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Abstract

Luminescence and excitation spectra of Nag@B**, EL?* have been investigated. The luminescence spectrum consists of the luminescence
lines originating from the f—f transition of b and Ed* ions. In the excitation spectrum for the luminescence line &f Eans at 614 nm,
excitation bands arising from the f-d transition of Tlons are observed in the vacuum ultraviolet (VUV) spectral region ranging from 160 to
210 nm. Itis found that, by replacing &dwith Y3*, the intensities of the luminescence lines fron¥Hans weaken compared to those from
Th3* ions. The luminescence of Euions is found to weaken with decreasing temperature. On the basis of the present results, we discuss the
energy transfer process in NaGdFo®*, EL?* under the VUV excitation.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ting” [1]. However, the absorption due to the dipole-forbidden
f—f transition is weak, so that the conversion of the VUV light
Rare-earth ions doped fluoride phosphors have been acthrough the absorption by Gtlions is inefficient.
tively studied with the aim of developing new phosphors A possible way out of the problem is introducing of sen-
suitable for use in xenon dimer (¥edischarge fluorescent  sitizers that strongly absorb the VUV light, and efficiently
lamps. Since Xg discharge generates vacuum ultraviolet give the absorbed energy to activators yielding the visible
(VUV) light peaking at~172 nm, the phosphors for white luminescence. It has been found that®Thons in LiYF,
light fluorescent lamps need to convert the VUV light effi- strongly absorb the VUV light ranging from 170 to 220 nm
ciently into blue, green and red light. due to the dipole-allowed & 4f” 5d (f—d) transition2].
According to[1], LiGdF4:Eu®* absorbs the VUV light  This implies that TB* ions act as sensitizers suitable for the
(~172 nm) due to the 4f— 4f’ (f—f) transition in GA&* ions, excitation of VUV light generated from Xedischarge. We
and yields red light (614 nm) arising from the f—f transi- expect that NaGdETb3*, El* efficiently absorbs the VUV
tion in EL®* with high conversion efficiency, as compared to lightin Th3* ions and gives the absorbed energy td'Hans.

LiYF4:EW®*. When the G&" ion in LiGdF4:Eu®* is excited In this study, we have investigated luminescence and ex-
by one VUV photon, two red photons can be emitted by the citation spectra of NaGdETb®*, Ew**. The luminescence
Eu** ions through a two-step energy transfer from3Gtb spectrum consists of the luminescence lines originating from

Ew*ions. Such a conversion process is called “quantum cut- the f—f transition of E&* and TB" ions. In the excitation
spectrum for the luminescence line of¥uons at 614 nm,
* Corresponding author. Tel.: +81 72 824 1131x2261; thereSilppea_r excitation bands arising from t_he f—d transition
fax: +81 72 825 4684. of Tb*" ions in the VUV spectral region ranging from 160 to
E-mail address: t-hirai@isc.osakac.ac.jp (T. Hirai). 210 nm. By replacing Gt with Y3*, the luminescence lines
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from EW?* ions weaken compared to those from3Tlions. T 1 T T T 1
In addition, the luminescence lines of &ions weaken with 300K

. . NaGdF :Tb** Eu?*
decreasing temperature. On the basis of the present results
we discuss the energy transfer process in Na@Gki®*, Eu?*
excited by the VUV light. Tb3*
. |
2. Experiment
£, J
Fluoride powders of NaF, Y& EuRs, GdF; and Tbis were

Eu3t
used as starting materials for firing. After dried by heating at b

500°C in vacuum for 2 h, the mixture in a carbon crucible
was heated up to 75 in an Ar gas atmosphere (0.5 atm)
for5h.

For measurements of luminescence spectra, the samples~
were excited by an ArF excimer laser (oscillation wave-
length: 193 nm, pulse width: 15 ns) operating at a repetition
rate of 20 Hz. The energy density on the samples was about
~50uJ/cn? per pulse. The detection was performed by using 100 200 300 400 500 600 700
a grating spectrometer (focal length: 25 cm) equipped with a Wavelength (nm)

CCD. The luminescence spectra were corrected by the sensi-

tivity of the detection system. The sample was cooled down Fig. 1. Luminescence spectra (300—750 nm) excited by an ArF excimer laser

to 12K by a closed-cycle cryogenic refrigerator. Measure- (_193 nm) and excitation spectra (100—300 nm) monitoring the luminescence
e . . lines at 614 nm for NaGdFEW* (1 mol%) and NaGdETb®" (1 mol%),

ments of exmtaﬂon sp(.act'ra were carried Qut with the use of _ 5. (1 mol%) measured at 300 K.

synchrotron orbital radiation at the beam line 1B of UVSOR

facility (Institute for Molecular Science, Okazaki, Japan). A

lm Seya-Namlokg type.r_non(.)chromator was used to Obtalning from 200 to 300 nm. Specifically, the excitation lines at
the monochromatic exciting light. The luminescence from

. ) round 200, 250 and 270 nm are attributed to the transition
the samples was detected by a photomultiplier tube equped’?r

8 6 6 +
. : _ om 8S;, ground state t6G;,, 6D; and®l; state of Gd",
V\{lth_agratlng monochromator (focal Iength. 3(.) cm_). T_he ex- respectively[3]. This indicates that G ions provide the
citation spectra were corrected by the intensity distribution

o absorbed energy for Btiions. An excitation band observed
of the exciting light. at~150 nm has been unsettled in origin, but probably asso-
ciated with Gd* ions. By comparing the excitation spectra
in the VUV spectral region, we notice that additional exci-
3. Results and discussion tation bands appear in the spectral range of 160—210 nm in

