
JOURNAL OF SOLID STATE CHEMISTRY 46,222-233 (1983) 

The Luminescence of Cs3Bi2C19 and Cs3Sb2C19 

C. W. M. TIMMERMANS, S. 0. CHOLAKH,* AND G. BLASSE 

Physical Laboratory, State University, P.O. Box 80.000, 3508 TA Utrecht, 
The Netherlands 

Received July 22, 1982 

The luminescence properties of CsrBi&,, a-CsrSb& and S-Cs$?&& are reported and compared 
with those of Cs,BizBrg. The first two compounds have comparable luminescence properties which can 
be described in terms of a band model. Deep center emission is observed for both compounds, whereas 
edge emission is observed only for CsrBi2Clq. The optical transitions of S-Cs$bzCIV are localized on 
the SW+ ion. The orientation of the lone-pair orbitals of the ns* ions seems to play an important role in 
the formation of the cationic valence band. The a-8 transformation must therefore have a consider- 
able influence on the spectral properties of CsrSbzCIY. 

Iutroductlou 

In a previous paper we reported on the 
luminescence of CsJBizBrg (I). In that pa- 
per it was shown that the optical properties 
of this compound must be described in 
terms of a band model analogous to the ce- 
sium lead halides (2, 3), with which Css 
BizBrg is, in first approximation, isostruc- 
tural and isoelectrical. Band structure 
calculations for CsPbClj and CsPbBrs show 
that the top of the valence band consists of 
the cationic 6s functions and the p functions 
of the anions (3). The bottom of the con- 
duction band is formed by the cationic 6p 
functions. The band gap transition is intra- 
cationic. 

In the excitation spectrum of CssBi2Br.9 
we observed a sharp excitonic transition at 
about 6 meV below the band edge which is 
at 2.7 eV. At higher energies a broad excita- 
tion band was found which was ascribed to 
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a charge transfer transition from the bro- 
mine 4p band to the bismuth conduction 
band. In emission free-exciton recombina- 
tion was observed in addition to the lumi- 
nescence of several impurity centers (2, 4). 

It seemed interesting to investigate the 
compounds CqBi2C19 and OL- and g-C!sj 
SbzClg in view of the correspondence in 
crystal structure between these compounds 
and Cs3Bi2Br9. Since the cationic orbitals in 
these compounds are on the boundary be- 
tween being localized and delocalized (I), 
unexpected results cannot be ruled out. 

The compound Cs3Bi2C19 shows two dif- 
ferent configurations (5). At high tempera- 
tures it has a structure which is essentially 
the same as the structure of Cs3BizBrg (6). 
This structure consists of a cubic close- 
packing of CsCls layers (ABCABC) in 
which two-thirds of the interstitial octahe- 
dral chlorine holes are occupied by Bi3+ 
ions in such a way that double layers of 
bismuth and chlorine are formed. At 373°C 
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a phase transition occurs. Below this tem- 
perature the CsC& layers are packed with 
layer sequence ABACBC (7). The bismuth 
ions then form double chains parallel to the 
a axis. There are two different sites for the 
bismuth ions. 

The compound Cs~Sb#J~ can be obtained 
from an aqueous solution in two different 
forms: the CY form, which has the same 
structure as the high-temperature modifica- 
tion of CsjBizC19 (8), and the l3 form, which 
is isostructural with the low-temperature 
modification of Cs3Bi&lg ( 7). 

The trivalent metal ions in these com- 
pounds have s2 configuration. They have a 
tendency to form MeX3 molecules (i.e., 
three short and three longer metal-halide 
distances). This is due to the s2 lone pair of 
such ions which points away from the short 
metal-halide bonds. 

The crystallographic data for the above- 
mentioned compounds are listed in Table I. 

Experimental 

Single crystals of Cs3Bi2C19 and 
Cs3Sb2Clv were grown by dissolving stoi- 
chiometric amounts of CsCl and the metal 
sesquioxides in a concentrated HCl solu- 
tion followed by slow evaporation of the 
saturated solution. Cs3Bi2Clg crystals were 
colorless. They showed an absorption edge 
near 3.14 eV at 80K. Crystals of a- and p- 
Cs3Bi2C19 were grown from the same solu- 
tion. After crystallization they were se- 
lected under a microscope. The a-Cs$b2Clg 
crystals were hexagonal plates with a 
brownish color. The absorption edge of 
these crystals was at about 3.0 eV at room 
temperature. Crystals of P-Cs$b2C19 were 
pale-yellow rods, but we were also able to 
grow colorless crystals of this compound 
from the remaining mother liquor. 

