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Luminescence of Eu?* in Strontium and Barium Thiogallates
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Solid state investigation of the MS-Ga,S, systems (M = Sr, Ba) gives evidence of the existence of the
following thiogallates: SrGa,S,, Sr,Ga,Ss, BaGa,S;, BaGa,S,, Ba;Ga,Ss, Ba;Ga,Sg, BasGasS;, and
Bas(GaS,);. When substituted for the alkaline earth, Eu?* shows an emission in most host lattices. The
emission band shifts to longer wavelengths with increasing M/Ga atomic ratio of the host lattice. For
most thiogallates, despite low phonon energies and small Stokes shifts, quenching of the Eu?* emission

starts below 300 K. Reasons for such behaviors are discussed.

When incorporated in alkaline earth sul-
fides, divalent europium can show a very
high luminescence efficiency. For instance,
under electron beam excitation, the bright-
ness of the red-emitting composition
Cag 1 MgosS : Eu exceeds that of the Eu?*-
doped yttrium oxysulfide currently used in
TV screens by 15% (I). In contrast in BaS,
a host lattice whose X-ray absorption prop-
erties are quite relevant for radiology ap-
plication, the Eu?* emission shows poor
efficiency at 300 K. Reasons for these dif-
ferences have not been fully understood.
Many investigations of the Eu?* lumines-
cence in MGa,S, thiogallates (M: alkaline
earth) have also been carried out (2-4).
The stability of these materials toward hy-
drolysis is much higher than that of the bi-
nary MS sulfides and allows utilization in
conventional screen-making methods. Re-
cently several other barium thiogallates
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were discovered by E. Eisenmann et al.
(5). By reaction of the metals or their alloys
with sulfur, followed by melting, they ob-
tained mixtures of crystals, which by struc-
tural investigations led to the compositions:
BaGa457 s BazGazss, Ba3Ga286, Ba4Ga2S7 ,
and Bas(GaSy),.

The variety of formulae of thiogallates
makes this family quite attractive for an in-
vestigation of the parameters which govern
the luminescence of Eu?* in sulfides. The
present paper describes the luminescence
characteristics of this ion in thiogallates ob-
tained in the SrS-Ga,S; and BaS—Ga,S;
systems.

Experimental

Preparation

For the investigation of the MS-Ga,S;
systems the starting materials were alkaline
earth carbonate (Merck) and gallium oxide
(Touzard and Matignon, 99.999%). The
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mixture of oxides was heated 4 hr at 1000°C
in a purified H,S stream; the samples were
ground and refired under similar condi-
tions. On cooling H,S was replaced by ar-
gon at 500°C to prevent sulfur condensation
on the samples.

The doped specimens were obtained by
replacing part of the alkaline earth carbon-
ate by Eu;0; (Rhone-Poulenc, 99.99%).

Optical Measurements

Diffuse reflectance spectra were re-
corded with a Cary 17 spectrophotometer,
using MgO as a standard. Excitation and
emission spectra were corrected for varia-
tion of the incident flux and detector re-
sponse. Decays were obtained by excita-
tion with a pulsed nitrogen laser (A = 337
nm), using a boxcar averager (EGG Model
162/165).

The SrS-Ga,S, and BaS-Ga,S; Systems

In the SrS-Ga,S; system, X-ray diffrac-
tion analysis showed the existence of two
thiogallates: the previously known SrGa,S,
and Sr,Ga,Ss. The X-ray pattern of
Sr,Ga,Ss is similar to that of Pb,Ga,Ss (6, 7)
and the spectrum was indexed on the basis
of an analogous orthorhombic unit cell,
with space group Pbca and the parameters
a = 12.523 = 0.002 A; b = 12.036 = 0.002
A; ¢ = 11.146 = 0.002 A. The interplanar
spacings are listed in Table I.

In the BaS—-Ga,S; system the six barium
thiogallates previously reported were pre-
pared.

In all thiogallates gallium is tetrahedrally
coordinated. The alkaline earth cations
have various environments, the coordina-
tion number going from 6 to 12 (Table II).

The thiogallate powders are nearly white.
In Figs. 1 and 2 the reflectance spectra are
given and compared to those of SrS, BaS,
and Ga,S;. The absorption edge is in the
ultraviolet between 300 and 340 nm, at
slightly shorter wavelength than that of SrS
and BasS; it is considerably displaced with
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respect to that of Ga,S; which lies at the
limit of the visible. For an atomic ratio
M/Ga = } (M = Sr, Ba), Aegee tends to in-
crease with the alkaline earth concentra-
tion. Small absorption bands in the visible
are probably due to defects; their intensity
increases with rising preparation tempera-
ture.

