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ABSTRACT: The vacuum-ultraviolet (VUV) spectroscopic properties of
undoped and Tb**-doped borates Ba;Ln(BO;); (Ln = Lu and Gd) with
different crystal structures were investigated by using synchrotron
radiation. Ba;Lu(BO;); (BLB) crystallizes in a hexagonal structure,
whereas Ba;Gd(BO,); (BGB) crystallizes in a trigonal structure. The
maximum host absorption for BLB and BGB was found to locate at ~179
and ~195 nm, respectively. Upon host excitation, BLB exhibits an intrinsic
broad UV emission centered at 339 nm, which is attributed to the
recombination of self-trapped excitons that may presumably be associated
with band-gap excitations or molecular transitions within the BO;*~ group.
In contrast to BLB, no broad emission but line emission ascribed to a Gd**
6P]—SS7 /, transition was observed in the emission spectrum of BGB. Upon
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doping of Tb*" ions into the hosts of BLB and BGB, an efficient energy
transfer from the host excitations to Tb*>" via host/Gd*" emission was observed, showing that host sensitization of Tb>" occurs in

these rare-earth borates.

B INTRODUCTION

Because of theoretical interests and industrial demand for
efficient vacuum-ultraviolet (VUV) excited phosphors for
mercury-free fluorescent lamps and plasma display panels
(PDPs), in which the VUV radiation from a noble gas discharge
is used as the excitation source for phosphors, growing
attention has been paid to the luminescence spectroscopy of
rare-earth ions in the VUV spectral region (wavelength 4 < 200
nm; energy E > 50000 cm™") during the past few years.'”">
The problem here is that the excitation process of a phosphor
under VUV excitation is very different from that under
ultraviolet excitation because of the energy difference;
consequently, a good phosphor for ultraviolet excitation (e.g,
used in a fluorescent lamp) is certainly not a good choice for
VUV excitation. Thus, in the field of PDDPs, it is necessary to
develop new phosphors that could efficiently convert VUV light
into visible light. Upon VUV excitation, it is considered that
most of the incident photons are absorbed by the host crystal
moving electrons from the valence band toward the conduction
band, subsequently producing either self-trapped excitons
(STEs) or free electron—hole pairs."> If the STE emission
overlaps absorption of the activator, then resonant energy from
the host to activator could occur according to the Forster—
Dexter theory, giving rise to an efficient luminescence from the
activator in such a host. On the other hand, most phosphors
currently used in PDPs show strong emission under VUV
excitation, but they still have some insufficiencies; for example,
the commonly used green-emitting phosphor Zn,SiO,:Mn**
has a relative long decay time, which will cause image delay in
the case of rapid-moving pictures.14 To solve this problem, one
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alternative approach is to develop new phosphor materials with
higher VUV absorption and shorter decay time. Tribarium
lanthanide borates Ba;Ln(BO;); (Ln = La—Lu and Y) are of
particular interest for us because some isostructural compounds
of this family have been shown to exhibit intrinsic host emission
when excited by X-ray radiation."> Similar to X-ray radiation,
VUV radiation also has high energy; therefore, in the case of
VUV excitation, the same host emission from these compounds
is expected. In addition, Tb*" is a well-known green-emitting
ion. If Tb*" ions are introduced into these borate compounds,
host sensitization of Tb** ions would occur. This paper is
devoted to studying the VUV-excited luminescence of Ba;Ln-
(BO;3); (Ln = Lu and Gd) and energy transfer from the host
excitation to the doped Tb*" ions.

B EXPERIMENTAL SECTION

Materials and Synthesis. Powder samples of Tb**-doped and
undoped Ba;Lu(BO;); (BLB) and Ba;Gd(BO;); (BGB) were
synthesized by high-temperature solid-state reaction. BaCO; (99.9%,
Sigma-Aldrich), H;BO; (99.99%, Sigma-Aldrich), Lu,0; (99.99%,
Grirem), Gd,05 (99.99%, Grirem), and Tb,0, (99.9%, Aldrich) were
used as reagents. The oxides were mixed according to the desired
stoichiometric ratios of each sample and then were thoroughly ground.
The obtained mixtures were fired at 1100 °C in a reducing atmosphere
(15% H,/85% Ar) for the Tb**-doped samples and in air for the
undoped samples.

Characterization Methods. The phase purity of all samples was
checked by using powder X-ray diffraction (XRD) analysis with a
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Bruker AXS D8 advanced automatic diffractometer operated at 40 kV
and 40 mA with Cu Ka radiation (1 = 1.5418 A).

