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The luminescence properties of ytterbium ions in strontium
haloborates were studied under optical, X-ray and synchrotron
excitation. The coexistence of Yb ions in two valence states
(divalent and trivalent) was detected in the Sr,B;0,X:Yb
(X=Cl, Br) powder materials prepared in a slightly reducing
(H,/N,) or an oxidizing atmosphere. Under optical excitation,
the 54 — 4f Yb** luminescence at 420nm is observed. Even
under X-ray excitation, an emission band with a maximum of
about 340 nm appears in the spectra. This broadband emission is
attributed to charge transfer luminescence of Yb**. The influence
of the structural features of Sr,B;0,X and some preparative
conditions of the samples on the luminescent behavior of Yb are
discussed. © 2002 Elsevier Science (USA)
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1. INTRODUCTION

In recent years, materials of composition M,BsOq X :Eu?*
(M = Ca, Sr, Ba; X = Cl, Br) gained special attention be-
cause of possible applications as storage phosphors for
X-ray imaging (1) and thermal-neutron detection (2, 3). The
results obtained on their photostimulated luminescence are
consistent with a model in which halide vacancies act as
electron traps and Eu?" is involved in the hole trapping.
However, the results are quite complicated and a full under-
standing of the physical processes responsible for the stor-
age properties of these materials requires significant
additional studies.

It is known that the Yb®* ion in SrB,O, shows a very
efficient luminescence due to 4f'35d — 4 f'* transitions (4).
The emission band has a maximum at 362nm, at 300 K.
This fact prompted us to test the ability of ytterbium-con-
taining M,BsO,X to be used as storage phosphors for
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thermal-neutron detection. In this paper, we report on the
luminescence of Yb?>" and Yb** ions in strontium halobor-
ates. It is widely accepted that the crystal structure of
Sr,B504X (X = Cl, Br) does not differ significantly from
that of Eu,B504Br for which Machida et al. (5) have given
a detailed description. The crystal structure of Eu,Bs;O¢Br
consists of a three-dimensional (BsOy),, network in which
B50O4, groups of three BO, tetrahedra and two BOj tri-
angles are linked together (5). The europium ions are
surrounded by seven oxygen ions and two halogen ions.
The average Eu-O and Eu-Br distances are 2.7 and 3.0 A,
respectively.

2. EXPERIMENTAL

The Sry(1 - Yb,,BsOg X (x = 0.001, 0.01) solid solutions
were prepared using a standard solid-state method. Starting
mixtures of SrCO;3, SrX, -nH,O (10% excess), Yb(NO3);
and H3;BOj; (15% excess) were fired at a temperature of
about 400°C for 1h and then at 750-800°C for 3h in
a nitrogen stream. The samples were cooled, mortared to
insure homogeneity and fired again at 800°C for 2h in
a reducing atmosphere consisting of a nitrogen-hydrogen
mixture containing 5% by volume of hydrogen. The sam-
ples were analyzed in the as-prepared state and after anneal-
ing at 700°C for 2h in air. The annealing was applied to
stimulate conversion of Yb2™ into Yb®* and, therefore, for
the study of the Yb*" response. All the samples were
checked by X-ray diffraction (XRD) using CuKo radiation.
No impurity phases were detected in the XRD patterns. The
emission and excitation spectra were recorded at 300K
using an LOMO SDL 1 spectrofluorometer equipped with
a xenon lamp. The spectra were corrected for the photomul-
tiplier sensitivity and the monochromator efficiency
using a calibrated light source. For the decay time measure-
ments, a flash xenon lamp and a pulsed YAG:Nd**
laser (Ao = 266 nm) were employed. The measurements of
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excitation spectra at wavelengths shorter than 240 nm were
performed at room temperature using synchrotron radi-
ation and the equipment of the SUPERLUMI experimental
station (6) of HASYLAB (Hamburg, Germany). These
spectra were corrected for the wavelength-dependent excita-
tion intensity with the use of sodium salicylate as a stan-
dard. X-ray-induced emission spectra were recorded using
an X-ray tube with a Cu anode operated at 35kV and
25mA. For thermally stimulated luminescence (TSL)
measurements, an Sr°°/Y®° B-source installed in a Risg
TL/OSL-DA 15 A/B reader was applied. The dose rate was
1.0mGy/s in air. Since the luminescent properties of
samples with x = 0.001 and 0.01 were found to be the same,
we will report only those for x = 0.01 samples.

