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Abstract—Excitation spectra of
2,
2 and
2 crystals
doped by
2,
3,
3 in vacuum ultraviolet region were investigated at liquid-helium temperature and at room temperature.
Spectra of doped
2 at low temperature and
2,
2 at
room temperature show significant decrease of excitation intensity
against those in undoped crystals while the intensities in exciton
regions remain nearly the same.
The common reason of the suppression of exciton emission by
impurity in alkaline-earth fluorides is unradiative electron–hole recombination on impurity sites.
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I. INTRODUCTION

T

HERE is a practical need to diminish slow excition lumiretaining only fast cross luminescence.
nescence of
Therefore, several trivalent [1] divalent [2], [3], and monovalent
[4] impurities have been found as effective exciton suppressors.
The concentration of impurity needed for effective suppression
to a few
is ranging from a few tents of molar percent for
or
[5]. Most prospective impurimolar percent for
ties should have no optical transitions within the host bandgap.
Despite the numerous experimental studies, the mechanism of
exciton suppression is not known.
,
,
have filled outer shells and have
Impurities
no own absorption bands with energies below 12 eV. However,
new strong absorption bands appear very near to the exciton
absorption edge in vacuum ultraviolet region [6]. Cadmium introduced impurity states lower the bottom of conduction band
states and the transitions from surrounding fluorines to cadmium
lead to the appearance of strong absorption just below the exand ions accompanied charge compenciton edge. The
sated interstitial fluorines, which have atomic p-states higher
than top of valence band states. The , impurity bands transitions arise from these states to conduction band states.
,
, or
crystals these impurities conIn all
siderably suppress the exciton emission [1]–[5], while fast
remains unaffected. The depencross-luminescence of
dence of intensity and decay times of the exciton luminescence
in
could not be explained by
on concentration of
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interaction of excitons with impurity only [7]. Anther possible
process is trapping of free charge carriers (electrons or holes),
so the number of excitons created through electron–hole interaction is decreased with the increasing numbers of traps. The
trapping of holes by charge compensating fluorine interstitials
doped with
was proposed to lead exciton suppression in
impurity [8], [9]. However, comparison of doubly doped
–
-KF in equal molar concentration (in this case there
–
are
are no fluorine interstitials in the crystal) with
proof that fluorine interstitials have weak influence on exciton
suppression [10].
Excitons in alkaline-earth fluorides are effectively created
from separated free electrons and holes as it follows from
excitation spectra of pure crystals. Therefore, one could infer
that there are two common ways to suppress excitons. At first,
impurity may decrease the number of free electrons and holes
by sequential trapping at impurity. Then, excitons may be suppressed due to the interaction of created excitons with impurity.
Therefore, one needs to separate the process of interaction of
excitons with impurities from those of electron–hole interaction with impurities before creation of exciton. One of possible
ways is the comparison of suppression of excitons directly
created by photons with suppression of excitons created over
free electrons and holes by vacuum ultraviolet (VUV) photons
or X-ray.
In this paper, we investigate excitation spectra in exciton and
,
,
crystals doped with
band-to-band regions of
,
,
. Some prelimidifferent closed shell ions—
nary results were published in an earlier paper [5].
II. EXPERIMENTAL
Crystals were grown in vacuum in graphite crucible by the
Stockbarger method. In the first step, an oxygen-free crystal was
or
as oxygen scavenger
grown with the addition of
in a simple large volume crucible. Then parts of this crystal were
used for the growth of impurity doped crystals of smaller size.
Concentration of impurities varied from 0.01 to 30 mol. %. Concentration of impurities was measured by the atomic absorption
method.
The excitation, absorption spectra in the energy range of
4–12 eV and emission spectra in the range 2–6 eV were measured with grating vacuum monochromator VMR2 and grating
monochromator MDR2. In addition, emission and excitation
measurements were carried out using a low-temperature luminescence setup SUPERLUMI designed for VUV spectral
region, located in HASYLAB at DESY (Hamburg, Germany)
[11]. Photons generated by a bending magnet of the storage
ring DORIS (5-MHz repetition rate) are tunable in the energy
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Fig. 1. Normalized emission spectra of pure and doped CaF , SrF , and BaF at low temperatures. All spectra were measured using long time window mode.