The apparatus used for recording the 
emission and excitation spectra and mea- 
suring the decay times has been described 
in (I). Decay times of the cesium antimony 

chlorides were partially measured on an ap- 
paratus described in (9). 

Results and Discussion 

1. Luminescence of Cs$i2Cl, 

At liquid helium temperature the absorp- 
tion spectrum of a Cs3Bi& crystal starts 
with a sharp line at 3.140 eV followed by 
some weaker lines at 3.142, 3.145, and 
3.152 eV (see Fig. 1). Above 3.16 eV the 
absorption rises steeply. The Cs3BizClg 
crystals show luminescence at low temper- 
atures only. The emission is situated in the 
red part of the spectrum. This is in contrast 
with CssB&Brg, which shows at 4.2K bright 
edge luminescence next to red lumines- 
cence (2). In Fig. 2 we give the emission 
and excitation spectra of the luminescence 
of CsjBiQ, at liquid helium temperature. 
In the band edge region the excitation spec- 
trum corresponds to the absorption spec- 
trum: at 3.140 eV a sharp line is followed by 
a narrow band with a maximum at 3.20 eV 
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FIG. 1. Absorption spectrum of a Cs3BilC19 single 
crystal at 4.2K. The optical density is given in arbi- 
trary units. Exciton absorptions indicated by arrows 
form a Wannier series from which the n = 1 exciton is 
absent (see. text). 
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TABLE I 

CRYSTALLOGRAPHICDATAFORTHE CESIUM BISMUTH HALIDESANDTHE CEsruM ANTIMONY CHLORIDES 

Cs,BizBrg CsSBi2Clq (h.t) Cs9BiZClv (1.t) 
(6) (5) (7) 

Unit cell a = 7.912 a = 1.658” a= 1.644 
(4 b = 13.221 

c = 9.867 c = 9.466” c = 18.684 

Z 1 1 4 

Space group P3ml P321 Pmcn 

Bi(1)2.48 (2X) 
Metal-halogen 2.71 (3x) 2.48 (3x) 2.55 (1 x) 

distances 2.98 (3x) 2.90 (3 x) 2.60 (1 x) 
ch 2.84 (2x) 

Bi(2)2.47 (1 X) 
2.56 (2x) 
2.83 (2x) 
3.08 (1 X) 

a Lattice constants are calculated for room temperature. 

a-Cs$b& 
(8) 

a = 7.633 

c = 9.345 

1 

P321 

2.42 (3 x) 
2.82 (3 x) 

P-Cs$b#& 
(7) 

a = 7.630 
b = 13.079 
c = 18.663 

4 

Pmcn 

Sb(1)2.42 (2x) 
2.45 (1 x) 
2.89 (2x) 
2.90 (1 x) 

Sb(2)2.52 (2x) 
2.53 (1 x) 
2.81 (2X) 
2.81 (lx) 

(see Fig. 2). The excitation spectrum shows 
two further broad bands at about 3.4 and 
3.8 eV. The relative intensity of the former 
depends on the emission wavelength 
monintored, and that of the latter does not. 

In emission two broad bands were found, 
viz., at 1.5 and at 1.9 eV. The former could 
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FIG. 2. Emission and excitation spectra of the lumi- 
nescence of Cs,Bi& at 4.2K. The emission spectra 
were recorded for excitation into the band edge at 3.2 
eV (solid line) and at 3.4 eV (broken line). Excitation 
spectra were recorded for emission energies of (a) 2.0 
eV, @) 1.8 eV, and (c) 1.6 eV. Here and in other fig- 
ures + denotes the photon flux per constant energy 
interval in arbitrary units and qr the relative quantum 
output. 

be excited preferentially in the 3.4-eV exci- 
tation band, the latter in the band edge re- 
gion (see Fig. 2). Upon excitation at 3.20 
eV very weak edge luminescence was ob- 
served as well. It consists of a sharp line at 
3.132 eV followed on the low-energy side 
by a narrow emission band peaking at 3.05 
eV. The experimental accuracy is such that 
we must conclude that the sharp line in 
emission does not coincide with the one in 
the excitation and absorption spectrum. 