3. RESULTS

Figure 1 shows the emission and UV excitation spectra of
St(1 -5 Yb,,B5sOoCl (x = 0.01) sample in the as-prepared
state. The emission spectrum consists of a single band with
a maximum at about 420 nm. In the excitation spectrum of
this emission several bands at 267, 305, 338 and 374 nm are
observed. These bands must be ascribed to transitions be-
tween the 4 1% and 4/35d configurations of the Yb?* ion.
No significant change of the 420 nm emission is observed
upon varying the excitation wavelength in the 240-380 nm
region. It is hard to determine the Stokes shift of this
emission, because the corresponding excitation band can be
too weak to be observed (4,7) and no fine structure is
observed in the excitation spectrum at 300K. A rough
estimate of the Stokes shift can be obtained by assuming
that the excitation band is the mirror image of the emission
band. In this way, we obtain a value of about 3000cm ™ *,
which is typical for 4f™ — 4"~ 154 transitions. Upon direct
excitation of the Yb?* ions in the 260-375nm range, the
decay of the emission is single-exponential with a time
constant of 30 + 2 ps. It is important to note that the
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FIG.1. Emission and excitation spectra of Sry;_,Yb,BsOoCl

(x =0.01) at 300K. The emission spectrum (---) was recorded upon
excitation at 340nm. The excitation spectrum (——) was recorded for
emission at 420 nm.
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FIG. 2. Comparison of X-ray-induced emission spectra of
Sra1 -5 Yb2BsOoBr (x = 0.01) at 300 K. (- --) as-prepared sample; (——)
oxidized sample.

emission and excitation spectra of Sr,(; -, Yb,,BsOoBr ap-
pear to be identical to those observed for the
Sts1 -5 Yb,,B50oCl samples. Also, it was found that the
annealing of the samples in air suppresses the 420 nm emis-
sion, but not completely.

The X-ray-induced emission spectra of St — 5 Yb,,BsOoBr
(x = 0.01) at room temperature are shown in Fig. 2. It is
evident that these spectra are quite different from that
shown in Fig. 1. The emission extends from 250 to 600 nm
and has two maxima at 340 and 420 nm. As can be seen from
Fig. 2, the annealing of the sample in air significantly reduc-
es the long-wavelength peak. The spectra show, in addition,
sharp peaks at 980 nm, which could not be observed upon
UV excitation. It is evident that these features are due to
the transitions between the two 4f states of Yb®*. The
X-ray-induced emission spectra of the Sry; -, Yb,,BsO04Cl
samples show the same characteristics.

Figure 3 shows the (V)UV excitation spectrum of the
420nm emission of Sry; —Yb,,B504Cl (x = 0.01) in the
as-prepared state. It is evident that the excitation bands in
the 4-6 €V region are due to the direct excitation of the Yb**
ions via transitions to the components of the Yb** 5d
configuration. Also, there is a weak band with a maximum
at about 6.53¢V (190 nm). Excitation into this band yields
the spectrum in which the 347 nm band dominates (see inset
in Fig. 3). The origin of this excitation band will be discussed
below. The local maximum at about 7.52 ¢V (165 nm) can be
assigned to a band gap transition with a subsequent energy
transfer to the Yb>* ions. Between 8 and 16 eV, the emission
intensity continues to increase with increasing excitation
energy. Note that in the 7-18 eV region the excitation spec-
trum is similar to that for Sr,BsO¢X doped with either
Ce** (8) or Eu?* (9).

