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Photoluminescence properties of Al;GdB,O,,:Eu phosphors
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Abstract

An investigation is reported of the photoluminescence (PL) properties of Al;GdB,0,,:Eu phosphors. Under vacuum ultraviolet
excitation, Al;GdB,O,,:Eu exhibited a bright red luminescence with CIE chromaticity coordinates of (0.643, 0.356) with a PL
intensity of 60% of the sodium salicylate standard. The PL spectrum showed a ground state splitting pattern consistent with Dy
symmetry. The PL excitation spectrum showed sharp lines due to the ®S,,—°I, and °P, transitions of Gd** in addition to the f—f
transitions of Eu®*. The charge transfer band of Eu was observed at 250 nm and the host absorption band was detected at 157
nm. Time-resolved spectroscopy was performed to investigate the interaction between Gd and Eu ions. The energy transfer rate
from Gd to Eu ions was found to be 17 000 s—'. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

The design of phosphors optimized for plasma dis-
play panels (PDP) involves a new set of considerations
that was not included in the development of traditional
lamp phosphors [1]. The excitation in a PDP is pro-
vided by the plasma of xenon and helium. The main
emission of the plasma consists of 147 and 172 nm (8.4
and 7.2 eV) in comparison to the 254 nm (4.9 eV) line
of mercury discharge used in fluorescent lamps [2]. The
requirement that the phosphor host lattice absorb effi-
ciently in the 147-180 nm range places new restrictions
on the materials to be investigated. Thus, the issue of
energy transfer from host to activator must be well
understood. The energy transfer probability is generally
proportional to the spectral overlap between the sensi-
tizer and activator. Therefore, phosphors exhibiting a
large energy mismatch between the host bandgap and
the activator energy level are expected to show less
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efficient energy transfer, which will result in a smaller
excitation efficiency. In this case, the presence of sensi-
tizer ions, which provide intermediate energy levels
through which the energy transfer from the host to
activator occurs, will improve the efficiency. Another
issue is maintenance. Since the phosphors are directly
exposed to the plasma during the operation of the PDP,
the host lattice must be rugged and resistant against ion
bombardment and ultraviolet (UV) radiation. There-
fore, the best candidate for new PDP phosphors must
exhibit efficient energy transfer, high absorption in the
UV, and good maintenance against UV radiation and
ion bombardment.

The borates are exceptional materials because they
are not refractory, but nonetheless exhibit excellent
maintenance [3]. This is contradictory to the commonly
accepted wisdom that high firing temperatures, as occur
for the refractory materials, are essentially responsible
for their good maintenance properties. The combina-
tion of good maintenance with low firing temperatures
(typically lower than 1200°C) is additionally a great
economic advantage. The borates also exhibit high
absorption in the vacuum UV (VUV) region, especially
when codoped with Gd. In this paper, we report the
photoluminescence properties of Al;GdB,O;,:Eu in the
VUV-visible region.
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2. Experiments

In this study, Al;GdB,O,,:Eu was synthesized by the
solid state reaction technique. The starting materials,
Al O;, Gd,0;, Eu,04 and H;BO; were mixed stoichio-
metrically and ball milled for 4 h for uniform mixing.
For photoluminescence (PL) measurements, a D, lamp
was used for VUV-UYV excitation and a Xe lamp was
used for the UV-visible region. Pulsed excitation for the
time-resolved spectroscopy was provided by an optical
parametric oscillator (OPO) laser pumped by a
Nd:YAG laser, which is tunable from 220 nm-1.8 pm
and has a pulse width of 8 ns. The PL signal was
detected by a thermoelectrically cooled GaAs photo-
multiplier tube (PMT) coupled with a 027 m
monochromator. The PL measurement system was cali-
brated by using the standard tungsten lamp with fac-
tory-calibrated spectral irradiance output (Oriel 63358)
and all the PL spectra reported in this paper were
corrected for the system response.

