the s, p energy levels of Ge lie higher in energy than
those of Si, we expect a higher Ge-S bond ionicity. Conse-
quently, through an inductive effect, the Ce-S interactions
are expected to be more covalent (and the Ce-I one, more
ionic) in Ce3(GeS,),I than in Ce;(SiS,),1, inducing a reduc-
tion of the A, s, gap for the former material. However, this
gap reduction is less pronounced between the Si and Ge
compounds (AEg = 0.22 ¢V) than between the sulfur and
selenium derivatives (AEg = 0.52 ¢V). This is probably be-
cause of the second order effect of the main group element
substitution.

Considering now the Ce;(SiS4),X (X = Cl, Br, I) series,
the enhancement of the Ce-X bond ionicity, from iodide to
chloride, induces a higher Ce-S covalency (inductive effect),
in good agreement with the reduction of the gap energy. The
0.15 eV energy shift from iodide to chloride suggests that the
Ce-S bond is much less perturbed by the substitution of the
halogenide than by a change of the main group element.
This stems from the more polarizable character of sulfur
compared with cerium. A slight modification of the elec-
tronic cloud around the chalcogen atoms, which mainly
contributes to the occupied o¢._g bonds, will induce more
perturbations on the Ce-S bonds than a disturbance of the
Ce electronic orbitals, whose d levels, in addition, essentially
participate to unoccupied o._g bonds. Hence, under an
increase of the covalency of the Ce-S bond, a shift of the
bottom of the conduction band to low energy is expected, in
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FIG. 4. Reflectance spectra of Las(SiS,),I, Ces(SiS,),Cl, Ces(SiS,),Br, and Ce;(SiS,),I (in insert: Kubelka-Munk transformation and gap measure-

ments).

relation to a higher dispersion of the Ce-d levels, while
concomitant rising of the f levels is predicted, due to the
larger screening effect of the nucleus by higher concentrated
valence electrons around the cation (17, 18).

3.2.2. Luminescence properties. Excitation (A, = 500 nm)
and emission (4. = 372 nm) spectra at 300 K for the three

cerium halothiosilicates are given in Figs. 5 and 6, respec-
tively. From Fig. 5, the highest luminescence intensities are
obtained for direct excitation of Ce** ions (from 350 and
400 nm) by 4f — 5d transitions. From Fig. 6, the emission is
found to occur in the form of a double characteristic broad-
band (bandwidth: 4040 cm ™! with I, 3800 cm ™' with Br,
4170 cm ! with Cl) corresponding, in a prime analysis (see
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FIG. 5. Excitation spectra at 300 K (Z¢,, = 500 nm) of La, ¢9Ceg.01(SiS4),I and Ces(SiS,),X (X = Cl, Br, I).
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FIG. 6. Emission spectra (4., = 372 nm) of La, 4oCey 1(SiS4),I and Ce;(SiS,),X (X = CI, Br, I) at 300 K. The lines around 495 nm are due to traces

of praseodymium in cerium starting materials.

below), to transitions from the lowest 5d state to the
spin-orbit components, *Fs,, and *F,, of the 4f' ground
configuration. This band is displaced to shorter wavelengths
with increasing size of the halogen (for excitation at 372 nm
the maximum lies at 478, 468, and 465 nm, i.e., 2.59, 2.65,
and 2.67 eV, respectively, for Ce;(SiS,),Cl, Ces(SiS,),Br,
and Ce;(SiS,),I). This shift is due to a slight change in the
energy position of the Ce emitting level, as discussed in the
previous paragraph, and to a variation of the Stokes shift.
Formally, as a result of increased overlap between the Ce
absorption and emission bands, the probability of energy
migration to defects increases according to the sequence
Cl < Br < 1, as shown by the intensity of the 495-nm line,
due to traces of praseodymium in the cerium sulfide used as
starting material.

