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The luminescence properties of Pb** in Sr;BsQsX (X = Cl, Br) are reported. The emission is situated at
very short wavelength (~280 nm). In these compounds the position of the energy levels of the Pb?* ion
is determined by the oxygen ions of the borate groups surrounding the Pb?* ion. The influence of the
two surrounding halide ions appears in the Stokes shift, which is the smaller for the Pb?* luminescence
in the bromoborate. In samples with Pb?* concentrations above 1 at.%, two other types of luminescent
centers are observed. They are ascribed to Pb** pairs and Pb?* ions next to a defect. Energy transfer
from the Pb?* ions to these other Pb?* centers and its temperature dependence are discussed. © 1988

Academic Press, Inc.

1. Introduction

The luminescence properties of ions with
6s’ configuration in inorganic compounds
have been the subject of investigation for
many years (7-3). It is well known that the
luminescence properties of s* ions depend
strongly on the nature of the host lattice.
The emission of Pb** can, for example,
range from ultraviolet to red. In this paper
we report on the luminescence properties
of Pb?* in Sr;BsOX (X = Cl, Br), a lattice
in which Pb** is known to emit in the
ultraviolet (4). It was interesting to study
these haloborates in more detail, since the
Pb?* emission is at the highest energy re-
ported for oxides until now. Furthermore
we investigated the role of the halide ion.
This paper reports on the concentration and
temperature dependence of the lumines-
cence spectra and on the energy transfer

processes in these lead-activated halobo-
rates.

The compounds Sr;Bs0yX and Pb,BsOsX
are isostructural with Ca;BsO09X (5). In the
orthorhombic crystal structure two slightly
different sites are available for the divalent
cation. On both sites the cation is coordi-
nated by six oxygen ions at an average
distance of about 2.7 A and by two halide
ions and one oxygen ion at about 3.0 A. The
oxygen ions belong to borate groups.

2. Experimental

All measurements were performed on
powder samples of composition Sr,-,
Pb,B;OsX (X = CI, Br; 0.002 = x = 2).
These compounds were obtained by dis-
solving Sr(NOs); (Merck, p.a.) and Pb
(NO»); (Merck, p.a.) in water. Precipitation
was carried out by adding a large excess of
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(NH,),CO; (Merck, pure) in aqueous solu-
tion. After washing and drying, the precipi-
tate was mixed with SrX, - 6H,O (‘‘Baker
analyzed’"), or PbX, (99.999%) for the con-
centrated systems, and boric acid (Merck,
pure) (20% excess) in a ball mill. The mix-
ture was fired for 3 hr at 750°C (700°C for
the concentrated compounds) in a nitrogen
atmosphere. The samples were checked by
X-ray powder diffraction using a Philips
diffractometer (CuKw radiation).
Luminescence spectra were measured
using a Perkin—-Elmer MPF 44 B spectro-
fluorometer equipped with an Oxford LF
204 liquid-helium flow cryostat. The excita-
tion spectra were corrected for the xenon
lamp intensity using lumogen T-rot GG as a
standard. The emission spectra were cor-
rected for the photomultiplier sensitivity.
The measurement of excitation spectra at
wavelengths shorter than 240 nm was per-
formed on a setup described in Ref. (6).

3. Results

The investigated strontium haloborates
activated with Pb*" are efficient lumines-
cent materials. The emission, situated at
very short wavelengths, shows no thermal
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Fi16. 1. Excitation and emission spectra (Ao, = 287
nam, Aee = 250 nm) of the luminescence of
Sr1.956Pbg.02BsOsCl at 4.2 K (—) and 298 K (-—-). g,
gives the relative. quantum output and &, the spectral
radiant power per constant wavelength interval in
arbitrary units.

MEIJERINK, JETTEN, AND BLASSE

100F 1100
? t
q, ?
sof 450

—1 0

gLO 300

260 2
A {nm) —

FiG. 2. Excitation and emission spectra (Ao, = 27¢
nm, Aue = 250 nm) of the luminescence o
Sf]gngvozBsOgB[' at 4.2 K.

quenching up to room temperature. The
emission and excitation spectra of the most
diluted sample, SI’],ggngo.oozBsOgCl, are
shown in Fig. 1. At 4.2 K the maximum of
the emission band is located at 288 nm.
With increasing temperature this maximum
shifts to shorter wavelengths. Above 100 K
and up to room temperature the maximum
is located at 282 nm. In the excitation
spectrum of this emission, one band is
observed with a maximum about 248 nm; it
shows a small shift to longer wavelengths at
higher temperatures.