In order to find the reaction temperature, thermal
analysis was performed. Fig. 1 shows the differential
thermal analysis (DTA)/thermal gravity (TG) curves.
The TG curve shows a large drop between 100 and
200°C and the DTA-curve also shows two exothermic
peaks in the same temperature region. This is due to the
decomposition of boric acid, i.e. 2H;BO; — B,O; +
3H,0. This decomposition is a two-stage process in-
volving an intermediate HBO, phase, which can be seen
clearly from the DTA curve. The DTA curve also
exhibits an endothermic peak at 890°C, which corre-
sponds to the formation of Al;GdB,O,,. Based on this
result, a two-step heating process was adopted for the

synthesis. The stoichiometric mixture of precursors was
first heated to 500°C for 2 h and then to 1000°C for
another 2 h. The first step was necessary to ensure the
complete decomposition of boric acid. X-ray diffraction
results showed that a significant portion of the phos-
phor was in the GdBO; phase along with some
AlL,GdB,O,,. In order to obtain single-phase material,
10% excess H;BO; was added to the starting material
mixture as a flux agent. The mixture was again ball
milled for 4 h and fired using the two-step firing
condition described above. After firing, the phosphor
material was thoroughly washed to completely remove
any residual flux material. The result of the X-ray
analysis of the phosphor powders indicated that the
major phase of the phosphor was Al;GdB,O,, and the
amount of GdBO; was very small.

3. Results and discussion

Under 147 nm excitation, Al;GdB,O,,:Eu was found
to exhibit a strong red emission, characteristic of Eu®*
ions, with CIE chromaticity coordinates of
(0.643, 0.356). This emission was comparable to that of
the commercial (Y,Gd)BO;:Eu phosphor. At the cur-
rent stage of development, the best sample has a Eu
concentration of 5 at.%, exhibiting a quantum effi-
ciency of approximately 60% compared to the sodium
salicylate standard. Further improvement will be possi-
ble by adjusting the firing temperature and by the
addition of excess H;BO; to suppress the formation of
non-radiative defects. Fig. 2 shows the PL spectrum
obtained for Al;GdB,O,,:Eu (5.0 at.%) under 274 nm
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Fig. 1. TG/DTA analysis of Al;GdB,O,, phosphor synthesis.
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Fig. 2. PL spectrum of Al;GdB,O,, phosphor under 274 nm UV
excitation.

UV excitation. The spectrum is dominated by the line
at 614 nm due to the °D,—’F, transition of Eu®™,
which is typical of Eu®* ions occupying sites with no
inversion symmetry [4]. The spectrum also shows many
additional lines due to the spin-orbit split ground
states, ’F, (J = 0-6), each of which is further split by
the crystal field. The two most intense emission lines,
which are due to the °D,—’F, and ’F, transitions,
consist of two and three separate emission lines, respec-
tively. AL,GdB,O,, is known to crystallize in a hexago-
nal structure with the Eu sites possessing the D,
symmetry[5]. Group theoretical considerations predict
that for D, symmetry the crystal field should split the
'F, and 'F, levels into two and three Stark compo-
nents, respectively. This is exactly what was observed
experimentally, confirming the local site symmetry of
the Eu ions and also indicating that there is no local
distortion.

Fig. 3 shows the VUV-visible PLE spectrum for
Al,GdB,O,, with an Eu concentration of 5 at.%. In
order to show the entire spectral range from VUV to
visible, both the D, and Xe lamp excited PLE spectra
are plotted together. The PLE spectra show features
due to both Gd and Eu. The spectrum is dominated by
an intense excitation peak at 394 nm due to the "F,—°L,
transition of the Eu®* ion. Also observed are strong
excitation lines due to the ’F,—°D, and °D, transitions
at 536 and 466 nm, respectively, in addition to many
other sharp lines due to the various f—f transitions of
Eu®*. The sharp excitation lines at 274 and 311 nm are
assigned to the ®*S;,—°I; and °P, transitions of Gd’*,
respectively [6]. This clearly shows that an efficient
energy transfer occurs from Gd to Eu. The broad
excitation band centered at 250 nm is assigned to a
charge transfer transition between Eu and the neighbor-

14000
Host Charge Amon = 614 nm
Absorption Tranfer

12000 - Band
‘BT 8, 6
& 10000 Sz -7, (Gd)
y
(1]
c
2
5 8000 - , .
H Fo-"Ls
Q
- 6000 -
(]
N *S1 - °P; (Gd)
[
E 4000 -
g 7Fo _ 502

7F0 5D1
2000 -
0 T T :
100 200 300 400 500 600

Excitation Wavelength (nm)

Fig. 3. PLE spectra in the VUV-visible region. D, lamp was used for
110-300 nm and Xe lamp was used for longer wavelengths.

ing oxygen anions. Finally, the broad excitation band
at 157 nm is attributed to host absorption, because of
its similar position to the host absorption of Gd(BO;),
(159 nm) [7]. The excitation process is believed to be
similar to that reported for Gd(BO,),. That is, the host
excitation is mediated by the excitation of the Gd
sublattice, which allows efficient exciton migration
through the lattice until a Eu activator ion is located to
transfer energy and produce luminescence.