Figure 3 gives the temperature depen- 
dence of the decay time and of the emission 
intensity of the 1.5-eV emission band. The 
emission intensity is within the experimen- 
tal error constant up to about 40K, where 
thermal quenching occurs. The activation 
energy for quenching is 54 meV. The decay 
time vs temperature curve shows below 3K 
a moderately long decay time of about 80 
psec. Above this temperature the decay 
time decreases to a level of 35-25 +sec be- 
tween 15 and 50K. Above 50K the decay 
time decreases further due to thermal 
quenching of the luminescence. All decay 
curves were single exponentials. The acti- 
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FIG. 3. Emission intensity (0) and decay time (0) of 
the 1 5eV emission band of CspBi2C19 as a function of 
temperature. The excitation energy was 3.67 eV (N2- 
laser line). 

vation energy for the first decrease was 
about 1 meV and probably corresponded to 
the energy difference between the 3Po and 
3P, levels of an isolated Bi3+ center (20). 
We were not able to measure with sufficient 
accuracy the decay time vs temperature 
curve of the 1.9-eV emission. The quench- 
ing temperature of this emission band is 
about SOK. 

The excitation spectrum of Cs3BizClg 
may be interpreted in the same way as we 
did for Cs3Bi2Br9. The strong narrow band 
at 3.20 eV corresponds to the band gap 
transition. The sharp line at 3.140 eV is a 
cationic exciton transition. The transition is 
probably a direct one in view of the small 
half-width of this line (- 1 meV). If the tran- 
sition to the conduction band were indirect, 
the exciton line would be much broader, if 
present at all. The low intensity of this tran- 
sition in the absorption spectrum also 
makes it improbable that the transition is a 
direct allowed one. 

Elliott deduced expressions for the ab- 
sorption coefficient of semiconductors in 
the presence of exciton effects (II). For a 

direct allowed transition he gave the ab- 
sorption coefficient as 

IX = AyemE%inh(my) 

and for a direct forbidden one as 

(Y = Ay(1 + y2)ewE3’*/sinh(7ry). 

In these expressions E = hv - Eg and y = 
(G/E)‘“; G is the binding energy of the exci- 
ton, and Eg the band gap energy. When E + 
G, y + 0 and the absorption coefficient be- 
comes proportional to E1j2 or I?‘* for an al- 
lowed or a forbidden transition, respec- 
tively. A plot of OL* or cP3 vs hv will then 
give a linear behavior from which one can 
determine Eg. In neither case did we find a 
linear behavior, but a better result was ob- 
tained for a forbidden transition. From 
these considerations we conclude that the 
band gap transition of Cs3Bi& is a direct 
forbidden one. 

If we have a forbidden transition then the 
first line of the Wannier series is missing, so 
the observed line at 3.140 eV is the n = 2 
line. In emission a very weak band edge 
luminescence was observed with a sharp 
line at 3.132 eV. In our opinion this sharp 
line is the n = 1 exciton line of the Wannier 
series which can only be observed in emis- 
sion at very low temperatures due to the 
forbidden character of this transition. 
From the positions of the n = 1 and n = 2 
lines the binding energy of the exciton and 
the band gap can now be calculated: G = 11 
meV and Eg = 3.143 eV. The weak line at 
3.142 eV in the absorption spectrum is due 
to the n = 3 line of the Wannier series. The 
lines observed at 3.145 and 3.152 eV do not 
belong to this hydrogenic series. They are 
probably phonon replicas of the IZ = 1 and n 
= 2 exciton lines. Both lines are about 12 
meV (= 100 cm-‘) higher in energy than the 
corresponding exciton lines. Since detailed 
band structure calculations are not avail- 
able, we will not discuss the forbidden char- 
acter of the band gap transition further. Fi- 
nally, we note that the exciton binding 
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energies which we have found for CsJBizC19 
(11 meV) and Cs3BizBr9 (6 meV) compare 
well with those observed for the corre- 
sponding simple cubic thallous halides (22). 

Of the two excitation bands at higher en- 
ergies the band at about 3.8 eV is probably 
due to a charge transfer transition from the 
chlorine 3p band to the bismuth conduction 
band. This transition takes place at higher 
energies than the corresponding transition 
in Cs3BizBrg (-3 eV), since chlorine is more 
electronegative than bromine. The thallous 
halides and the cesium lead halides show 
the same behavior (12, 3). 

The excitation band at 3.4 eV undoubt- 
edly corresponds to the emission band at 
1.5 eV, since its intensity relative to that of 
the band edge transition depends on the 
emission wavelength monitored. Evidently 
this center can be excited in two ways: di- 
rectly into the center or by band gap excita- 
tion. Since the 3.4-eV excitation band lies 
above the band gap, we conclude that these 
centers are concentrated at the surface of 
our crystals, because exciting radiation 
with this energy cannot penetrate deeply 
into the crystal. 