In the most diluted sample of (Sr,
Pb)2B509BI', viz. Srl.ggpbo_ozBsogBI', more
than one excitation band can be observed at
4.2 K (Fig. 2). There is a stronger band
around 254 nm and a weaker band with a
maximum at 264 nm. The emission band
has its maximum at 278 nm. A second
emission band seems to be hidden on the
longer wavelength side of this emission
band.

Increasing the Pb** concentration has a
marked influence on the excitation and
emission spectra, as can be seen in Figs. 3
and 4, which show the spectra of the
samples with x = 0.1. In the emission
spectra of Sr;PbgBsOsCl a broad emis-
sion band with a maximum at 410 nm is
present. The emission band around 288 nm
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FiG. 3. Excitation spectrum of the long wavelength
emissiont (An = 410 nm) and emission spectrum after
short-wave excitation (Ae,e = 250 nm) of Sr,
Pby ;Bs0,Cl at 4.2 K.

has become asymmetrical. Fitting this band
to two Gaussian functions indicates the
presence of a second emission band with a
maximum at about 296 nm. In the excita-
tion spectrum of the 410-nm emission two
extra bands can be observed, one band
around 259 nm and one broadband starting
at 315 nm with a maximum at about 270 nm.
This broad excitation band is only observed
in the excitation spectra of the broad emis-
sion band around 410 nm.

In Fig. 4 the excitation spectra and the
shorter wavelength part of the emission
spectra of Sr; ¢Pbgy BsOoBr are depicted for
three different temperatures. The weak ex-
citation band around 264 nm is much
stronger for this sample than for the sample
with x = 0.02. Moreover, a second emis-
sion band with a maximum at 284 nm can be
observed after excitation in the main exci-
tation band. The relative intensity of this
second emission band increases with in-
creasing temperature. Excitation in the
band around 264 nm gives rise to the longer
wavelength emission with a maximum at
286 nm. Next to the emission bands shown,
this sample shows, just as in the chlorobo-
rate, a broad emission band at much longer
wavelengths with a maximum at 370 nm.
The excitation spectrum of this band
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TABLE I

POSITION OF THE MAXIMUM OF THE EXCITATION
AND EMIsSION BANDS OF THE DIFFERENT LUMINE-
SCENT Pb?** CENTERS IN Sr;BsO3X, MEASURED AT
42K

X = X =Br

Ae)u: )‘em )\gxc )\em

Center (nm) (nm) (nm) (nm)

Pb; 248 288 254 278

Pb, 259 296 264 284

Pb, 270 410 270 370

Pb,Bs0sX 270 410 280 370
(Pb,)

shows, apart form the 254- and 264-nm
bands, a broadband starting at 300 nm with
a maximum at 270 nm. The positions of the
different excitation and emission bands ob-
served in the chloroborate and the bromo-
borate are tabulated in Table 1. In this table
we have also introduced a notation for the
luminescent centers which will be used
from now on.

Because the light output of the xenon
lamp vanishes below 240 nm, excitation
spectra between 200 and 300 nm were mea-
sured using a setup equipped with a deute-
rium lamp. These spectra show the pres-
ence of a dominant excitation band

280
A(nm] —

260

F16. 4. Temperature dependence of the short wave-
length part of the emission (A, = 250 nm) and of the
excitation bands (A., = 278 nm) of Sr; ¢Pb, ;B;O.Br:
42K (—),39K (), and 75 K (-+).
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around 222 nm for Sr;sPby;BsOsCl and
around 218 nm for Sr; ¢Pbg ;BsOsBr. The in-
tensity of these two bands is about 10 to 15
times stronger than the intensity of the
bands around 248 and 254 nm.

The relative intensity of the Pb, emission
band increases with increasing Pb?* con-
centration. For the samples with x = 2 only
the Pb, emission bands are observed (Fig.
5). The intensity of these bands decreases
slightly when the temperature is increased
from 4.2 to 298 K. The excitation spectra
show a sharp edge at 270 nm for the chloro-
borate and at 280 nm for the bromoborate.