TABLE I
X-RAY DIFFRACTION DATA FOR Sr;Ga,S;

h k ) dcal. (A) dnbs. (A) I/IO
2 ! 1 4.971 4.974 5
1 1 2 4.689 4.690 17
2 0 2 4.163 4.165 5
2 1 2 3.934 3.940 30
3 1 1 3.718 3.717 28
1 3 1 3.614 3.616 15
2 2 2 3.423 3.421 100
3 0 2 3.341 3.341 b
2 3 1 3.232 3.232 25
2 1 3 3.088 3.086 12
4 1 0 3.029 3.029 12
0 4 0 3.008 3.008 20
0 4 1 2.9049 2.9051 17
1 4 1 2.8298 2.8286 23
0 0 4 2.7866 2.7853 35
3 1 3 2.7044 2.7086 40
4 1 2 2.6620 2.6616 35
2 4 1 2.6351 2.6334 5
2 0 4 2.5459 2.5450 20
4 2 2 2.4858 2.4844 7
4 3 0 2.4682 2.4682 17
4 3 1 2.4098 2.4088 5
5 1 1 2.3948 2.3944 12
2 2 4 2.3447 2.3455 7
1 5 1 2.3124 2.3140 5
1 4 3 2.2986 2.2969 5
3 1 4 2.2758 2.2768 5
2 5 1 2.2025 2.2022 3
2 3 4 2.1496 2.1476 10
4 4 1 2.1294 2.1305 8
2 5 2 2.0838 2.0837 12
5 1 3 2.0466 2.0460 30
4 4 2 2.0216 2.02i8 3
2 2 5 1.9829 1.9831 3
6 2 1 1.9418 1.9417 15
6 2 2 1.8590 1.8590 10
5 3 3 1.8443 1.8443 10
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TABLE It

ENVIRONMENT OF THE DIVALENT CATION AND CHARACTERISTICS OF THE Eu?* EMISSION
AT 90 K IN SrS AND THIOGALLATES

Coordination Bottom of
number of Shortest the 4f — 5d Energy Bandwidth
M?* for the M-S absorption of maximum at half-
Host various types  distance (A) band emission intensity
lattice of sites (Ref. (5)) (cm™! X 1073 (cm™ ' X 107  (cm™' x 107%)
SrGa,S, 8, 8,8 19.9 18.58 1.33
Sr,Ga,Ss 8,8 19.3 18.08 1.60
StS 6 17.2 16.18 1.83
BaGa,S, 12 3.40 25.2 20.74 1.70
BaGa,S, 6, 12 3.17 222 19.72 1.80
Ba,Ga,S; 7.7 3.10
Ba;Ga,S, 7,8 3.11 20.2 18.58 1.43
Ba,Ga,S, 7,8,8,9 3.06 19.2 15.29 1.97
Bas(GaS,), 8,8,10 3.00

4« Taken as the intersection of the straight line corresponding to the steep edge and of the baseline
in the excitation spectra.

log o/l

300 400 . 500 ' 600 700

F1G. 1. Reflectance spectra of Ga,S;, SrS, and strontium thiogallates (T = 300 K).
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FiG. 2. Reflectance spectra of BaS and barium thiogallates.

Strontium or barium thiogallates are ap-
propriate host lattices for divalent euro-
pium since direct 4f — 5d excitation can
occur, and these transitions extend to the
visible in sulfides owing to the strong
nephelauxetic effect (2, 3).

Luminescence of Eu*" in Strontium and
Barium Thiogallates

Since increased absorption in the visible
from rising preparation temperature is det-
rimental to the Eu?* luminescence, the
doped samples were prepared at the lowest
possible temperature for complete reaction,
900 to 1000°C.

At 90 K Eu?* gives an intense emission
when incorporated either in SrGa,S,
and Sr;Ga,Ss or in BaGasS;, BaGa,S,,
Ba;Ga,Ss, and BayGa,S;. Figures 3 and 4
show the luminescence spectra. No emis-

sion was detected with Ba,Ga,Ss; and
Bas(GaS,); as host lattices.

The energy of the bottom of the 54 band
derived from the excitation spectra is indi-
cated in Table II. The 54 bands shift to
longer wavelengths when the M/Ga ratio
increases, indicating a higher ligand field at
the divalent cation site or a stronger nephe-
lauxetic effect. This result is quite consis-
tent with the variation of the shortest Ba—S
distance in barium thiogallates (Table II).

In a similar way the emission band moves
to longer wavelengths. Owing to the high
probability for energy transfer, the emis-
sion originates from the site generating the
strongest splitting. The Stokes shift cannot
be determined accurately, since the first
maximum in the f~d excitation band is of-
ten difficult to identify. It ranges from about
2000-3000 cm~! for SrGa,S,, Sr.Ga,S;s, and
Ba;Ga,Se to 5000-6000 cm~! for BaGa,S7,
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Fi1G. 3. Emission band of Eu?* in S1Ga:S, (a), Sr:Ga;Ss (b), and SrS (c¢) for excitation into the 4f— 5d
bands at 90 K. Fraction of alkaline earth sites occupied by Eu?*: x = 0.01.
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FiG. 4. Emission band of Eu?* in BaGa,S; (a), BaGa,S, (b), Ba;Ga,S (c), and Ba,Ga,S; (d) for
excitation into the 4f— 5d bands at 90 K (x = 0.01). The points on the BayGa,S¢: Eu curve correspond

to the values calculated from the configurational coordinate diagram of Fig. 7. Vibrational overlap
integrals were obtained via the Manneback recursion formulae (9).
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F1G. 5. Thermal behavior of the integrated emission
intensity of Eu?* incorporated in SrS and strontium
thiogallates over the 100--300 K range (x = 0.01). The
points represent the ratio of the decay constant at tem-
perature 7 to that at low temperature for Sr.Ga,Ss : Eu.