Figure 4 shows the time-resolved excitation spectra of the
UV emission at 350nm of Sry(; - Yb,,BsO4Cl (x = 0.01)
after annealing at 700°C for 2h in air. The short-time
excitation spectrum consists of a band starting at about
5.90eV (210 nm) and peaking at 6.70eV (185 nm). Note that
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FIG. 3. (V)UYV excitation spectrum of Sry(; - Yb,,B504Cl (x = 0.01)
monitoring the blue emission (4., = 420nm) at 300 K. The inset shows the
emission spectrum upon excitation at 180 nm.

this band is not observed in the excitation spectra of stron-
tium haloborates doped with Ce** or Eu?*. The weak
luminescence intensity for excitation energies larger than
7.6eV indicates that energy transfer from the generated
electron-hole pairs to centers responsible for the UV emis-
sion is not efficient. The time-delayed excitation spectrum
has a more complicated structure. In addition to the 6.7¢V
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FIG. 4. Time-resolved excitation spectra of Sry;—-yYb,BsOoCl
(x = 0.01) monitoring the UV emission (A, = 350nm) at 300K. The
spectra were recorded for two different time intervals after picosecond
pulse excitation; ( ) between 1 and 10ns, and (---) between 50 and
200 ns.
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FIG. 5. Decay curve of the emission at 350 nm of Sry(; — ) Yb,,BsO¢Br
(x =0.01) in the as-prepared state recorded upon excitation at 180 nm,
T =300K.

excitation band, there is a sharp increase of the emission
intensity between 7.2 and 7.8eV. The local maximum at
about 7.8 eV can be assigned to a band gap transition with
a subsequent energy transfer to the impurity ions.

The decay curve of the UV emission of Sty - Yb,,BsOoCl
(x = 0.01) for the 180 nm excitation wavelength is presented
in Fig. 5. Upon excitation at A, = 180nm (6.88¢eV), the
decay shows a strong deviation from exponential behavior.
It is evident that its duration is much shorter than the decay
time of the 420nm emission. The time required for the
luminescence to decay to 1/e of its initial intensity was found
to be Sns.

After exposure of the samples to -radiation, a TSL signal
is observed. The TSL spectra of Sry;—_,Yb,BsOoBr
(x = 0.01) appear to be similar to the X-ray-induced emis-
sion spectra (Fig. 2), indicating that the TSL originates from
Yb-related centers. Figure 6 shows the TSL glow curves of
the Sty - Yb,,BsOgBr (x = 0.01) samples after f-irradia-
tion for 60s at room temperature. A stronger peak at about
350K and a weaker one with a maximum at about 405K
are observed. Note that the peak positions are in good
agreement with those obtained for Sr,BsOoBr:Eu’™ (2).
The resemblance between the TSL glow curves can be seen
as the evidence that the same types of trapping and recombi-
nation mechanisms are involved.

4. DISCUSSION

Depending upon the method of preparation, Yb can enter
as Yb?* or Yb** in strontium haloborates. It is evident that
the blue emission band which shows the decrease in inten-
sity upon annealing in air originates from Yb?"-related
exciting and emitting centers. The luminescent properties of
Yb?* in alkaline earth sulfates and alkaline earth halides
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FIG.6. TSL glow curves of p-irradiated Sry;-,Yb,BsOoBr
(x = 0.01) for the integrated emission; (——) as-prepared sample; and (---)
oxidized sample. The heating rate is 1 K/s.

have been reported in the literature (7,10,11). The emission
spectra are ascribed to 5d — 4 ftransitions on the Yb* " ions
or to Yb*" trapped exciton emission. The Yb?* 54 —4f
emission is usually between 360 and 450 nm. The blue emis-
sion with the maximum at 420 nm is between these extremes
and shows the characteristics of Yb** emission. The red
shift with respect to the lowest excitation band is small
(3000cm '), the decay time (7) at 300K is relatively long
(30 us). Note that this value of 7 is larger than that found for
Ce** (30-40ns) (8), Sm** and Eu®>* (1-6ps) (9) in these
lattices. This observation agrees with the proposition made
by Lizzo et al. (7) that the contraction of the 4 f orbitals on
the heavier lanthanide ions reduces the overlap between the
delocalized 5d orbital and the 4f orbital, resulting in lower
transition probabilities. The strong resemblance between
the emission and UV excitation spectra for Sr,BsO0oX : Yb**
(X = CI, Br) indicates that the energy position of the Yb*™-
levels in strontium haloborates is mainly determined by the
influence of neighboring oxygen ions belonging to the bor-
ate groups, and not by the two halogen ions. For Ce** and
Eu’?" ions in these host lattices, the stronger nephelauxetic
effect of Br™ in comparison with Cl~ causes the shift to
longer wavelengths of the excitation and emission bands of
the impurity ions in the bromoborates compared to the
chloroborates (8).