As in cesium bismuth bromide, the red 
luminescence is probably due to bismuth 
ions coordinated by one or more oxygen 
ions. Since the edge luminescence is much 
weaker than the impurity luminescence we 
conclude that the concentration of these 
impurities is relatively high. The infrared 
spectrum of the CssBizClg crystals shows 
absorption bands around 3500 and 1600 
cm-‘, indicating a certain concentration of 
hydroxyl ions in the crystals. At about 500 
cm-’ another absorption band is observed 
which can be ascribed to a bismuth-oxygen 
vibration. Comparable values were found 
for the totally symmetric Bi3+-02- stretch- 
ing vibration in CaO (13) and in NaLnO2 
(Ln = SC, Lu, Y, Gd) (9). The totally sym- 
metric bismuth-chlorine vibration is ex- 
pected at much lower energies, viz., around 
300 cm-’ (24). 

Whereas the infrared spectrum shows the 
presence of oxygen in the red-emitting cen- 
ters, the temperature dependence of the de- 
cay time is strong evidence for a Bi3+ ion in 
this center (I, IO). The decay time at low 
temperatures (-80 ksec) is relatively short 
for a pure 3P&So transition. On the other 
hand, at higher temperatures the decay 
time should be very short (51 psec) if a 
pure 3PI-iS~ transition is involved. Simi- 
lar behavior was found for other bismuth- 
containing compounds (25, 26). In all these 
compounds the bismuth ion is surrounded 
by three ligands with a short bond length 
and by three other ones which lie further 
away from the central ion. The red-emitting 
center has probably even lower site symme- 
try due to the presence of the hydroxyl 
group. This makes a mixing of the 3P1 and 
3P0 levels possible, especially because their 
energy difference is very small (see above). 
In this way the 3P0 level will have a certain 
3P1 character which will lead to a shorter 
decay time at low temperatures. On the 
other hand, the 3P1 level will have a little bit 
of 3Po character, which will make this tran- 
sition more forbidden. 

The 1.9-eV emission is ascribed to a 
“Bi3+-OH-” center in the bulk. As argued 
above, the concentration of this center is 
higher than in Cs3Bi2Br9, preventing the oc- 
currence of strong edge emission. This 
higher concentration can be ascribed to the 
fact that the difference in size between OH- 
and Cl- is less than that between OH- and 
Br-. The surface center may consist of an 
oxidized layer in or on the surface of the 
crystal. The 3.05-eV emission is due to 
bound exciton recombination. A similar ob- 
servation has been made for Cs3Bi2Br9 (I). 

2. Luminescence of a-Cs$b2Cl~ 

At liquid helium temperature crystals of 
a-C&S&C19 show a weak, green lumines- 
cence. When the temperature is raised to 
about 20K, the luminescence intensity in- 
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creases considerably. The emission and ex- 
citation spectra of the luminescence of 01- 
Cs$brC19 crystals at 4.2K are shown in Fig. 
4. The emission spectrum consists of one 
Gaussian band with a maximum at 2.32 eV. 
The excitation spectrum of this band is 
more complex. The spectrum starts on the 
low-energy side with two lines, viz., at 
3.025 and 3.055 eV. These are followed by a 
strong and narrow excitation band which 
peaks at 3.09 eV. At still higher energies a 
broad band is observed with a maximum at 
about 3.7 eV. 

This excitation spectrum is comparable 
with that of Cs3BizClg (Fig. 2). The excita- 
tion band at 3.09 eV is due to the band gap 
transition. By analogy we assume that the 
upper valence band is formed by SlP (5s) 
functions and the conduction band by Sb3’ 
(5~) functions. The band at 3.7 eV is as- 
cribed to a charge transfer transition of the 
Cl- (3~) band to the antimony conduction 
band. In CsJBi2C19 the corresponding tran- 
sitions were observed at 3.20 and 3.8 eV. 
The sharp lines on the low-energy side of 
the band edge are transitions to cationic ex- 
citon states. Since no edge emission could 
be observed upon band edge excitation, it is 
hard to decide on the nature of this exciton. 
If we take the sharpness of the lines as an 
indication for a direct transition and their 
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FIG. 4. Emission and excitation spectra of the lumi- 
nescence of a-Cs&Clg at 4.2K. The emission spec- 
trum was recorded for excitation into the band edge at 
3.1 eV. 

low intensity as an indication for a forbid- 
den transition, we arrive at the same results 
as for Cs3BizClg and CssBizBrg (4), i.e., the 
band gap transition is direct, but forbidden. 

