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Effect of Th>+

ABSTRACT The possibility to use Th’" as luminescence sensitizer for
enhancement of the conversion efficiency of vacuum-ultraviolet (VUV)
radiation into visible light was examined. We studied the luminescence
properties of KsTh(PO,), and BasTh(PO,) activated by Eu®", and of StAl;,04
co-doped with Mn*" and Th>*" at excitation over the 120 to 300 nm wave-
length range. It is shown that Th®" ions, exhibiting a strong absorption band
in the VUV, can provide efficient sensitization of Eu®* and Mn*" emissions for
excitation in this spectral range, giving rise to intense red and green
luminescence, respectively. This study provides a proof for the concept of
VUV sensitization, which enables the engineering of luminescence materials
with improved efficiency for excitation from a noble gas discharge.

KEYWORDS Tb-Eu energy transfer, Tb-Mn energy transfer, VUV phosphors,
VUV sensitization

INTRODUCTION

Phosphors are widely used for the conversion of electromagnetic
emission with wavelengths shorter than that of visible light into radiation
within the visible range. Prominent examples are displays, lighting devices,
and visual detectors. The most efficient phosphors are realised using lumi-
nescent ions, such as Ce, Eu, Tb, and Mn, exhibiting high quantum yield
when excitation falls within their characteristic absorption bands. However,
a mismatch between the wavelength band of the excitation radiation and the
absorption band is a more usual scenario, leading to weak absorbance and
low conversion efficiency. A common way to mitigate this problem is using
a strongly absorbing agent (this can be either a co-dopant or a constitutive
element of the host matrix) that can transfer the excitation energy to the
luminescent ion. In such a case, it is possible to achieve direct energy
transfers from the more readily accessible excited state of the absorber to
the emitting level of the luminescent ion. This leads to a large increase in
luminescence intensity and is generally known as a sensitization effect. A
classic example is the energy transfer between Ce’"-Tb’" and Gd’"- Eu®"
pairs. The ions of the sensitizer (Ce®t or Gd’") efficiently absorb light emit-
ted by a low-pressure mercury discharge and transfer the energy to the
activator (Tb>" or Eu3+), resulting in emission characteristic of these ions.
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Studies of this effect have led to the development of
highly efficient phosphors, widely used in modern
fluorescent lamps."!!

While the conversion efficiency of the UV radi-
ation of some modern phosphors is approaching
the theoretical limit, there is a need for substantial
improvement when VUV excitation is considered.
This issue has been addressed extensively over the
past decade and much effort was committed to the
investigation of the quantum cutting effect.*?
Although quantum cutting was studied in many
systems,[4_9]
no practical VUV phosphor based on this effect has
been found.

and research activity still continuing,

BASICS OF CONCEPT

The idea to use sensitization for the enhancement
of the conversion efficiency in the VUV region is
fairly straightforward. However, not many studies
aiming to enhance the efficiency of the VUV-to-vis-
ible conversion using a suitable pair of co-activator
ions have been successful so far. This is because
the majority of hosts absorb in this spectral region
and hence the classic sensitization, as a process of
energy transfer from the excited sensitizer to the
emitting level of the activator ion, has vanishingly
low probability. Fortuitously the quest for materials
for application in the VUV resulted in the character-
ization of many wide-gap oxides that can be used as
suitable hosts for VUV sensitization. Furthermore,
investigations of the spectroscopic properties of
rare-earth (RE) ions in the high energy range''®!!
provided important information that is needed for
engineering VUV phosphors, utilizing sensitization
for emission enhancement. Having all this
information available, it was natural to suggest that
Th>", exhibiting a strong 4/ 5d absorption band in
the VUV, should provide a sensitization effect at
excitation in this energy range.

The main requirement for sensitization is the
availability of an efficient energy transfer between
the terbium ion as sensitizer and the relevant
activator. To investigate the feasibility of this
concept, Eu>™ and Mn*" were selected as acceptor
ions. The energy transfer from the °Ds, °Dy levels
of Th®" to the °D; level of Eu’" has long been
established, "' and it has also been demonstrated
that it is particularly efficient in phosphates.'>!¥
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The energy transfer process from Th>* to Mn** has
also been demonstrated in aluminate hosts.”” To
allow efficient energy transfer to the activator ion at
VUV excitation, the host matrix should satisty several
requirements. The material should be transparent in
the energy range of the 4/ 5d absorption transitions
of Th*". A strong host absorption band above the
absorption bands of Th>" can be advantageous for
excitations at higher energies. Finally, since there is
generally a gap between the energy levels of sensiti-
zer (Tb®") and selected activator ions that needs to
be bridged by emission or absorption of phonons,
the hosts with a high frequency of internal vibrations
are preferable. The analysis of published data shows
that the RE-based phosphates with a POy group,
which absorb photons of energy >7 eV and
exhibit internal vibration modes with a high
frequency,"? should satisfy these conditions. This
motivated the choice of the potassium rare-earth
double phosphate K;Ln(PO,), (Ln stands for RE-ion)
and barium rare-earth orthophosphate BasLn(POy4)3
as hosts to study the effect of the sensitization of
the Eu®" emission.