Several explanations can be put forward to interpret the
emission with A, = 340 nm (Fig. 2). It is obvious to assume
that this emission is related to Yb>* ions. Reports on the
energy position of the 5d states of Yb®>" ions are restricted
to a few of fluoride compounds. For CaF, and BaY,Fg, an
absorption band at about 141 nm has been reported (12,13).
Recently, it has been shown that the depression of the 5d
level (A Ln®") in a crystal is approximately constant along
the lanthanide series (14, 15). Dorenbos (14) finds this
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depression to be the same for all the Ln®* ions, within
600 cm ', This allows one to estimate the energy position of
the 5d states of any lanthanide ion. By choosing E (Ce**,
free) = 49,737cm ! and E (Yb®", free) = 80,200cm ~ ! (16)
and taking into account that for Sr,B5;0,Cl
A Ce*" =17,500cm ! (8), we can obtain a value of 7.6eV
(165nm) as the energy position of the lowest 4f— 5d
transition on Yb®** ion in Sr,BsO¢X. Since the funda-
mental absorption edge of Sr,BsOX (X = Cl, Br) is at
7.2¢€V, the 5d excited states of Yb** are expected to lie in the
conduction band. It is clear that these states cannot be
responsible for the 6.70eV (185 nm) excitation band.
Another explanation is that the 340 nm emission is caused
by transition from the charge transfer state (CTS) of Yb>™*
ions to the *F;, state of Yb>*. Since the separation between
the 2F;, and *Fs), states of Yb** is about 10,000 cm ™", the
CTS — *Fs), emission band is expected to be at 540 nm.
This band seems to be hidden on the longer wavelength side
of the 340 nm emission. In this connection, we point out that
the CTS — °F,,, emission band is often significantly more
intense than the band corresponding to the CTS — *F;,
transition. Let us now compare the charge transfer (CT)
band energies of Yb**-doped strontium chloroborate and
other host lattices. Recently, van Picterson et al. (17) have
reported the first systematic study of Yb** CT luminescence
in a large variety of rare-earth (RE**) compounds. In
LiYF, a CT absorption band was found to be at a high
energy (7.8eV), while in oxidic systems at lower energies
(~5.5¢V). It was shown that the CTS — *F;, emission
bands are broad and the Stokes shift of the emission varies
from 7000 cm ! for RE,0,S and LiYF, to 17,000 cm ~ ! for
Y,0; and Y3Al504,. It is evident that the CT excitation
band of Yb*" in Sr,B50,Cl is at a relatively high energy,
viz. 6.70eV (185 nm), and the Stokes shift of the CT emission
is large (25,000 cm ~'). It is known that the coordination and
the size of cation site influence the energy of the CT
transition (16,17). It is generally accepted that the average
metal-ligand distance represents the size of the site. One
may expect that an increase in metal-ligand distance will
cause an increase in the energy required for a CT transition.
Taking into account that the average metal-ligand distance
(R) in Sr,BsO,X is 2.70 A (4), we can conclude that the
cation sites are essentially larger in Sr,BsO¢ X thanin Y,O0;4
(Ry.o = 2.28 A) and Y;Al50;, (Ry_o = 2.37 A). The excita-
tion spectra of Eu** emission in Sr,BsOoX show a broad
band in the UV spectral region (2,18). This band was at-
tributed to a charge transfer transition of Eu® *-ligand com-
plexes. Knitel et al. (2) reported the value of 5.77eV (215 nm)
as a maximum of the CT band of Sr,BsOoBr:Eu®*. The
shift of the CT band to lower energies for Eu®* in compari-
son to Yb*" is in agreement with the results of van Pieter-
son et al. (17) for other systems. The size of the site available
to the Yb** also affects the relaxation in the CTS. When
Yb** isincorporated in a lattice on a larger cationic site, the
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relaxation in the charge transfer state is larger and therefore
the Stokes shift is larger. The observation of the Yb** CT
luminescence in Sr,BsO¢X was unexpected because in
REBO; (RE = Sc, Y, La) no Yb** charge transfer lumines-
cence was observed even at 10K (17). The higher quenching
temperature for the CT luminescence from Yb** can be
related to the higher stability of Yb** in Sr,BsO¢X com-
pared to REBO5. To verify this hypothesis new experiments
on ytterbium-doped alkaline earth borates (MB,O-,
MB,0,, etc.) are planned. It should be noted that the CT
luminescence of Yb** offers favorable possibilities to apply
Yb?*-based materials for solar neutrino detection (19).