If the two lines belong to the same exci- 
ton series, we obtain G = 40 meV and Es = 
3.065 eV if the two lines correspond to n = 
1 and n = 2, and we obtain G = 220 meV 
and Eg = 3.08 eV if the lines correspond to 
n = 2 and n = 3 (i.e., when the 12 = 1 transi- 
tion is completely forbidden). The latter 
binding energy seems to be exceptionally 
large, so we prefer the former set of data. 

In Cs3BiZClg and Cs3Bi,Brg the emission 
bands at low energies were ascribed to lu- 
minescence from Bi3+ centers which con- 
tain oxygen on halide sites. Since crystals 
of these compounds were grown from an 
aqueous solution, it is very likely that oxy- 
gen is built into the crystals. The chloride 
contains more oxygen (probably as OH-) 
than the bromide. We conclude that the 
green luminescence of c&s$b& is also 
due to Sb3+ ions which are coordinated by 
one or more oxygen ions. These centers act 
as traps for free electrons or holes which 
are created by excitation into the band gap. 
In Cs3BiZC19 a weak edge emission could be 
observed. In c&s$b& no edge lumines- 
cence was observed at all. This indicates 
that there are a large number of impurity 
centers in this compound. 

Results of temperature-dependent mea- 
surements on the green emission are pre- 
sented in Fig. 5. Note that at 4.2K the emis- 
sion intensity is at a very low level. Above 
7K the intensity starts to increase. A maxi- 
mum is reached at about 18K. Above this 
temperature the intensity decreases again 
due to thermal quenching of the lumines- 
cence. The decay time is about 370 psec at 
liquid helium temperature. Above 8K the 
decay time decreases rapidly. At 20K it has 
reached a value of about 20 usec. 

The observed curves can be explained, if 
we assume a three-level scheme as given in 
the inset of Fig. 5. Here it should be kept in 
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FIG. 5. Emission intensity (0) and decay time (0) of the green luminescence of a-Cs3Sb2C19 as a 
function of temperature. The three-level scheme (inset) is discussed in the text. 

mind that the luminescent center contains a 
Sb3+ ion, so the levels 1, 2, and 3 corre- 
spond to the levels ‘SO, 3Po, and 3P1 of a 
Sb3+ (5~~) ion, respectively. Since the radi- 
ative 2 + 1 transition is strongly forbidden, 
a nonradiative transition probability P,, has 
been introduced. This competes with PZI. 
Since P3i % P2,, nonradiative transitions 
from 3 to 1 are neglected in this model. This 
can only be done at low temperatures. P23 

and P32 are nonradiative transition probabil- 
ities: P32 % P31 % PZI. If we assume a Boltz- 
mann distribution between the population 
of the levels 2 and 3, then &/P32 = exp 
(-e/H). The thermal quenching above 
20K is accounted for by a nonspectied pro- 
cess requiring an activation energy AE. 

For such a scheme the following expres- 
sions for the integrated intensity and the 
decay time have been derived (27): 

N 
I(‘) = 1 + C exp(-AElkT) 

P2, + P3, exp(-e/U’) 
’ P2, f P, + P31 exp(-e/H) ’ 

7(T) = 
1 + exp(-dkT) 

Pzl + P, + P3, exp(-dk7) ’ 

C is a constant related to the nonradiative 

transition probability for thermal quench- 
ing. For simplicity we have neglected the 
thermal quenching in the expression for 7. 
This means that the expression is only valid 
for temperatures below 18K. 

The best fit to both curves was obtained 
with the following data: P21 = 485 see-‘; P31 
= 2.72.106 see-l; P,, = 2210 set-i; C = 
10400; E = 7 meV and AE = 18 meV. The 
dashed line in Fig. 5 gives the estimated 
curve, if no thermal quenching occurs. 

The radiative decay times */Pal (=2.1 
msec) and VP3, (=0.4 psec) belong to the 
3Pr’So and 3P1-LSo transitions of the Sb3+ 
ion, respectively. These decay times are 
longer than those for the corresponding 
transitions of a bismuth ion (20). This is 
because the weaker spin-orbit coupling of 
antimony enhances the spin selection rule. 