The VUV photoluminescence (PL) spectra were recorded at the
Beamline 03A at the NSRRC in Taiwan. The experimental setup for
the PL spectra was similar to that described elsewhere.'® In summary,
VUV excitation light from the high-flux beamline attached to the 1.5-
GeV storage ring was dispersed with a 6-m cylindrical-grating
monochromator (CGM). The intensity of the VUV light was
monitored with a gold mesh transmitting about 90% and recorded
with an electrometer (Keithley 6512). The VUV synchrotron light
transmitted through the gold mesh irradiated the sample, which was
arranged at angles near 45° with respect to both the incident VUV
source and the entrance slit of the dispersing monochromator. A
Jobin-Yvon HR320 instrument equipped with a 1200 lines/mm
grating and a Hamamatsu R943-02 photomultiplier tube was used to
record the PL spectra. For measurement of the PL excitation (PLE)
spectra, the dispersive emission was monitored at a selected band, in
which the CGM beamline with a 450 lines/mm grating was scanned.
All of the PLE spectra were normalized with the spectral response
curve of the CGM beamline.

B RESULTS AND DISCUSSION

Crystal Structure and Phase Identification. Although
BLB and BGB have similar compositions, they crystallize in
different crystal structures. Parts a and b of Figure 1 present the
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Figure 1. XRD patterns of undoped and 40% Tb**-doped BLB and
BGB as well as PDF cards 45-0320 of BLB, 51-1849 of a-Ba;Y(BOj;)5,
and 52-1327 of BGB and ICSD card 99537 of -Ba,;Y(BO,),.

XRD patterns of the undoped and 40% Tb**-doped BLB and
BGB. All samples are identified as single phase by using the
reported standard XRD patterns of BLB (PDF no. 45-0320)
and BGB (PDF no. 52-1327) as references. Detailed crystal
structures of BLB and BGB have not been reported so far;
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however, the crystal structure of their isostructral compound
Ba,Y(BO,); has been well studied.'”~"® From refs 17—19, it is
known that Ba,;Y(BOj;); crystallizes in a low-temperature phase
[@-Ba;Y(BOs;),] with a hexagonal system (P6ycm, Z = 6) or a
high-temperature phase [$-Ba;Y(BO;);] with a trigonal system
(R3, Z = 6), depending on the calcination temperature.'” ™"
The crystal structure of @-Ba;Y(BO;); consists of isolated BO;
triangles with Y—O octahedra and Ba—QO polyhedra,'”'* while
that of S-Ba;Y(BO,); is built from a YB4O,3 unit with
polyhedra of BaOg and BaOg."” In both phases, Y atoms are six-
coordinated."” " The big difference between the two phases is
that there are BOj; triangle layers in the structure of a-
Ba,Y(BO,),, which do not exist in that of -Ba,Y(BO;);."" "
The XRD patterns of undoped and Tb*'-doped BLB are
analogous to that of a-Ba;Y(BO;); (PDF no. 51-1849; see
Figure 1), suggesting that both undoped and Tb**-doped BLB
crystallize in an a-Ba;Y(BOj;);related structure. However, as
indicated in Figure 1b, the XRD patterns of undoped and Tb*'-
doped BGB differ from that of a-Ba;Y(BO;); and resemble that
of f-Ba;Y(BO;); (ICSD no. 99537), indicating that both
undoped and Tb**-doped BGB crystallize in a -Ba;Y(BO;);-
related structure.

VUV Spectroscopy of BLB and BLB:Tb3*. The PL and
PLE spectra of undoped BLB are shown in Figure 2. Upon host
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Figure 2. PLE and PL spectra of undoped BLB obtained by
monitoring the STE emission at 339 nm and under excitation at 172
nm.

excitation at 172 nm, BLB emits a broad intrinsic UV-
luminescence band with a maximum at 339 nm and a half-width
of about 6020 cm™". The emission band most likely arises from
the recombination of STEs that may be associated with band-
gap excitations or molecular transitions within the BO;*~
group.zo’21 By monitoring the intrinsic UV emission at 339
nm, the PLE spectrum of BLB was obtained. The broad
excitation band with a maximum at round 179 nm could be
associated with band-gap excitations or molecular transitions
within the BO;>~ group.”® The tail of the intrinsic UV emission
partially overlaps with the Tb®" 4f—4f absorptions (e.g,
"F¢—D5 absorption), providing conditions for Forster—Dexter
energy transfer. Thus, when Tb* ions are introduced to the
host lattice of BLB, an efficient energy transfer from host
excitation to Tb** ions is expected. To confirm this expectation,
the PL spectra of BLB containing different concentrations of
Tb** were measured and shown in Figure 3. With increasing
Tb* doping concentration, the increase of Tb*" emission from
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Figure 3. PL spectra of BLB:xTb* (1% < x < 40%) excited at 172
nm. The inset shows the assigned PL spectrum of BLB:1% Tb*".