BaGa,S4, and BasGa,S;. This variation is in
agreement with that of the half-intensity
width of the emission band (Table II).
Figures 5 and 6 give the temperature de-
pendence of the emission intensity for a
substitution rate x of europium for M of 1%.
Quenching of the Eu?* emission in the bar-
ium-rich phases, Ba;Ga,S¢ and Ba,Ga,S;,
occurs over the 100-150 K range. The in-
tensity of Sr,Ga,S;s : Eu is reduced by half at
300 K. For other luminescent thiogallates
quenching is little pronounced at room tem-
perature and of the same order of magni-
tude as that of SrS:Eu (Fig. 5). As illus-
trated in Figs. 5 and 6 for Sr,Ga,S; : Eu and
Ba;Ga,S¢: Eu, the lifetimes of the excited
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states follow the same temperature depen-
dence.

The low quenching temperature of the
barium-rich phases cannot be ascribed to
nonradiative Sd — 4f transitions: due to the
weak phonon energies in sulfides and the
relatively small Stokes shift, nonradiative
transitions are unable to compete with al-
lowed radiative transitions below 300 K.
The rate of nonradiative transitions is ex-
pected to increase with lowering of the 54
states and increasing Stokes shift (10).
Nevertheless there is no clear correlation
between these characteristics and the
quenching temperature (Table II).

As an example Fig. 7 shows a single con-
figurational coordinate diagram for Ba;Ga,

[
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Fi1G. 6. Thermal behavior of the integrated emission
intensity of Eu?* in barium thiogallates over the 100~
300 K range (x = 0.01). The points represent the varia-
tion of the decay constant for Ba,;Ga,S.
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Fi1G. 7. Single-configurational-coordinate diagram
for Ba;Ga,Se: Eu (x = 0.01). iw = 300 cm~!, and § =
1200 cm~! (offset parameter: a,, = 4).

S¢:Eu (x = 0.01). This diagram was built
from the shape of the emission band and the
low-energy side of the excitation band, us-
ing the quantum-mechanical model of C.
W. Struck and W. H. Fonger (8). Best fit-
ting was observed with phonon energies for
the fundamental and excited states of about
300 cm~! (a deviation is observed when the
phonon energy for the excited state is cho-
sen smaller than that of the ground state).
Such a diagram predicts quenching at high
temperature, well above 300 K.

The observed behavior also cannot be
caused by increased energy migration
among Eu?* up to impurities, resulting from
broadening of absorption and emission
bands. If so quenching should be concen-
tration dependent. The quenching curves
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obtained with samples doped with 5% Eu?*
were actually quite similar to those in Figs.
5 and 6.

The most probable cause for the low-tem-
perature quenching seems to be electron
transfer from the 5d states to the conduc-
tion band followed by nonradiative elec-
tron-hole recombination. C. Pedrini, D. S.
McClure et al. (11, 12) have shown from
photoconductivity measurements that the
energy difference between the ground state
of divalent rare earth ions and the bottom of
the conduction band in CaF,, SrF,, and
BaF, decreased with increasing size of the
alkaline earth. For CaF, and SrF,, Eu?*
shows its usual 5d — 4f emission, the low-
est Sd state lying below the conduction
band edge. In BaF; photoionization occurs,
since all the 5d states lie above the conduc-
tion band (/3). It can be assumed that the
position of the lowest 5d state is close to the
conduction band edge in Ba;Ga,S¢ and
BasGa,S;, leading to low quenching tem-
peratures. In Ba,Ga,Ss and Bas(GaSy),,
host lattices for which no Eu?* emission
was detected, the level may be within the
conduction band. Confirmation of the pro-
posed mechanism would require photocon-
ductivity measurements on single crystals.
For SrS : Eu whose quenching starts below
300 K, photoconductivity does occur for ir-
radiation in the lowest 5d state at room tem-
perature (/4).

Results obtained with thioaluminates and
thiosilicates indicate similar trends (I5).
The emission of Eu?* was observed in ali
host lattices with the exception of the bar-
ium-richest compounds, BasAlLS; and
Ba;SiSs. Quenching temperatures are
markedly higher for thioaluminates than for
thiogallates. Conversely the emission of
Eu?* in thioindates is quenched at lower
temperature (3). These results are consis-
tent with the proposed interpretation since
the bandgap decreases in the following or-
der of the trivalent elements: Al > Ga > In.
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Conclusions

Owing to the wide bandgap of alkaline
earth thiogallates, direct excitation of the
5d — 4f Eu?* emission can occur. The
emission band shifts to longer wavelengths
with increasing M/Ga ratio. In most host
lattices quenching starts below 300 K. Non-
radiative losses may be the consequence of
electron transfer from the excited states to
the conduction band, followed by nonradia-
tive electron-hole recombination.
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