To study sensitization of Mn*" emission by Th>"
we have chosen strontium aluminate SrAl;,0,9 which
is an excellent wide band gap phosphor'™'” The
structure of this compound permits accommodation
of the large rare earth ions of Th®" in the 12-fold
coordination position of Sr*", while transition metal
ions of Mn*" can substitute AI’* in the tethraedral
coordination."”” Furthermore, the layered structure
of the host, which results in a less pronounced
concentration quenching of the luminescence, is an
additional advantage as this permits experimenting
with relatively high levels of doping.

EXPERIMENTAL PROCEDURES

The experimental samples that have been used in
this study were synthesized from a mixture of high-
purity raw materials, using a conventional solid-state
reaction technique. It includes thorough mixing of
the powder materials under hexane and preheating
to 600°C in air to decompose carbonates. Then the
mixture was pulverized again and fired for 6 hours
on air at temperature 1300°C (phosphates) or
1450°C (aluminates). Gadolinium is known to be
an efficient sensitizer of the Eu®" emission at UV
excitation.”” Therefore, to study the sensitization

Feasibility Study of VUV Sensitization Effect of Tb*"
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effect of the Th®>" in Eu-doped phosphates, we have
used Gd-based analogs for comparison purposes. To
study the effect of Th** on the emission of the Mn*"
radiation, we have used samples of SrAl;,01o, solely
doped with Mn*" and Th®" and also co-doped with
Mn*" and Tb>*. The structure of the samples was
verified using powder X-ray diffraction. The lumi-
nescence characterization of the phosphors has been
carried out at the SUPERLUMI station of HASYLAB,
which is designed for comprehensive investigations
of luminescence materials in the VUV range."® The
phosphor samples, prepared as pellets of the same
dimensions, were glued to the sample holder of a
He-flow cryostat using silver conductive paint. The
excitation spectra were recorded with a PMT
(Hamamatsu, R6358P), while the emission spectra
were measured with higher resolution by means of
a liquid nitrogen cooled CCD camera (Princeton
Instruments) mounted on the second exit arm of a
SpectraPro308 (Action Research) monochromator.
During the measurements, different samples were
presented to the excitation radiation by translating
the holder in a direction orthogonal to the beam.
This ensured that the same geometry was established
for light collection from different samples, thereby
allowing comparison of the luminescence emitted.

RESULTS
Emission Spectra

The room temperature emission spectra of the
Eu-doped K;Th(POy), and K;Gd(POy),, samples,
measured at 150nm excitation, are displayed in
Fig. 1a. The luminescence spectra of the K3Tbg oFug 4
(PO,), exhibit the characteristic red emission of Eu®"
due to the Dy — 7Fj transitions that prevails over the
Tb 4/"-4f" emission (the characteristic lines at 490
and 540 nm). The Eu?" emission also dominates the
luminescence spectrum of the K;GdyoEug 1(PO4)s;
only a weak Gd*' line °p, /2—>887/2 transition) is
detected at 312nm. This indicates the -efficient
energy transfer from the host to Eu®" in these phos-
phors. Tt is worthwhile to remark that the integrated
intensity of the K;TbgoFug(PO4), under 150nm
excitation is significantly higher (by a factor of 8)
compared with that of a Gd-based analog. The emis-
sion intensity of the KiTbh, Eu,(PO,), decreases
monotonously with increasing concentration of
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FIGURE 1 (a) Luminescence spectra of the K;Tbg oEug 1(PO4)»
(dots) and K3Gdg gEug 1(PO4). (line). (b) Luminescence spectra
of Ba3Tb0_gEu0_1(P04)3 (dots) and Ba3Gdo_9EuO_1(P04)3 (Ilne)
Spectra are recorded for 150 nm excitation at T = 295K. The
insets show the range of the luminescence spectra of K3Gdpo
Eug.1(PO4)2 and BazGdg oEug 1(PO4); with Gd>* emission.

europium; the highest intensity at room temperature
was observed for the sample with x=0.05.