The temperature dependence of the rela-
tive intensity of the Pb, emission bands was
measured for the samples with x = 0.1. In
Fig. 6 it can be seen that the relative
intensity of this band increases between 20
and ~100 K for Sr1.9Pb0_1B509C1 and be-
tween 4.2 and ~100 K for Sr; ¢Pbg ;BsO5Br.
This behavior is representative for the Pb,
emission, also at higher Pb concentrations.

4. Discussion

4.1. Luminescence of Pb** in Sr,BsOsX

For (Sr, Pb),BsO¢Cl the luminescence
properties of the isolated Pb** ions can be
derived from the diluted system with x =

(8] .
240 340

A (nm) —

FiG. 5. Excitation and emission spectra of the
luminescence of the lead haloborates Pb;BsOsCl (A, =
410 nm and A, = 250 nm) (—) and Pb,B;OsBr (A, =
370 nm and A, = 250 nm) (-—) recorded at 4.2 K.
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FiG. 6. Temperature dependence of the relative
intensity of the Pb, emission in Sr, ¢Pb, ;BsOCl (a) and
Serbo_]BgogBr (b)

0.002. The emission band at 288 nm, mea-
sured at 4.2 K, corresponds to the 3Py — 1S,
transition on the Pb?* ions. The shift of this
band to higher energies at higher tempera-
tures is due to thermal populations of the
3P, level and emission from this level to the
18, ground state. From the shift of the emis-
sion band, the energy difference (AE) be-
tween the 3P; and 3P; levels is estimated,
after correction for the red shift of the exci-
tation band, to be some 600 cm™!. The exci-
tation band with a maximum at 249 nm cor-
responds to the transition between the 'S,
ground state and the 3P, excited state on
Pb2+.

The small Stokes shift of the emission
from the 3P, level, viz. 5000 cm™!, and the
large value of AE indicate that the coordi-
nation of the Pb?* ion in this lattice is not
very asymmetrical (/). Large Stokes shifts
and small AE values are observed for Pb?*
ions occupying an off-center position in the
ground state due to the lone pair. An exam-
ple of small AE is PbAl,O4 with AE = 60
cm™! and a Stokes shift of 19.200 cm™!. A
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very high AE value has been reported for
CaO-Pb with AE = 950 cm™! and a Stokes
shift of 2000 cm™! (7). The present values
are in between these extremes and rather
near those for CaO-Pb. In the latter com-
pound the 4.2 K emission consists of P,
and 3P, emission, nonradiative decay over
a large AE not being very effective. In
Sr;BsOyC1-Pb the emission is only from
3Po. The high vibrational frequencies
available in this host lattice (borate) facili-
tate the 3P, — 3P, nonradiative decay.

In the case of Sr;BsQsBr—Pb?* the 1S, —
3P, excitation band peaks at 254 nm. The
3Py — 1S, emission band has its maximum at
278 nm. Due to the Pb, emission band on
the lower energy side of this band, and the
increase of the Pb, emission band with
temperature, the shift of the *P — 'S, emis-
sion band with temperature could not be
determined. From the measurements at 4.2
K it is clear, however, that the Stokes shift
of the P, emission is about 2000 cm™'
smaller for the bromoborate than for the
chloroborate. This smaller Stokes shift, to-
gether with a smaller bandwidth of the
excitation and emission bands for Pb’" in
the bromoborate indicates that the relax-
ation in the excited state of the Pb%* ion is
more restricted in the bromoborate than in
the chloroborate.

The strong excitation bands in the near
vacuum-UYV region around 222 nm for the
chloroborate and 218 nm for the bromo-
borate, correspond to the allowed 'S;— P,
transition on the Pb** ion. The intensity
ratio between the 'Sy — P, and 'P, excita-
tion bands is about 0.07, which is less than
reported in the literature (8). It cannot be
excluded that the 'S, — 'P, transition is
partly overlapped by a charge-transfer tran-
sition (9).

Comparison of the results on the Pb**
luminescence in the chloroborate and the
bromoborate shows that the halide ion has
little influence on the position of the P
excited states. Normally a shift of the *P
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excited states to lower energies is observed
for s* ions, because the covalency in-
creases. Jgrgensen (8) gives a shift of about
3500 cm™! to lower energy if the Pb** coor-
dination changes from chlorine to bromine.
The absence of this effect in the halobo-
rates indicates that the position of the
energy levels is mainly determined by the
presence of the six surrounding oxygen
ions belonging to the borate groups which
are at 2.5-2.9 A, and not by the two halide
jons at ~3.0 A.