its D, level is accompanied by the significant reduction of STE
emission, giving a strong evidence to the occurrence of STE-to-
Tb*" energy transfer. A weak *D;—"F transition of Tb*" around
380 nm can be observed in the PL spectra of BLB:xTb** at low
Tb* doping concentration (<10%), implying that energy
transfer from STE to Tb** involves the Tb*" ’D; state. When
increasing Tb>" concentration up to 10%, STE emission was
almost quenched because of energy transfer, and with further
increasing Tb>* concentration to 20%, the emission originating
from the Tb*" D, state starts to decrease because of the
concentration quenching effect. To give further evidence to
support the occurrence of host-to-Tb** energy transfer, the
PLE spectrum of BLB:5% Tb*" obtained by monitoring the
Tb*" emission at 543 nm was measured, and a comparison was
made with that of the undoped BLB (see Figure 4). The two
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Figure 4. PLE spectra of 5% Tb*'-doped BLB monitoring Tb**
emission at 543 nm and undoped BLB monitoring the STE emission
at 339 nm. The PLE spectra are normalized on the host absorption
intensity.

PLE spectra exhibit general features similar to those of a broad
band below 210 nm, indicating that they both result from the
same origin. As indicated in Figure 4, the presence of the host
absorption band in the PLE spectrum of 5% Tb**-doped BLB,
monitored within the Tb?" emission, further supports that
energy transfer from the host to Tb*" really occurred.
Furthermore, the strong excitation bands in the region from
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210 to 300 nm are assigned to the interconfiguration 4f*—
4f’5d" transition of Tb’*. When one electron of Tb*" is
promoted from the ground state with a 4f° configuration to the
excited state with a 4f'5d" configuration, it will produce a more
energetic spin-allowed 4f*—4f'5d" transition and a less energetic
spin-forbidden 4f*—4f"5d" transition.> Therefore, it is consid-
ered that the strong excitation band centered at 243 nm is from
a Tb* spin-allowed 4f*—4f'5d" transition, while the weak band
at 275 nm is from a spin-forbidden transition. In addition, BLB
has a XRD pattern similar to that of Ba;Sc(BO;); (see ICSD
no. 75340), suggesting that they have the same crystal
structure. A preliminary structural study of Ba;Sc(BO,); has
shown that there are two crystallographically independent types
of Sc atoms occupying the distorted octahedral sites having C;
and C;, point symmetries,”> which is considered to be the same
case for BLB. The low symmetry of the Tb>" site in BLB:Tb*"
would result in the splitting of the Tb®* Sd orbital, the
contribution of which to the origin of the shoulder at 275 nm
cannot be excluded. The strong quenching of host emission (or
STE emission) and the increased PL intensity of Tb** emission
with increasing of Tb** dopant concentrations along with a
similar host absorption band for both undoped and Tb**-doped
BLB suggest that an efficient energy transfer from the host
excitations to Tb** occurs in BLB:xTb** phosphors.

VUV Spectroscopy of BGB and BGB:Tb**. As indicated
by the PL and PLE spectra of BGB in Figure S, the PLE
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Figure 5. PLE and PL spectra of undoped BGB obtained by
monitoring the Gd**P—*S,, emission at 313 nm and under
excitation at 195 nm. The inset shows the PL spectra of 1% and 5%
Gd*-doped BLB excited at 172 nm.
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spectrum of BGB is dominated by a broad host absorption
band with a maximum at about 195 nm, and sharp-line
absorptions at 254 and 273 nm were assigned to the
intraconfigurational 4f—4f excitation from the °S,, ground
state to the °D; and °I; excited states of Gd*, respectively.®
Comparing the PLE spectrum of BGB with that of BLB, we
have found that the host absorption maximum of BGB (~195
nm) located at a longer-wavelength side than that of BLB
(~179 nm), suggesting that the band gap of BGB is narrower
than that of BLB. Upon host excitation at 195 nm, instead of
the intrinsic broad UV emission band observed in the PL
spectrum of BLB, only a sharp-line emission at 313 nm ascribed
to the Gd** 6P]—SS7/2 transition was observed in the PL
spectrum of BGB. However, it is considered that the molecular
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transitions within the BO;>~ group in BGB would also give rise
to the same STE emission as that in BLB, and because of
energy transfer from the STE emission to Gd* ions, the
expected STE emission was quenched and not observed in the
PL spectrum of BGB. To give evidence to support this
deduction, we have measured the PL spectra of the BLB
phosphors containing 1% and 5% Gd*', respectively, and
presented the results in the inset of Figure 5. We have observed
that when a small amount of the Gd*" ion is introduced into the
host lattice of BLB, the PL intensity of the host emission greatly
decreased with the appearance of the emission originating from
the Gd®* °P; level. This replacement of the STE emission with
the Gd** P emission clearly confirms the energy transfer from
STE to Gd*".