3. Luminescence of P-Cs3Sb2C19 

At room temperature yellow-colored 
crystals of B-Cs3Sb2C19 show absorption at 
energies higher than 3 eV. These crystals 
do not luminesce, not even at liquid helium 
temperature. If the crystals were kept in air 
for a few days, a very weak, yellow lumi- 
nescence was observed upon excitation in 
the uv. This phenomenon was also ob- 
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served for the a-Cs$b&lg crystals, where a 
yellow emission appeared in addition to the 
green emission reported above. The yellow 
emission intensity increased when the crys- 
tals were kept for a longer period in air. 
Simultaneously a white-colored layer was 
formed on the surface of the crystals. From 
this we conclude that the yellow lumines- 
cence originates from a product formed by 
reaction of Cs$SbzClg with air. The surface 
luminescence consists of one broad emis- 
sion band with a maximum at 2.2 eV. The 
half-width of this emission band is about 0.4 
eV. The excitation spectrum consists of a 
band peaking at 3.8 eV and a weaker one 
peaking at 4.3 eV. The luminescence 
quenches at temperatures higher than 
16OK. 

At low temperatures the yellow emission 
has a very long decay time of about 1.5 
msec. The decay time decreases very rap- 
idly above 10K. At 25K the decay time has 
decreased to 15 psec. Above 1OOK a con- 
stant level of 1.3 psec is reached until ther- 
mal quenching of the luminescence sets in. 

Although it is not known what kind of 
compound is formed on the surface (proba- 
bly an antimony oxychloride), the observed 
decay times and their temperature depen- 
dence point to luminescence from Sb3+ 
ions. At low temperatures the emitting level 
is 3P~; at higher temperatures the transition 
is from 3P1 to ‘So. The energy difference 
derived from the decay time measurements 
is 7 meV. The results are comparable with 
those for the luminescence of the defect 
centers in a-Cs$b& which are ascribed 
to antimony positioned next to an oxygen 
impurity. 

According to Ref. (18) Cs3SbzClg is a 
white compound at room temperature. At 
higher temperatures its color changes from 
white to yellow. This means that the yellow 
color of our crystals, which is even present 
at liquid nitrogen temperature, is not intrin- 
sic but is caused by the presence of defects 
or impurities. There is reason to believe 

that our crystals contain a small amount of 
pentavalent antimony. The mixed-valence 
compound CszSb~~Sb$Cl,j shows a very in- 
tense color due to the intervalence charge 
transfer transition of Sb3+ to SM+ which has 
a very high absorption strength (19). Dilute 
solid solutions (concentration less than 5%) 
are yellow like our crystals. We feel that 
these pentavalent antimony ions act as 
killer centers for the luminescence of g- 
Cs3SbzClg (also see below). 

As mentioned above, we succeeded in 
growing some colorless crystals from solu- 
tion. X-Ray diffraction shows that these 
crystals are P-Cs3Sb2C19. The absorption 
spectrum at room temperature consists of 
two intense broad absorption regions: one 
around 3.7 eV and one at energies higher 
than 4.3 eV, at which energy a clear absorp- 
tion minimum occurs. At 4.2K the crystals 
show a very intense luminescence in the 
uv. The emission and excitation spectra are 
given in Fig. 6. The emission spectrum con- 
sists of one band peaking at 3.23 eV. No 
visible emission is observed. The excitation 
spectrum of the emission consists of sev- 
eral bands. The main peaks lie between 3.5 
and 4.3 eV. This region coincides with the 
first, broad absorption region. Weaker exci- 
tation bands are found above 4.3 eV. The 
excitation minima in the first absorption re- 
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FIG. 6. Emission and excitation spectra of the lumi- 
nescence of p-CsjS&Clg at 4.2K. The emission spec- 
trum was recorded for excitation at 3.9 eV. 



230 TIMMERMANS, CHOLAKH, AND BLASSE 

gion are considered to be maxima in the 
absorption spectrum. This phenomenon is 
common for highly concentrated com- 
pounds. In this way we conclude that there 
are two absorption maxima, one at 3.75 eV 
and another at about 4.1 eV. 