range of 4–40 eV using a 2-m normal incidence monochromator with an optical slit width of 0.32 nm. Luminescence was
analyzed with a 0.3-m imaging spectrograph SpectraPro308i
(Acton Research Inc.). The optical slit width of the secondary
monochromator was typically 2 nm. Discrimination between
the fast and slow emissions was achieved by recording signals
after the arrival of excitation pulse
within the time window
delayed by . All emission spectra presented here were mea30–50 ns and
sured in the long time window mode (
100–150 ns). Emission spectra were not corrected for spectra
sensitivity response of monochromator. Excitation spectra
were measured in time integrated mode, acquisition time was
typically 2 s per each point. Intensities of excitation spectra
of particular crystals were normalized to be equal at exciton
region.
For comparison of exciton intensity in samples with different
concentration of impurities we prepare samples with same
-mm dimensions sawed from bulk and one-side polished.

We measure emission spectra of different samples with excitaresonance discharge lamp, having most intensive line
tion of
at 10.0 eV (123.6 nm). This lamp is suitable for illumination into
,
, and
crystals.
first exciton peaks of
III. RESULTS
We compare the intensity of emission spectra of different
lamp. Additionally,
samples under excitation by resonance
we compare the intensity of excitation spectra in exciton region.
or
Both measurements gave similar results. In all studied (
) doped crystals, the intensity of exciton emission decreased
by only 10–30% against that in undoped crystals. At the same
time, the exciton intensity under X-ray irradiation considerably
decreased with the increase of impurity concentration (see also
[4]).
The emission spectra of excitons are slightly shifted to high
energy side by the
impurity (Fig. 1) under vacuum ultraviolet excitation. This shift is also observed using X-ray excita-
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Fig. 3. Excitation spectra of exciton emission of CaF , CaF –Cd, SrF , and
SrF -Cd at liquid helium temperatures.
Fig. 2. Excitation spectra of exciton emission at 4.3 eV in pure and doped
BaF at 9 K.

tion. This fact points out that exciton luminesce is near to
impurity.
–
(Fig. 2) show two main
The excitation spectra of
features. These are the broadening exciton band at 9.8 eV and
the appearance of a new excitation band near 9.0 eV. This new
excitation band was assigned to transitions from interstitial fluorines [10]. The position of the new band shifts from 9.18 eV
–
to 8.87 eV in
–
. The shift of
in
position ofthe excitation band to lower energies with increasing
concentration is probably related to the creation of interstitial fluorine subband.
–
crystals are shifted to
The excitation spectra of
higher energies (see Fig. 2). The shift was ascribed to be from
absorption band [6]. In doped
crystals we obstrong
serve a strong relative decrease of excitation intensity above
10 eV against the excitation intensity in undoped crystals (see
Fig. 2).
However, no such decrease of exciton luminescence was
-doped
and
crystals at 9 K (Fig. 3). The
found in
excitation spectra of undoped and
-doped
and
crystals are different, but no significant decrease of intensities
-doped crystals against the undoped ones were observed
of
in the region above 10–11 eV (see Fig. 3).

In separate studies [12], we found a new emission bands in
–
and
–
crystals, which was excited in
impurity region (below the exciton region) (Fig. 3). These new
–
and
–
and not
emission bands were found in
–
crystals [12]. At temperatures 50–80 K in
found in
– and 40–150 K in
– new emission bands were
quenched. Probably
-emission altered the excitation spectra
in band-to-band region above 11–12 eV. Therefore, to exclude
the influence of these bands, we measured the exciton spectra
and
crystals at room temperof ecxiton emission of
ature.
The obvious reduction of excitation intensities in the inter–
and
–
were observed (Fig. 4)
band region of
– ,
– crystals.
as in the case of
IV. DISCUSSION
The ratio of exciton intensity of a doped crystal to that of
an undoped crystal should reflect the process of the increase of
separation distance between electron and hole with an increase
of excitation energy. Indeed, the higher the excitation energy
above the exciton peak one, the larger should be the distance
between electron and hole. When the distance between the electron–hole pair becomes comparable with the mean distance between impurity ions, the ratio of intensities should reach a concrystal is 9.8
stant value. The energy of exciton peak in
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Fig. 4. Excitation spectra of exciton emission of CaF , CaF –Cd, SrF , and
SrF –Cd at room temperatures.