Shown in Figure 6 are the PL spectra of BGB:xTb* (0<x<
40%) excited at 195 nm. The PL spectra of BGB:xTb** (0 < x
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Figure 6. PL spectra of BGB:xTb> (1% < x < 40%) excited at 195
nm. The inset shows the assigned PL spectrum of BGB:5% Tb*".

< 40%) are composed of emissions originating from the Gd**
6P] level at 313 nm and the Tb** *D; and °D, levels in the 365—
470 and 470—650 nm regions, respectively. For BGB:xTb**
samples with low Tb** doping concentration (e.g., x = 1%), the
observed PL spectrum is dominated by the Gd** emission.
However, with increasing Tb*" dopant concentration, the
emission intensity from the Tb** D, level increases and the PL
spectra become dominated by the Tb*" °D, emission. With
further increasing Th** dopant concentration (x > 10%), the
Tb*" emission intensity begins to decease because of the
concentration quenching effect. In the meantime, the intensity
of the Gd*" emission decreases significantly because of Gd** —
Tb* energy transfer. It is worth mentioning here that the
emission spectrum of Tb*" in BLB is slightly different from that
in BGB. Specifically, the Tb*" *D,—’F; emission splits roughly
into three peaks in BLB, while it splits into two peaks in BGB.
Because BGB has a XRD pattern tsimilar o that of Sr;Sc(BO;),
(refer to ICSD no.75339), which implies that they have similar
crystal structures. There are two nonequivalent Sc sites in
SrySc(BO,);, and both Sc atoms occupy distorted octahedral
sites having Sg point-group symmetry.”®> Therefore, it is
considered that Tb** in BGB:Tb*" also has Sy symmetry. As
mentioned previously in section 3.2, the Tb** ions in BLB:Tb*"
possess C; and C;, symmetry, respectively. Therefore, the
different local environments for Tb*" in BGB and BLB may
lead to a different splitting of the Tb** emission, which
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accounts for the observed different Tb*>" emission spectra. As
shown in Figure 7, the PLE spectrum of BGB:5% Tb*,
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Figure 7. PLE spectra of 5% Tb*"-doped BGB monitoring the Tb**
emission at 543 nm and undoped BGB monitoring the Gd*" emission
at 313 nm. The PLE spectra are normalized on the host absorption
intensity.

obtained by monitoring the emission from the Tb*" °D, level at
543 nm, is found to consist of host absorption in the 125—-225
nm region, the Tb*" 4f—Sd absorption in the 225—300 nm
region, and Gd** 4f—4f absorption at around 273 nm. Except
the Tb*" 4f—Sd absorption band, the PLE spectrum of the
BGB:5% Tb** sample is almost identical with that of the
undoped BGB, which further confirms that the absorption band
in the 125—225 nm range originated from host absorption. The
observation that the intensity of the Gd** 6P1—887/2 emission
decreases with increasing Tb*" concentration together with the
presence of host and Gd** absorption in the PLE spectrum,
obtained by monitoring the Tb** emission of BGB:5% Tb*",
provides clear evidence for the host—Gd>*—Tb*" energy
transfer.

Bl CONCLUSIONS

In summary, we have investigated the VUV-excited lumines-
cence of undoped and Tb**-doped Ba;Ln(BO;); (Ln = Lu and
Gd) phosphors with two different crystal structures. BLB has a
low-temperature-phase a-Ba;Y(BO,);-related structure, while
BGB has a high-temperature-phase f-Ba;Y(BO;);-related
structure. The PLE spectra reveal that the band gap of BLB
(~179 nm) is broader than that of BGB (~195 nm). Upon
host excitation, the emission spectrum of BLB is composed of a
broad UV emission that is attributed to the recombination of
STEs, whereas the emission spectrum of BGB is dominated by
line emission originating from the Gd** 6P]—SS7/2 transition,
which is the result of host-to-Gd®* energy transfer via STE
emission. When Tb** ions are incorporated into BLB and BGB,
efficient energy transfer from the host excitations to Tb*" via
STE or Gd*" emission was observed. The strong quenching of
the host/Gd*" emission and similar excitation spectra of the
Tb**-doped and undoped samples give conclusive evidence for
such an energy transfer.
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