Figure 1b shows the luminescence spectra of the
two phosphors BazTbgoEug1(PO4); and BazGdgo
Eug1(PO4)s measured at room temperature under
excitation with 150nm photons. The principal
features of the emission spectra are very similar to
those observed in Eu-doped potassium rare-earth
double phosphates: Eu®" emission dominates the
luminescence spectrum whereas the intensities of
the Th>" and the Gd®" 4/7-4f" lines are much weaker
than that of the Eu®". As is mentioned above, such
features of the emission spectra signify the energy
transfer to Eu”". Results show that the Eu** emission
intensity in the BasTbg oEug ;(PO4)5-Eu under 150 nm
excitation is enhanced fivefold, compared with
BaszGdg oEug 1(POYs.

Figure 2 shows the room temperature lumi-
nescence spectra of the SrAl;,0,o doped with Th>*
and Mn”". At high-energy excitation (A =150nm)
the SrAl;,0,9-Mn exhibits an asymmetric emission
band with a maximum at 515 nm, attributed to the
4T1g—6A1 o transitions of the Mn*" jons that occupy the-
trahedral positions in the lattice. The luminescence
spectrum of SrAl;,0;o-Tb exhibits characteristic
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FIGURE 2 Luminescence spectra of 1 — SrAl;,0,o-Mn (20 at.%),
2 - SrA|12°1g'Tb (20 at.%) and 3- SrA|12019'Mn (10 at.” D), Tb (10
at.%) measured at 150 nm excitation. T = 295 K. The inset displays
the normalised luminescence spectra of SrAl;,0,o-Mn(10 at.%),
Tb (10 at.%) measured at 215 (a) and 150 nm (b) excitation.

emission lines, associated with the f-f transitions in
Th>*. It is clearly seen that in the luminescence
spectrum of the samples co-doped with Mn*" and
Th>", the emission band of manganese dominates
whereas Th®" emission is strongly suppressed.

Only a small peak is observed around 541 nm at
the long-wavelength side of the Mn*" emission band.
It should be noted that the Mn*' emission band
remains dominant in the luminescence spectrum of
SrAl;;,019-Mn, Tb when the phosphor is excited
above 200 nm (see inset in Fig. 2). In this region the
excitation efficiency of Mn** is very poor and mainly
the Th®" ions are excited through the 4/° — 4f 5d
transitions. This provides evidence of the energy
transfer process from Th®" to Mn*", consistent with
recent studies of LaMgAl;;0o-Th, Mn."">

Excitation Spectra

The excitation spectra for Eu-emission in the
phosphates under investigation are shown in Fig. 3.
The UV part of the excitation spectrum of K;Gd
(POY,-Eu and Ba;GdyoEug(POy5-Eu, monitored
at the maximum of the Eu®" emission, shows a
manifold of sharp peaks associated with the 4/-4f"
intraconfiguration transitions in Eu’" and Gd°". A
broad band at 235 nm is due to charge transfer transi-
tions between the oxygen ligand and Eu®". A high-
energy band at 155 (K3Gd(POy),-Eu) and 170 nm
(BazGdg oEug 1(POY5-Ew) should be attributed to
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FIGURE 3 (a) Excitation spectra of K3TbgoEug.1(PO4)> (1) and
K3Gdg oEug 1(PO4), (2). (b) Excitation spectra of BazTbgoEug 4
(PO,)s (1) and BazGdg oEug 1(PO4)s (2). Spectra are monitored at
610nm at T = 295 K. Vertical bars show the calculated positions
of Th®* bands.

the excitation of the host matrix in the absorption
region of the PO, groups since the lowest transition
energy of the tetrahedral PO4 molecule is located at
7 to 10 eV [16:19.20]

It was found that the excitation spectra of Th>*
and Eu’'-emissions of KsTb(PO,),-Eu are very
2 thus providing clear evidence of excitation
of Eu’" ions by means of energy transfer from

similar,

terbium. The excitation spectrum consists of a
short-wavelength (150nm) band, assigned to the
host lattice absorption and three intense long-
wavelength bands that can be attributed to the
spin-allowed (SA) 4/° —4f 5d transitions of Th>*
ions."" ™ Due to crystal field splitting of the excited
energy levels, the spectra are composed of several
bands. In addition to the spin-allowed (SA) transi-
tions much weaker bands associated with the
spin-forbidden (SF) transitions can also be seen in
the low-energy part of the excitation spectra at
A >240nm. The occurrence of the spin-dependant
transitions is the result of a change of the spin orien-
tation and hence multiplicity of the excited state.
The excitation spectrum of BazTbgoEug ;(POY)3,
monitored at 610nm, consists of the overlapping
bands between 180 and 240 nm and a separate band