The asymmetrical shape of the excitation band at 185 nm
(Fig. 4) indicates that the observed spectrum consists of at
least two superimposed spectra due to different Yb** com-
plexes present in the sample. When Yb** ions are doped
into strontium haloborates they substitute for strontium
ions and therefore require charge compensation to maintain
the overall charge neutrality of the crystal. In our previous
work on Ce®>" in these host lattices (8) it was found that
the dominant charge compensation mechanism in
Sr,Bs0,X:Ce** (X = Cl, Br) solid solutions includes the
formation of one vacancy per two rare-earth ions incorpor-
ated. This process can be described by the Kroger-Vink
notation:

3Srg — 2Ces, + V. [1]

Here, the subscript “Sr” denotes an ion in a strontium site
in the lattice. The superscripts -, x and ” denote, respective-
ly, +1, 0 and —2 formal charges of defects relative to the
lattice. Therefore, the asymmetric shape of the 185 nm exci-
tation band can be explained by the existence of several
kinds of ytterbium centers in Sr,Bs04 X, namely the iso-
lated Yb** center and the associated pair center of Yb>™
and strontium vacancy. Such a situation was reported for
Eu?* ions in CaO (20, 21). The CT bands of CaO:Eu**
have been observed at 235nm for the Eug, center and at
250nm for the associated pair center of Eu** and cation
vacancy. Also, it is likely that the annealing of the samples in
air leads to the appearance of centers in which the charge
compensation is realized by the substitution of an O*~ on
one of the halogen sites, i.e. (Ybg, - Ox)™ associates. Since the
excitation bands of the Yb** centers in Sr,Bs04X show
a considerable overlap, we were not able to accomplish
a fully selective excitation and record the emission of any
center exclusively.

The CT nature of the radiative center responsible for the
340 nm emission is supported by the fast decay of a few
nanoseconds. The radiative lifetime of the Yb** CT emis-
sion is typically between 100 and 200ns (17). At room
temperature, the decay time is 10-20ns due to the increase
with temperature of nonradiative transitions to the Yb*"
ground state. From Figs. 1 and 2 it follows that there is
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a considerable spectral overlap between the CT emission
band from Yb** and the excitation bands of Yb** ions in
Sr,B504 X. This overlap suggests that energy transfer be-
tween the corresponding centers can take place. As a result,
the nonexponential decay of the CT emission of Yb*" is
observed (Fig. 5). Thus, by accepting the CT nature of the
340 nm emission, we can explain our experimental data.

TSL measurements were made for Sr,; —,,Yb,,B5sO9Br
(x = 0.01) in the as-prepared state, i.e., before oxidation of
Yb2" ions and in the oxidized state, after substantial con-
version to Yb**. The TSL spectra appear to be similar to
the X-ray-induced emission spectra, indicating that the TSL
originates from the Yb?* and Yb** centers. A comparison
of the TSL glow curves (Fig. 6) seems to show that the main
trapping states are due to intrinsic lattice defects of these
materials. A more detailed study of the trapping processes in
this host lattice is beyond the scope of this work.

5. CONCLUSION

The luminescence properties of ytterbium ions in stron-
tium haloborates were studied under optical, X-ray and
synchrotron excitation. The coexistence of Yb ions in two
valence states (divalent and trivalent) was detected in the
Sr,Bs04X:YDb (X = Cl, Br) powder materials prepared in
a slightly reducing (H,/N,) or an oxidizing atmosphere.
The Yb?™ ions give rise to the emission band at 420 nm. The
Yb** ions cause the emission band at about 340 nm. This
emission band is attributed to charge transfer luminescence
of Yb**. The study of the storage properties of
Sra(1-9Yb2,B5s0¢ X solid solutions is in progress at Delft
University of Technology.
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