This assumption is confirmed by mea-
surements on the luminescence of SrB,0,—
Pb**. Here the Pb** ion is coordinated by
nine oxygen ions belonging to borate
groups, at distances of 2.5-2.9 A. The
results for the Pb** luminescence are simi-
lar to those obtained for Pb®" in the halobo-
rate. The *Py,— 'S, emission band is located
at 310 nm, the *P; — 'S, band at 300 nm,
whereas the 'S, — 'P; and 'S, — 3P, excita-
tion bands have their maxima at 225 and
268 nm, respectively (10).

The main influence of the halogen ion is
on the Stokes shift. The smaller Stokes
shift in the bromoborate indicates a smaller
difference in relaxation after excitation. If
we compare the reported Eu®* coordination
in Eu?* chloro- and bromoborate (11, 12), it
is seen that the oxygen coordination in the
chloroborate is more regular than in the
bromoborate. In the latter case the Eu(l)-
O(6) distance is even larger than the Eu(1)-
Br(2) distance, suggesting that the coordi-
nation number for oxygen in the bromo-
borate is not seven, but six. This places
Pb?* in the bromoborate in an effectively
lower O coordination than in the chlorobo-
rate, which results in shorter distances,
and therefore weaker relaxation. Unfor-
tunately, the crystallographic data are not
accurate enough to prove such a hy-
pothesis.

The Pb, excitation and emission bands
can be ascribed to Pb** pairs. The interac-
tion between two adjacent 52 ions is known
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to give rise to lower energy levels (2, 13).
The concentration dependence of the rela-
tive intensity of the pair excitation bands at
264 nm for the bromoborate and 259 nm for
the chloroborate follows the relation,

Lg=1-(1- )", (1)

where x is the Pb** fraction in Sr_,
Pb,BsOoX and n = 5 + 1. This observation
suggests an interaction between a given
Pb®* jon and Pb*" ions on approximately
five nearest cation sites. From the struc-
tural data on the haloborates (5, 12) it is
known that a cation is coordinated by six
other cations via a halide ion. Interaction
between two Pb?* ions separated by borate
groups is not likely to give rise to a Pb**
pair with lower energy levels. If we assume
that only interaction between two Pb?* ions
linked via a halide ions gives rise to a Pb?*
pair, the value of »n should be 6. This is in
good agreement with the experimental
value of 5 = 1.

For Sry¢PbgBsOBr the 'S, — 3P, pair
excitation band at 264 nm and the *Py— 'S,
pair emission band at 284 nm can both be
observed next to the Pb;, bands. For
Sr1.9Pbp 1BsOCl, however, only the pair
excitation band at 259 nm is observed. The
pair emission band is hidden under the Pb;
emission band. This is due to the greater
bandwidth of the Pb; emission and the
lower relative intensity of the pair emission
band in the chloroborate. The latter fact
will be discussed below.

A third emission band, which is detect-
able for the samples with x > 0.02, around
410 nm in the chloroborate and 370 nm in
the bromoborate, corresponds probably to
a transition on a Pb®* ion next to a defect. A
possibility for the latter is an O*~ ion on an
X~ site. Due to the effective charge of a
divalent oxygen ion on a monovalent halide
ion lattice site, the energy levels of the Pb?*
ion may be lowered due to increasing co-
valency. The broad excitation band for
these ions, with a maximum at about 270
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nm, is due to the 'S, — >P; transition on this
ion. The large Stokes shift for the Pb, cen-
ter is not surprising. The introduction of a
defect usually facilitates relaxation of the
excited state which results in a larger
Stokes shift.

4.2. Energy Transfer Processes in
Sr2B509X—Pb2+

From the luminescence spectra it is clear
that three types of luminescent Pb** centers
have to be considered, viz. Pb; ions, Pb,
ions, and Pb, centers. After excitation a Pb;
ion can lose its energy not only by radiative
and nonradiative decay, but also by energy
transfer to a Pb; ion, to a Pb, center, or to a
Pb. ion.