Feasibility Study of VUV Sensitization Effect of Tb*"
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due to the absorption of the host lattice at 170 nm.
The structure of the excitation spectra between 180
and 240nm can be interpreted as the spin-allowed
4/° — 4f 5d transitions of the Th®" ions. Although
theory predicts five levels associated with these tran-
sitions in terbium, the energy difference between the
4f" 5d-levels is controlled by the effect of crystal field
splitting. Since the Ba;Tb(PO4)s; matrix exhibits
cationic disorder,*? the local crystal field at the
Th>" ion varies, which in turn causes a broadening
of the 4f 5d-bands and their overlap. Because of
this, some of the bands of interest can not be
resolved. It should be noted, that the same applies
to 4f— 5d transitions of Ce’" that should split into
five crystal field levels, while recent studies have
enabled to identify only four principal bands in the
excitation spectra of Ba;Ce(PO,)5.*

Figure 4 shows the excitation spectra of the
strontium aluminate phosphors. The SrAl;,0;9-Mn
exhibits strong excitation bands below 200 nm (155
and 180nm). Given the value of the band gap
(7.5eV) the former band is assigned to valence-
conduction band transitions of the crystal. The band
at 180nm can be tentatively attributed either to
charge-transfer transition in which the Mn*' is
involved or to the Mn** — Mn®" auto-ionisation. The
absorption above 200nm is due to the 3d® — 3d" 4s
transition from the ground to excited states of Mn**.

The excitation spectrum of the Th-doped sample
consists of two intense bands at 165 and 190 nm as

0.5 : : , . ,
SAIIIII||

| | SF

Intensity, a.u.

o
o

o
—

emer NV

Dl T A

0.0 ! - ! - L
150 200 250
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FIGURE 4 Excitation spectra of 1 — SrAl;5016-Tb 0.2 (Aem=
541 nm), 2 - SrAl;50,9-Mn0.2. (kem:515 nm), 3 - SrAl1504o-
Mn0.1Tb0.1 (Aem =515nm). T=295K. Vertical bars show the cal-
culated positions of Tb®" bands.
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well as less intense peaks at 182, 202, 208, and
216 nm. We attribute the first band to the absorption
of the host lattice that overlaps with the charge-
transfer absorption of Th*"-O*. Other peaks are
due to the interconfiguration 4/° — 4f 5d transitions
of Th**.*¥ The broad bands are assigned to the SA fd
transitions while much weaker bands at the low-
energy side of the excitation spectra are associated
with the SF transitions.

As can be seen from Fig. 4 the excitation spectrum
of the SrAl;,0,9-Mn (10 at %) Tb (10 at %), moni-
tored at 515nm, shows a broad band at 160nm
and a clear shoulder-like structure at 182, 191, 202
208 and 216nm, that is, apparently, absent in the
excitation spectra of the Mn-doped sample. Further-
more, the excitation spectrum of the Th>" emission
monitored at 541 nm was found to be very similar
to the excitation spectrum of the Mn** emission in
this sample. This finding clearly demonstrates that
Mn*" is excited both directly and via energy transfer
from Th>". The excitation spectrum in the 160 to
180 nm range is due to the superposition of the over-
lapping Tb®>" and Mn®" bands while the structure
below 150 nm, which is common for all samples, is
due to the excitation of the host lattice.

DISCUSSION

The general features of the luminescence
excitation spectra in the Tb**-doped compounds
can be interpreted using methodology developed
by Dorenbos."" This approach allows to predict
the position of the 4/ 5d energy levels of RE ions,
using that observed for Ce®" in the same compound.
In the context of this empirical shift model the
energies of the SA fd transitions of Th** can be con-
structed by adding a constant value AE=1.66+
0.12eV to the energies of the 4/5d transitions of
Ce’*, observed in the same host. The energies of
the SF transitions can be generated by applying a
shift of —1eV to the energy of the SA transitions of
the Th>*. This approach was used to obtain the posi-
tions of the Th®" bands in K5Tb(POy),, using the
published data on the spectroscopy of Ce’" in the
KsLa(PO4)2.[25] The first two SF bands of Th>" (253
and 261 nm, see Fig. 3a) are predicted well. The
strong band between 200 and 240nm comprises
both the SA and the SF transitions that contribute
to the observed structure of the band. It is known
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that the SF transitions can be sensibly intense in a
low symmetry crystal field. This is the case here, as
the Th** ion occupies a low-symmetric seven-fold
coordinated position in the KgTb(PO4)2.l26] Further-
more, as is stated in,"*! the intensity of the Th®" SF
excitation bands has a tendency of becoming
stronger at higher energies. The assignment of the
positions of the high energy band at 182 and
191nm is less successful since the calculated
positions for these peaks are located at larger than
expected wavelengths.