eV, the ratio of exciton intensities decrease twice at energies
10.3 eV in
–
and 11.3 eV in
–
(see Fig. 2). These energies are close to the exciton reflection
peak at 10.0 eV and evaluated, e.g., bandgap energy 10.6 eV
[13]. Therefore, we may infer that when photon energy exceeds
0.5 eV the e–h
the exciton energy by
separation becomes equal or less than the mean separation beimpurity ions. For 5 mol. % of
, the mean
tween the
ion is
(where
is the lowest
distance between the
cation–cation distance). When photon energy exceed the exciton
1.3 eV, the e–h separation becomes
(in the
one by
–
mol.
). The
values for
–
case of
and
–
at room temperatures are equal 1.2 and 1.8 eV,
respectively, for the e–h separation near
(see Fig. 4).
Generally, the processes of transfer of absorbed energy
to quenching centers and to luminescence centers should be
similar. The results of basic experiments such as radioluminescence, VUV spectroscopy, time profiles, and thermoluminescence on rare-earth-activated scintillator materials can be
consistently explained assuming that the dominant mechanism
of scintillation light production is due to radiative recombination of charge carriers at luminescent rare-earth ions [14]. It
was concluded that radiative recombination of unbound electron–hole pairs generated by ionizing radiation provides the
only efficient scintillation mechanism in RE-activated fluorides.
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The efficiency of the process, however, depends critically on
the presence of energy levels in the forbidden energy gap of
the host, provided by quasi-stable alternative charge states of
the activating ion. An absence of such states is very likely to
disqualify a material for useful scintillator applications [15].
In general, one can define three different scintillation mechanisms in -doped crystals corresponding to three different energy transfer mechanisms which occur at different time scales
and with different probabilities [16].
(i) Energy transfer by direct electron–hole capture.
(ii) Energy transfer by binary electron–hole recombination.
(iii) Energy transfer by self-trapped exciton diffusion/emission.
For generality we may combine (i) and (ii) processes as energy transfer by electron–hole recombination near to impurity.
Another main channel is (iii)—energy transfer via excitons
created by electron–hole recombination in unperturbed lattice.
Channel (iii) effectiveness can be verified by exciton intensity
variation under excitation into exciton absorption band, when
only excitons are created and no free electrons and holes
are created. The excitation into interband region creates free
electrons and holes which have two main channels to release
energy—one is creates excitons, another process is transfer
energy to impurity.
has
The dynamics of the relaxation of (e–h) pairs in
been studied by absorption femtosecond technique [17]. Based
on the results and their analysis, it has been shown that selftrapped excitons are formed through two distinctive stages. In
the first stage, the state responsible for the B band acts as the
precursor of self-trapped excitons, and the state is tentatively
assumed to be the relaxing hole. As the intermediate state that
is responsible for the slow growth of self-trapped excitons, a
hypothetical entity of the on-center self-trapped exciton in
crystals is proposed [17]. Therefore, we may assume that during
thermalization one of the free charge carriers (electron or hole)
is captured by impurity or near impurity. Following unradiative
recombination with charge carrier of another sign is a competing
process to those of excitons creation in unperturbed lattices. The
needed for effective competition in exciton
concentration of
creation is about ten times less then concentration of
or .
Obviously, it depends on radii of trapping of the charge carrier
by impurity.
Similar results on influence of impurity on excitation spec–
crystals [18]. In this
trum were observed in
crystal, following band-to-band transitions, exciton emission
emission shows up. The
drastically decreases whereas
authors concluded that energy transfer arises from the relaxation of free carriers before electron–hole recombination [18].
V. CONCLUSION
Sequential trapping of charge carriers (free electrons and
holes) by impurities, followed by nonradiative recombination
at impurity sites, is the main reason of suppression of excitonic
emission by different impurities in alkaline earth fluorides.
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