With the experimental spectral overlap
and an oscillator strength of 0.1 (8), the
critical distance for the different energy
transfer processes has been calculated,
using a formula (/4) based on work by
Dexter (I5). The calculated critical dis-
tances are tabulated in Table II. In view of
the strongly allowed character of the transi-
tions involved, we consider only transfer
by dipole—dipole interaction.

The energy transfer to Pb. ions is very
efficient. The broad excitation band of
these ions has an efficient spectral overlap
with the Pb; emission band, so that the
spectral overlap is nearly independent of
temperature. The critical distance for
energy transfer is large, due to the great
spectral overlap and amounts to 26.7 A in
the chloroborate and 33.3 A in the bromo-
borate. Within these distances a Pb** ion
has 770 and 1480 cation neighbor sites,
respectively. With these values and the
relative intensity of the Pb, emission band
at 4.2 K, the Pb. concentration can be
estimated, when only direct energy transfer
to Pb, ions is taken into account,

Ioe, =1 - (1 = xp)", Q)

where xpy_ is the Pb. concentration and » is
the number of cation neighbor sites within
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TABLE 11

DATA FOR ENERGY TRANSFER PROCESSES IN
SrzB509X—Pb

Energy
transfer T S.0.4 R}
process X XK) (ev™ (A) nt

Pb,— Pb; Cl 42 6.7 x107 2.7
20 1.5 x 10°¢ 3.1
39 4.3 x 10°° 3.7
60 1.2 x 1073 4.4
75 3.0 x 1073 5.1 4
100 1.4 x 107* 6.6 14
298 1.4 x 1072 142 115
Pb;— Pb, Cl 42 1.7 x10* 6.8 15
20 3.3x 1074 7.6 16
39 6.9 x 107* 8.6 22

W o oo

75 3.6 x 1070 114 58
100 8.9 x 1073 13.2 100
Pb;—> Pb, Cl 42 0.6 26.7 770
Pb;— Pb; Br 42 22x10% 33 0
19 52x10°% 3.8 0
39 2.5 x 107 5.0 4

75 1.1 x 1073 9.3 30
110 5.8x 107 123 73
Pb;— Pb, Br 42 2.6 x1077 158 150

19 3.0 x 1072 16.2 167
39 43 x 1077 17.2 193
75 0.2 22.2 415
110 0.3 23.7 505
Pb;— Pb, Br 42 23 333 1480

4 Spectral overlap.

b Critical distance.

¢ Number of cation neighbor sites within the critical
distance for energy transfer.

the critical distance. For the chloroborate
the calculated Pb. concentration is 0.015%
and for the bromoborate it is 0.013%. These
are reasonable values for defect concentra-
tions.

When the temperature is increased, the
intensity of the Pb. emission increases at
the expense of the Pb; emission (Fig. 6).
Since the spectral overlap is nearly inde-
pendent of temperature, this increase can-
not be explained by the increase of the
transfer rate for direct energy transfer. It
must be due to another way of energy
transfer from Pb; ions to Pb, ions. A possi-
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ble way is energy transfer via one or more
Pb; ions. When the probability for energy
transfer between Pb; ions increases with
temperature, this explains the observed in-
crease of the relative intensity of the Pb,
emission. From the data in Table II it is
clear that the critical distances for energy
transfer between Pb; ions calculated from
the observed spectral overlap are too small
to explain the increase of the relative inten-
sity of the Pb. emission. It should be real-
ized, however, that at low temperatures the
observed spectral overlap is between the
3Py — 1S, emission band and the 1S, — P,
excitation band. Kellendonk et al. (16) have
pointed out that in YALB,O,-Bi** energy
migration via the *P; level does not vanish
at low temperatures. This is possible when
the probability for energy transfer to a
neighboring ion is large compared to the
probability for radiationless decay from the
3P, to the P, level.

The efficiency of this energy transfer
process depends on the spectral overlap
between the 'S, — 3P, excitation band and
the *P, — 'S, emission band, which is not
observed at low temperatures. In order to
check this model, the efficiency of the
energy transfer process via the P, level has
been calculated using a hypothetical *P; —
1S, emission band. For the hypothetical
3P, — 'S, emission band, the experimental
3Py — 'S, band was taken, but the maxi-
mum was shifted to a position 600 cm™'
higher in energy than the *Py— 'S, emission
band at 4.2 K. The results are tabulated in
Table III. They show that the observed
increase of the relative intensity of the Pb,
emission, above 20 K in the chloroborate
and above 4.2 K in the bromoborate, can be
explained by energy transfer via the 3P,
levels of Pb; ions to Pb, ions.