Figures 5 and 6 also give the excitation and emission
spectra of cerium in the lanthanum iodothiosilicate for
x = 0.01. The emission band is displaced by 11 nm to shor-
ter wavelengths with respect to that of Ce;(SiS,),I. For
higher Ce content (x > 0.01), this band shifts to longer
wavelengths. To explain this emission threshold displace-
ment, we may suggest either a contraction of the lattice
causing a larger crystal field splitting of 5d levels, an emis-
sion band deformation (see Fig. 5, for Ce;(SiS,),]) at low
wavelength due to a stronger absorption of Ce, or an elec-
tronic band width increase upon higher cerium concentra-
tion.

At low cerium concentration, the luminescence trichro-
matic coordinates of La;_,Ce,(SiS,),I are close to that of
SrGa,S,:Ce (x = 0.141 and y = 0.149 for x = 0.01).

Otherwise, the Las(SiS,),I matrix exhibits an intrinsic
luminescence at low temperature. Excitation (A, = 490 nm)
and emission (4. = 300 nm) spectra at 6 K are given in
Fig. 7. The intensity is maximum for excitation at
a wavelength close to the absorption edge, ie., 308 nm
(4.025 eV). At 6 K, the emission consists of a band peaking
at 490 nm with a bandwidth of 4000 cm ™! and a Stokes shift
of 12000cm™' (1.49eV). Thermal quenching appears
around 70 K, the emission being nearly completely extin-
guished at 300 K (Fig. 8). A luminescence for excitation near
the absorption edge has been observed for other sulfides
with closed-shells cations. This is the case for CaGa,S, (19)
and La,S; (20). The luminescence of the iodothiosilicate
may be of excitonic type as in the case of Ga,O; (21).
However, for La,S5, it was ascribed to transition of do-
nor-acceptor type, the donor being assumed to be traps
near the bottom of the conduction band (20). More invest-
igations are needed to propose an interpretation for the
emission of the iodothisilicate.

We know from the structure analysis that the cerium ions
are distributed into two types of crystallographic sites (1,2).
The luminescence of two kinds of Ce®** ions may be
observed by dilution with lanthanum ions and cooling.
Figure 9 shows excitation and emission spectra at 6 K for
the composition La, ¢9Ce( ¢1(SiS4),1. The solid and the
dashed lines correspond, respectively, to A, = 500 nm and
Aexe = 370 nm, and /., = 410 nm and /.. = 345 nm. Both
excitation spectra consist of two well-defined bands located
respectively at 370 and 330 nm for A.,, = 500 nm, and at 340
and 320 nm for A, = 410 nm. Each spectrum corresponds
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to the excitation of a cristallographically distinct cerium
cation (see below). It is worth noticing that in both cases we
may distinguish a very intense peak located at lower energy
from a smaller one, which almost appears as a simple
shoulder of the main peak for A, = 410 nm. In each case,
the double band could be assigned to electronic transitions
from the *F5,, ground level to the different states coming
from the crystal field and spin-orbit coupling effects on the
5d" excited configuration. Let us notice that the observed
band below 320 nm for A., = 500 nm is caused by the
absorption in the host, but in fact, this emission wavelength
corresponds to both cerium and exciton luminescences (see
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FIG. 8. Thermal variation of the emission intensity of La;(SiS,),I
(Aexe = 300 nm).

(a) Excitation (4., = 490 nm) and (b) emission spectra (/... = 300 nm) of La;(SiS,),I at 6 K.

Fig. 7). There is very little overlap between the host emission
and the cerium absorption, so for low dopant concentra-
tions, low temperature excitation below 310 nm yields es-
sentially the 490 nm band observed for La(SiS,),I in the
absence of cerium.