To further investigate the interaction mechanism be-
tween the Gd and Eu ions, time-resolved spectroscopy
was performed. Fig. 4 shows the luminescence decay of
the Eu®* emission at 10 K. When the charge transfer
band of Eu was directly pumped by 250 nm excitation,
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Fig. 4. 10 K luminescence decay curves for the 614 nm Eu®*
emission under 250 and 274 nm excitation. Inset: Schematic of the
excitation process for the Eu ions through the energy transfer from
Gd ions.
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the luminescence showed a sharp rise followed by a
nearly single exponential decay. The decay time was
found to be 1.6 ms by numerically fitting the decay
curve with an exponential function. When the excita-
tion wavelength was changed to 274 nm, the position of
the Gd** ®S,,-°P, transition, the Eu luminescence
exhibited a delayed rise followed by a decay with
approximately the same decay time as the 250 nm
excitation. This slow rise was attributed to the finite
transfer time involved in the Gd—Eu energy transfer
process, as schematically shown in the inset of Fig. 4.
The position of the maximum was shifted by approxi-
mately 200 pus compared to the charge transfer excita-
tion at 250 nm. The rate equations governing the decay
of Gd and Eu ions are

dNg(t
Sl WaNalt) — WeeNa(0),
dNg(t
) WaNalt) — W),

where Ng and Ng are the density of excited Gd and Eu
ions, W5 and Wy are the intrinsic decay rates of Gd
and Eu, respectively, and Wyt is the energy transfer
rate between Gd and Eu. If Wy does not possess any
time dependence, the general solution for Ng(¢) is

t
Ni(t) = Were ™ WE’J e”E*Ng(x) dx.
0
An analytical solution can be obtained if the Gd
decay, Ng(?), is assumed to be purely exponential

Ng(0) Wer (e~ el _

Ng(t) =
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This result clearly predicts that the Eu luminescence
should show a slow rise, reach a maximum, and then
decay with either its own intrinsic lifetime or the Gd
decay rate, whichever is the smaller. The condition for
maximum emission intensity can be found by differenti-
ating the above equation with respect to time, ¢, and
setting it equal to zero, which gives

WEe — WEmax — (WG + WET)e - (WG + WET)tmax,

where 7, is the time for the Eu luminescence to reach
a maximum.

From the experimental results shown in Fig. 4, we
obtain Wg =630 s~ ! and ¢,,,, = 200 us. Then, from the
above equation, we found that Wg+ Wgr=17 000
s~ !. Considering that the Gd** luminescence usually
exhibits decay times on the order of a few milliseconds,
due to the forbidden nature of f—f transition, it is
expected that W ~ 400 s~ ! and thus W « Wgy. There-

fore, the energy transfer rate from Gd to Eu in
AL,GdB,O,,:Eu was estimated to be approximately
17 000 s—!, which corresponds to an energy transfer
time of 60 ps. This value of W was smaller than that
observed for GdAlO;:Eu, which was on the order of
106 s—! [8]. This difference is attributed to the larger
interionic distance in Al;GdB,O,,:Eu, where a BO 3
group separates each nearest neighbor Gd ions, yielding
a relatively large nearest Gd—Gd distance of 5.9 A. On
the other hand, the distance between Gd—Eu pairs is
only 3.8 A in GdAIO;:Eu [9]. The large interionic
distance in Al;GdB,O,,:Eu naturally leads to a lower
energy transfer rate, because the energy transfer rate is
a strongly decaying function of interionic distance [10].

4. Conclusions

In summary, we report the photoluminescence prop-
erties of Al;GdB,O,,:Eu under VUV and UV excita-
tion. A synthesis route involving two-step firing was
used to obtain single-phase material. Under 147 nm
VUV excitation, Al;GdB,O,,:Eu showed good quan-
tum efficiency, approximately 60% of the sodium salicy-
late standard. It is expected that further improvement
would be possible by refining the synthesis process. The
PL spectrum was consistent with the D; symmetry for
Eu sites, indicating that there was no local distortion.
PLE measurements showed that an efficient energy
transfer occurs between Gd and Eu ions. The charge
transfer band of Eu and the host absorption band were
also observed at 250 and 157 nm, respectively. The
energy transfer rate between Gd and Eu ions was found
to be 17 000 s 1.
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