Above ~100 K no further increase of the
relative intensity of the Pb. emission is
observed. This indicates that the migration
process has become very efficient. The
emission above 100 K originates from Pb,
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TABLE III

DATA FOR ENERGY TRANSFER VIA THE *P; LEVEL
oF Pb; Ions (SEE TEXT)

Energy
transfer T S.0. R,
process X  (K) eV A) n

Pb;—» Pb, Cl 42 1.5x10°° 4.6
20 2.8 x 1073 5.1
39 5.8 x 1073 5.7
60 1.2 x 1074 6.4 8
75 1.5 x 107 6.7 15
100 3.8 x 107 7.8 20
RT 1.4 x 1072 142 116
Pb;— Pb; Br 4 2.1 x 107 7.1 16
19 2.9 x 1074 7.4 16
39 7.0 x 1074 8.6 26
75 1.3 x 1072 140 112
110 39x 1077 169 182

[= N SN VL

and Pb, centers, which act as trapping
centers for the excitation energy migrating
over the Pb; sublattice. When the migration
process has become very efficient, the in-
tensity ratio R of the Pb, and Pb, emission
is determined by the ratios of the trapping
rates of the excitation energy and the con-
centrations of these centers. Since the trap-
ping rate is proportional to the spectral
overlap, R can be calculated:

Xpp, * Pi’rb,-_) Pb,
IPbp - Xpbp : Pgb; — Pb,
_ X, - SO(Pb;™ — Pbs*)
 Xpy, - SOPb™ — Pbexe)’

The experimental value of R for
Sry9Pby 1Bs0sCl at 100 K is 0.87. From
Table II SO(Pb{™ — Pb;*°) and SO(Pb;" —
Pb, ) can be found to be 0.6 and 8.9 x 1072,
respectively. With a value of 1.5 x 1074 for
Xpy, and of 0.013 for Xp, the calculated
value of R is 0.77, which is in good agree-
ment with the experimental value for R.

For Sr;9PbyBsOoBr the experimental
value at 110 K, viz. 0.78, is 10 times larger
than the calculated value of 0.08. This
indicates that at this temperature back

1
R=7x=

€)
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transfer from Pb, to Pb; has already become
effective. This is a consequence of the
small Stokes shifts in the bromoborate.
Back transfer to Pb; results in population of
Pb..

In the concentrated systems, Pb,BsO.Cl
and Pb;B;O,Br, the efficiency of the energy
transfer to Pb. ions is very high. Energy
transfer via migration over the Pb®* subiat-
tice has become efficient, because all cation
sites are occupied by Pb?* ions. Moreover,
the Pb. concentration is probably higher
because the Pb concentration is higher than
in the sample with x = 0.1. This makes the
energy transfer to the Pb, centers, even at
4.2 K, complete.

Apart from the energy transfer to Pb>*
pairs via migration over the Pb; sublattice,
direct energy transfer to these centers has
also been observed. This transfer is more
efficient in the bromoborate than in the
chloroborate. This is due to a larger spec-
tral overlap, which in turn results from the
smaller Stokes shift in the bromoborate.
This is the reason why the pair emission
band in the bromoborate with x = 0.1 can
be observed as a separate band, while it is
hidden under the Pb; emission band in the
chloroborate with x = 0.1.

When the temperature is increased, the
relative intensity of the Pb, emission band
increases, as can be seen in Fig. 4. Two
processes are responsible for this increase.
First, the probability for direct energy
transfer to Pb, centers increases with tem-
perature, because the spectral overlap in-
creases (see Table II). Second, the proba-
bility for energy transfer via migration over
the Pb; sublattice increases with tempera-
ture. At ~100 K the total transfer has
become so efficient that the Pb; emission is
no longer observed.

In conclusion, a considerable number of
energy transfer steps take place in the sys-
tems Sr,;-.Pb,BsOsX (X = Cl, Br). For the
greater part these have been quantitatively
characterized.
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