The shift model was applied to calculate the
energy of the spin allowed 4/° — 4f 5d transitions
of the Th" in BazThgoEug1(PO,)s. Using the peak
positions of the main excitation bands of Ce’" in
Ba;Ce(POy); (320, 270, 250 and 220nm'™), we
found that the 4/ 5d bands of Th>* in the BasTby
Euy,(POy); should be observed at 224, 198, 187
and 170 nm. Reassuringly, this finding is supported
by the experimental data: all bands peak very close
to the calculated positions (see Fig. 3b).

It is worthwhile to remark that, according to the
model, the short-wavelength band of Th’" merges
with the continuum of the valence to conduction
band transitions of the PO, group in both phosphate
phosphors. This creates favorable conditions for the
energy transfer from the PO4 group to the Tb ions,
explaining hereby the enhanced efficiency of the
phosphors at excitation in this energy range.

Using these results, we constructed the energy
diagram and the scheme of energy transfer processes
in Eu-Tb co-doped phosphates (Fig. 5). According to
this scheme, the VUV radiation is absorbed by the
terbium ions in the course of the allowed 4/° — 4/
5d transitions. The excitations quickly relax, populat-
ing the lowest emitting levels of the Th®>" and then
they are transferred to the Eu®*. The final stage of
the relaxation process, i.e., the ff transition of
Eu’", results in emission in the red. The energy
transfer process is not fully efficient and therefore
Th>* f£f emission is also observed.

Finally, we applied the shift model to derive the
positions of the Th>* bands in SrAl;;0q9. It was
shown that the calculated positions of the transitions
relate reasonably well to the main features of the
excitation spectrum. The positions of all but one SF
bands are identified very well; only the first band is
rather diffuse and cannot be determined accurately.
The strongest band, observed at 191nm, can be
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FIGURE 5 Energy level diagram of a Tb-Eu-doped phosphor
and scheme of transitions involved in the luminescence process.

attributed to two overlaping SA bands peaking at
193 and 188nm (see Fig. 4). The third SA band at
183 nm is also predicted well. The assignment of
the positions of the high energy bands is less suc-
cessful since they cannot be identified in the exci-
tation spectrum. We suppose that they merge with
the much stronger charge transfer band Th**-0".

Figure 6 displays the energy level diagram of the
Th>"-Mn** co-doped phosphor and possible radia-
tive transitions. Generally, the mechanism of the
process involved is very similar to that highlighted
in the Th**-Eu®" co-doped phosphor. The excitation
energy is absorbed by the Tb*' ions, relaxes and
transfers to the Mn*" ions, so the only essential dif-
ference is the final emission stage that occurs in the
Mn*" generating green emission. It is also worth to
remark, that the light produced by the Th>"-Mn*"
pair remains suitable for applications that require
high color purity because of the overlap of the main
emission bands of both luminescent ions.
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FIGURE 6 Energy level diagram of a Tb-Mn co-doped phosphor
and scheme of transitions involved in the luminescence process.
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CONCLUSION

The need for more efficient and environmentally
friendly methods of generating visible light calls for
the development of innovative concepts. We exam-
ined the prospect of VUV sensitization as a possible
way to enhance the conversion efficiency of high-
energy VUV radiation from a noble gas discharge
source into visible light. Our study clearly demon-
strates the feasibility of VUV sensitization of the
Eu’" emission by Th®" ions in phosphate hosts.
The KiTb(POy,-Eu and the BazTbgoEug(POL;
exhibit significant (a few times) improvement of
the light output compared with Gd-based analogs.

We also investigated the VUV-excited lumi-
nescence of SrAl;;O9, co-doped with Th>" and
Mn*" and observed a sensitization effect in this sys-
tem. Though the total emission intensity of the
Th*" and Mn*'* co-doped phosphor shows no
noticeable enhancement compared with the Mn*"
doped analog, we hope that this can be improved
by tuning the concentrations of the co-dopants.

An additional merit of VUV sensitization by means
of Th** ions in all phosphors under study is the
manifestation of a strong excitation band at 160 nm.
This allows better utilization of the broad band emis-
sion from a noble gas discharge. Altogether, the
results of these studies show that the VUV sensitiza-
tion effect in Tb-Eu and Th-Mn co-doped systems
can open real possibilities for the creation of more
efficient VUV phosphors.
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