The spectra of P-Cs$b2C19 look different 
from those of the other halides under con- 
sideration. First, the excitation spectrum 
shows no exciton absorption lines and no 
band gap-like transition. Second, we ob- 
serve uv emission and no trap emission 
from deep defect centers, whereas we did 
observe trap emission in the other halides. 
Therefore we assume that we are dealing 
with transitions localized on the Sb3+ ions. 
By comparison with the transitions in the 
compound MgS-Sb3+, which lie roughly in 
the same spectral region (20), we arrive at 
the following assignments: the absorption 
peak at 3.7 eV is due to the 1S,,-3PI transi- 
tion, and the one at about 4.6 eV to the 
‘S&PI transition. The band near 4.1 eV 
may be assigned to rSr3P2. The emission is 
due to the 3Ppl,0-rS0 transition. 

It is now obvious why the yellow-colored 
crystals do not luminesce. The lumines- 
cence of pure @Cs3Sb& crystals peaks at 
3.23 eV. This is in the region where the 
yellow-colored crystals show very strong 
absorption due to the intervalence charge 
transfer. Because of this excellent spectral 
overlap and the high oscillator strength of 
the intervalence charge transfer transition, 
energy transfer can take place with high effi- 
ciency and over long distances. Charge 
transfer states show considerable relaxa- 
tion, which makes nonradiative return to 
the ground state likely. Krol et al. (21) have 
explained the absence of luminescence in 
certain U6+ compounds in exactly the same 
way as we have done for a Sb3+ compound. 

Below 40K the decay time of the emis- 
sion has a value of about 470 usec (see Fig. 
7). Above 40K the decay time decreases 
steeply. This decrease coincides with the 
quenching range in the luminescence inten- 

f ‘+a+--= . .- . rcps1 
400. 

T(K) - 

FIG. 7. Decay time of the uv emission of p-Cs,Sb& 
as a function of temperature. 

sity vs temperature curve. By comparison 
with standard phosphors the quantum effi- 
ciency of the uv emission at low tempera- 
ture is estimated to be 30%. This yields a 
radiative decay time of about 1.5 msec, 
which is in good agreement with values 
mentioned above. 

In view of the Stokes shift and the ab- 
sence of purely electronic lines in the spec- 
tra, energy migration among the Sb3+ ions 
can be ruled out at liquid helium tempera- 
ture (22). The relatively low quantum effi- 
ciency may be due to one-step energy 
transfer to Sb’+ killer sites, which may also 
be present in colorless crystals. The ab- 
sorption spectrum in fact shows a very 
weak tail in the charge transfer area. Al- 
though the concentration of these ions must 
be very low, energy transfer is very effec- 
tive (see above). 

There are two possible mechanisms 
which may be involved in the thermal 
quenching above 40K: (a) thermal quench- 
ing in the same Sb3+ ion as the one in which 
the excitation takes place (this does not 
seem probable in view of the relatively 
small Stokes shift) (20, 23); and (b) energy 
migration among the Sb3+ sublattice fol- 
lowed by nonradiative decay at killer sites. 
This seems to be a more probable mecha- 
nism. The killer sites might be SW+ ions 
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positioned next to oxygen (which are 
quenched above 4OK, see above) or SW+ 
ions. 

Kellendonk et al. explained the observed 
energy migration in bismuth aluminum bo- 
rate at low temperatures in terms of energy 
migration via the 3P1 level (24). They found 
that the transfer probability (- lOi see-‘) is 
larger than the nonradiative decay rate 
from 3P1 to 3Po (P3* = 109 see-I). In B- 
Cs3Sb2C19 energy migration among the anti- 
mony sublattice occurs only at higher tem- 
peratures, i.e., when the 3P1 level becomes 
thermally occupied. This means that the 
transfer probability is less than P32, but 
larger than the radiative transition probabil- 
ity of the 3P1-*So transition (P31 = lo6 
see-I). The Sb3+-Sb3+ distance in our com- 
pound is shorter than the Bi3+-Bi3+ dis- 
tance in Y0.77Bi0.23A13B40i2, but the spectral 
overlap and the absorption strength are 
smaller. Therefore a transfer probability of 
lo7 set-l seems reasonable. This means 
that below 40K the excited SW+ ion relaxes 
to the 3Po level, from which emission oc- 
curs. Above 40K energy migration among 
the Sb3+ ions occurs via the 3P~ level until 
the migrating energy is trapped by killer 
sites. The luminescence of B-Cs$b&lg is 
concentration quenched above 40K. 

The observed energy difference of about 
50 meV between 3P1 and 3P~ seems to be a 
rather large value for Sb3+ in view of the 
weak spin-orbit splitting compared to the 
bismuth ion. However, there is a lack of 
accurate data in literature, so no compari- 
sons are possible. 