NaGdF;:Tb3*, EL?*. One can ascribe these excitation bands
On the right-hand side ofFig. 1 (300-750nm) are to the f—d transition of T ions[2]. Accordingly, it is ob-
shown luminescence spectra of NaGs* (1 mol%) and vious that the energy transfer from 3'bto EL?* ions takes
NaGdR:Tbh3* (1 mol%), EF* (1 mol%) excited by an ArF  place in NaGdE Th3*, EL?* at room temperature. It should
excimer laser (193 nm) measured at 300 K. The spectra havebe pointed out that most of the VUV light generated by Xe
been normalized at the maximum. In the luminescence spec-discharge is absorbed by the3fhons, because the absorp-
trum of NaGdR:Eu**, a number of luminescence lines are tion due to the dipole-allowed f—d transition of ¥'is strong
recognized. Almost all the luminescence lines are attributed [5].
to the f—f transition of E&" ions. The most prominent line In order to clarify the role of Gif ions in the energy trans-
at 614nm is assigned to the transition froidg to ‘Fo fer from TE** to EL?* ions, we have examined luminescence
state[3]. On the other hand, the luminescence spectrum of spectra by replacing Gd ions with Y3* ions at room tem-
NaGdR:Th3*, EL?* consists of the luminescence lines aris- perature. The results of NaY,Gd,F4:Th3* EW¥* (0<x<1)
ing from the f—f transition of both Elf and TB"* ions. The are shown irFig. 2 Each spectrum has been normalized at
luminescence line at 545 nm is attributable to the transition the maximum. For the Gd concentrationy = 1-0.75, the
from °Dy to ’Fs state in TB* ions[4]. luminescence spectrum remains almost unchangeddas
Spectra on the left-hand side &ig. 1 (100—-300 nm) creases from 0.5 to 0, the relative intensity of luminescence
show excitation spectra monitoring the luminescence lines lines of TB* ions (left-hand side arrow) to those of £u
at 614 nm for the two samples. In both of the excitation spec- ions (right-hand side one) gradually increases. From this re-
tra, there appear several excitation lines originating from the sult, the energy transfer rate from3'tto EL?* ions reduces
f—f transition of Gd* ions in the UV spectral region rang- by replacing G&" ions with Y3* ions.

NaGdF ;:Eu3*
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Fig. 2. Luminescence spectra of NaYGd,F4:Th%*, EW?* (0<x<1) ex-
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Fig. 3. Luminescence spectra (500—650 nm) of NafSt**, EL?* excited
by an ArF excimer laser, measured at various temperatures (12—300 K).
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Fig. 3 demonstrates Iuminescence spectra of
NaGdR:Tb3*, Ew’* measured at various temperatures
(12—-300K) in the visible spectral region (500-650 nm). As
is shown inFig. 3 the energy transfer rate from hto EL?*
ions is also dependent on temperature. As the temperature
decreases, the luminescence from3Euons gradually
weakens, but remains almost unchanged belds0 K. On
the other hand, the luminescence fron?Ttons strengthens
with decreasing temperature atl50 K. The intensities of
luminescence lines of P ions become stronger than those
of Ew®* ions at lower temperatures. The result shows that the
energy transfer rate from Phto EL?* ions becomes small
at low temperatures. This suggests that the energy transfer
involves thermal activation process.

On the basis of the energy transfer process reported for Gd
compounds so far, we can interpret the energy transfer pro-
cess in NaGdETb3*, EW?*. It has been reported that &e
ions in NaGdg:Ce**, Ew** absorb the UV light generated
from Hg discharge (254 nm) due to the dipole-allowed f—d
transition, and the absorbed energy is efficiently transferred
to the E§* ions, yielding the luminescence of the f—f tran-
sition by the medium of Gtf ions [6]. Recently, we have
found that P¥* ions in NaGdg:Pret, EL®* absorb the VUV
light (~172 nm) due to the f—d transition, and the absorbed
energy is transferred to Bliions through the three-step en-
ergy transfer process: (1) from¥®rto G#* ions; (2) from
Gd®* to G* ions; and (3) from G#' to EL?* ions[7].

After Th3* ions in NaGdig: Tb3*, EL®* absorb the VUV
light, some of the excited 70 ions relax from 4f5d! states
to 4f states accompanied by the phonon emission, and give
rise to the luminescence due to the f—f transition. Othé¥ Th
ions supply the absorbed energy to the neighborintj Guhs.
Based on the energy overlap, the’Tibns in the 4f5d! state
would give the energy to ttD; and/orl; state in the G&"
ions. The excited G ions relax to the lowetP; excited
state. After the relaxation, the excitation energy migration
between the Gtt ions takes plac§8,9].

According to[10], the energy migration is due to the ex-
change interaction between the®ibns, so that the migra-
tion rate is strongly dependent on the distance between the
Gd®* ions, namely the concentration of &dons. It was also
reported i[10] that there are trap states resulting from?&d
ions on some crystallographic sites in hexagonal NaGdF
Those trap states hamper the energy migration at low tem-
peratures. The activation energy is smaller than the thermal
energy atroom temperature, so that the trap states are emptied
and do not hamper the energy transfer at room temperature
[9]. Owing to the energy migration through &dons, the
excitation energy can reach both¥wand TB* ions, yield-
ing the luminescence of the f—f transition. Whether or not the
quantum cutting process via the energy transfer froft Tt
Eu®* occurs was unclear in the present experiment. The in-
vestigation is now in progress, and the results will be reported
in the near future.

In conclusion, the efficient energy transfer from3Tto
Ewd* through Gd* takes place in NaGdETb3*, EL** excited
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