Excitation in the 370 nm band selectively yields the emis-
sion spectrum of one type of cerium. The bands correspond-
ing to the 5d—°*Fs;,,°F, (4f') transitions are well
separated and peak respectively at 446 and 491 nm. For
excitation in the 345 nm band, a second emission peaking at
409 nm is predominant. Before normalization, its intensity
is about twice lower than that of the longer wavelength
emission (446 nm). Structurally, the Ce sites 1 and 2 are in
the ratio 2/1. They show strong similarities so that compa-
rable probabilities are expected for 4f — 5d transitions. It
can therefore be assumed that the 446 and 409 nm emissions
correspond respectively to the sites Ce(1) and Ce(2). From
the smaller size of sites 1 (1,2) a lowering of the position of
the emitting 5d level is expected, thus decreasing the
5d — 4f* transition energies, in agreement with this assign-
ment. The intensity of the 409 nm emission is reduced by
energy transfer to the centers emitting at longer wavelengths
with increasing temperature or Ce concentration. At 300 K,
for small cerium concentrations, the shorter wavelength
emission can still be distinguished for excitation at 345 nm.
For x =1 energy transfer to the Ce** ions emitting at
longer wavelengths is total.

In the La, 99Ce ¢1(SiS4),I compound, the Stokes shift of
the two cerium emissions amounts to 4600 cm ™!, compared
to 2000 cm ' in SrGa,S,:Ce (22). While in the latter each
sulfur atom is common to two (GaS,) tetrahedra (23), in the
halothiosilicates the (SiS,) groups are isolated. The environ-
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ment of Ce® ™ ions being less rigid, a greater variation of the
Ce-S bond is therefore expected when an electron is trans-
ferred from a 4f to a 5d orbital, resulting in a larger Stokes
shift. Despite these relatively high values of the Stokes shift,
the emission is not affected by thermal quenching at room
temperature: for excitation at 372 nm the intensity of
La, 60Ceq.10(SiS4),1 decreases only by a few percent over
the 6-300 K range as a result of the broadening of the
absorption band. The low vibrational frequencies of bonds
formed by sulfur and iodine atoms are favorable for a high
stability of the emission (24,25).

The cerium concentration dependence of the lumines-
cence efficiency has been studied in the series
La;_,Ce(SiS,),l. Figure 10 shows the variation of the

50 T T T T T T T T T

40 -

Quantum efficiency 1,

T T T
1,0 1,5 2,0
Cerium concentration ( x )

0,0 0,5 25 3,0

FIG. 10. Variation of the internal quantum efficiency for the series
Laj_,Ce,(SiS4),I (Aexe = 350 nm).

internal quantum efficiency, i.e., the number of emitted to
absorbed photons. The luminescence is affected by the pres-
ence of defects which absorb part of incident or emitted
photons. This effect is particularly marked at low cerium
concentrations. The large Stokes shift reduces the probabil-
ity of energy migration from Ce®" ions toward defects. For
Ce;(SiS,),1 the quantum efficiency is reduced by only 25%
with respect to the optimum composition.

After an initial fast component, up to x = 0.8, the
luminescence decay curves of Laj_ Ce(SiS,),I show an
exponential behavior over nearly two orders of magnitude.
No variation of the decay time, T = 18 + 1 ns, has been
detected, indicating that over this concentration range the
probability of energy migration among Ce** is negligible.
The small value of T compared to those observed for Ce-
doped oxides emitting in the visible (around 50 ns (26)) is
probably the result of a high refractive index since the
probability of radiative transition, A4,,4. = 1/7, is propor-
tional to n(n* + 2)? for electric dipole transitions.

4. CONCLUDING REMARKS

Lanthanum and cerium halothiosilicates are isostructural
with the homologous halooxosilicates (27). In the latter
family, the Ce™ emission lies in the ultraviolet, whereas, in
the former, because of the covalency of the cerium-chalco-
gen bonding, the emission is displaced into the visible. In the
lanthanum phase, the luminescence at 300 K is not affected
by thermal quenching. Because of the weak rigidity of the
lattice, the Stokes shift is high, so that concentration
quenching is little pronounced. These two characteristics



268

are favorable for use of these compounds in electrolumines-
cent devices. The color characteristic emission of Ce™
diluted in the lanthanum derivative are suitable for displays
in the blue. Of course, the complexity of the formula may
be an obstacle for the deposition of thin films. It may
be noted that a drawback of SrGa,S,:Ce lies in its
high crystallization temperature. In the new compounds
the presence of halide could lower the latter below that of
the thiogallate.
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