4. Influence of the Structure 

Of the compounds investigated, viz., Cs3 
BizBr9, Cs3BiZC19, a- and l3-Cs&Sl&C19, the 
first three show optical transitions, which 
must be described with a band model. Crys- 
tals of B-Cs3Sb2C19, on the other hand, 
show transitions which are localized on the 
SW+ ion. Obviously, slight structural 
changes are able to induce the transition 

from localized to delocalized. The com- 
pounds Cs3BiZBr9 and a-Cs$bzClg have al- 
most the same crystal structure and show 
comparable luminescence properties. Even 
the exciton spectra are similar. The com- 
pounds Cs3BizC19 and B-Cs3Sb&, are also 
isomorphous with a different crystal struc- 
ture from that of Cs3Bi2Br9 and a- 
Cs$b&. Cesium bismuth chloride still 
shows delocalized behavior with a more 
strongly forbidden 12 = 1 exciton transition, 
while l3-Cs$&C19 shows localized Sb3+ 
transitions. 

In Fig. 8 the relevant part of both struc- 
tures is drawn. From this picture it is clear 
that the two structures do not only differ in 
stacking sequence, as discussed in the in- 
troduction of this paper, but there is also a 
great difference in the orientation of the 
lone-pair lobes of the ns2 ions. The so- 
called lone pair effect causes the lengthen- 
ing of the metal-halogen bonds due to the 
repulsive forces between the lone pair and 
the negatively charged halogen ion. In such 
a configuration the lone pair will point in 
the direction of the center of mass of the 
three more distant halogen ions (25). In the 
structure of Cs3Bi2Br9 and a-Cs$bzClg this 
results in a parallel orientation of the lone 
pair lobes (see Fig. 8a). The lobes point to- 

FIG. 8. Part of the structures of Cs3Bi2Brg and CI- 
Cs3Sb& (a) and Cs3Bi2C19 and p-Cs&Cl, (b). Black 
spheres represent n9 ions and white spheres halide 
ions. The orientations of the ns* lone pair orbitals are 
shown schematically. 
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ward the inside of the double layer. This 
makes an effective overlap between the 
lone pair lobes possible. 

The overlap between the lone pair orbit- 
als of the compounds Cs3Bi&Y9 and p- 
Cs$b$& is smaller, as can be seen from 
Fig. 8b. Here the lobes are perpendicular to 
each other. Since overlap between the ns2 
orbitals is required for the formation of the 
cationic valence band, it is concluded that 
compounds with the (Y structure will show a 
stronger tendency to delocalization than 
compounds with the p structure. 

Nevertheless, Cs3Bi2Clg also shows delo- 
calized optical properties. This may be due 
to the fact that the 6s2 lone pair of Bi3+ has a 
larger extension than the 5s2 lone pair of 
antimony. Another possible explanation is 
that the bismuth-chlorine octahedra in Cs3 
B&C19 (1.t.) are strongly distorted (see Ta- 
ble I). One of the longer-bonded chlorine 
ions is positioned closer to one bismuth ion 
than to the other which results in a short 
(2.60 A) and a very long bond length (3.08 
A). In this configuration the lone pair lobe 
of the first bismuth ion will move slightly 
away from the shorter-bonded chlorine ion, 
while the lone pair lobe of the second bis- 
muth ion will orient itself along the longer 
bond. This will result in a more parallel ori- 
entation of the lone pair lobes, which con- 
sequently may increase the size of the over- 
lap. Obviously, band structure calculations 
are necessary to confirm these speculative 
considerations. 

Recently the luminescence properties of 
CsSnBr3 have been reported in the litera- 
ture (26). This compound shows semicon- 
ductor behavior with Eg = 1.8 eV (compare 
CsPbBr, -2.4 eV (3)). Both edge emission 
(1.7-1.8 eV) and deep-center emission 
(1.16 eV) were reported. The present 
results tempt one to give an interpretation 
that differs from that given by the authors 
of Ref. (26). The edge emission is due to 
recombination of cationic bound excitons, 
and the deep-center emission is due to a 

Sn*+-O*- complex. The thermal quenching 
temperature of the edge emission in 
CsSnBr3 is considerably higher than in our 
compounds. The CsSnBr3 was not prepared 
from an aqueous solution. It cannot be 
ruled out that our preparation procedure in- 
duces certain killer sites which are respon- 
sible for the low quenching temperatures. 
The high OH- vibrational frequency might 
play an important 
process. 
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