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A combinatorial approach was used to systematically investigate the effect of trace Pr3+, Tb3+, or Sm3+ on
the VUV photoluminescence of Eu3+ in the Pr3+, Tb3+, or Sm3+ co-doped (Y0.65Gd0.35)BO3:Eu3+

0.05. We
found that Pr3+ and Tb3+increases the VUV photoluminescent efficiency, while Sm3+ decreases the efficiency.
The optimized composition was identified to be between 7 × 10-6 and 3 × 10-4, and the corresponding
efficiency improvement is about 15%. Scale-up experiments confirmed the results in the combinatorial
materials libraries.

Introduction

Driven by the advances in the plasma display panel (PDP)
and Hg-free fluorescent lamps, the demand for high-
efficiency vacuum ultraviolet (VUV) phosphors increases
significantly. Recently, the dominant PDP red phosphors are
(Y,Gd)BO3:Eu3+ and Y2O3:Eu3+. A major drawback of these
phosphors is low efficiency.1 To achieve the desirable
luminance of 700 cd/m2 for high-definition television display,
the luminescent efficiency of PDP phosphors must be
improved from present 1–1.5 lm/w to above 5 lm/w.2,3 Such
a big advancement needs a series of improvements on both
the VUV phosphors and the discharge technique. Although
many researchers have worked on the improvement of the
Eu3+-activated borate,4,5 phosphate,2 aluminate,6 silicate,7

vanadate,8 oxide,9 fluoride,10 and their composites11–14

through co-doping, few phosphors with efficiency higher than
(Y,Gd)BO3:Eu3+ were reported.

One of the key factors which influence the photolumines-
cent efficiency is the energy-transfer process from the host
to activator.15 This transfer could be strongly affected by
the defects (carrier traps) in the host material. From this point
of view, trace co-dopant with different affinity has the
potential to change the trap configuration and consequently
to improve the efficiency significantly. A successful example
isthePr3+,Tb3+ inY2O2S:Eu3+undercathoderayexcitation.16,17

However, the transfer process depends strongly on the type,
valence, and density of the co-doped impurities. Systematic
investigation on the effect of co-dopants is extremely time-
consuming.

In this paper, the combinatorial approach, which has been
successfully applied to search for new PDP phosphors,18 was
adopted to systematically study the effect of Pr3+, Tb3+, and

Sm3+ co-dopants on the VUV photoluminescence of (Y0.65-
Gd0.35)BO3:Eu3+

0.05. We found that trace Pr3+ and Tb3+

increasestheVUVphotoluminescentefficiencyof(Y0.65Gd0.35)BO3:
Eu3+

0.05 by a factor of ∼15%.

Experimental Section

The starting materials were Y2O3 (99.99%), Gd2O3

(99.99%), Eu2O3 (99.99%), H3BO3 (99.5%), Pr6O11 (99.99%),
Tb4O11 (99.99%), and Sm2O3 (99.99%), oxalic acid (analytic
reagent (A.R.)), nitric acid (A.R.), and ethanol (A.R.). To
increase the amount of materials synthesized in the microre-
actors, suspension precursors were used for host as described
in ref 19, while precursors for dopants were in nitrate aqueous
solution to keep the small composition step controllable. The
synthesis of the libraries is similar to our previous report
(ref 20). In the synthesis, H3BO3 was provided in a
stoichiometric 20 mol % excess to compensate for evapora-
tion in the post-annealing step. The as-deposited libraries
were first solvent evaporated in an ambient air environment,
then heated at 176 °C, which is the melting point for H3BO3,
for 30 min to allow the diffusion of H3BO3, annealed at 900
°C for 120 min, and finally sintered at 1150 °C for 180 min.

To characterize the VUV photoluminescence, an imaging
system was developed as shown in Figure 1. A RF powdered
Xe spectrum lamp (model no. XeLM-L, Resonance Ltd.),
which simulates the discharge radiation in the PDP and Hg-
free lamp, was used as the excitation light source. The 147
nm emission was incident on the library, and the VUV
photoluminescent intensity of the materials in the library was
recorded using a digital CCD camera through the optical
window. The sample chamber was evacuated to remove the
air absorption on VUV radiation.

To calibrate the uneven illumination of the pointlike
source, the VUV photoluminescence image of a “standard
library” (the predrilled holes of a library substrate were
manually filled with the same amount of a commercial PDP
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red phosphor (Y,Gd)BO3:Eu3+, obtained from the Grirem
Advanced Materials Co., Ltd.) was taken first. Because the
photoluminescence efficiency of all the sample sites is the
same, the relative brightness as the function of position on
the image reflects the illumination intensity distribution
quantitatively. Then, the calibrated photoluminescent inten-
sity is obtained by division of the raw intensity on the image
by the distribution. To estimate the intrinsic error of the
system, another standard library was made. The standard
deviation of its calibrated photoluminescent intensity is
calculated to be <1%.

Results and Discussion

A luminescent photograph obtained under 147 nm VUV
excitation of the Pr3+, Tb3+, and Sm3+ co-doped (Y0.65Gd0.35)-
BO3:Eu3+

0.05 libraries is shown in Figure 2a, together with
the composition map. To clearly display the variation, the
calibrated luminescent intensities as the functions of com-
position are also plotted in Figure 2a. From the figure, we
found that the intensities increase with Pr3+ or Tb3+

concentration at first and then rapidly decrease when the
concentration exceed 7.5 × 10-4. The Sm3+ co-doped
samples do not show the enhancement effect.

To zoom in on the peak intensity region, a secondary Pr3+

and Tb3+ co-doped (Y0.65Gd0.35)BO3:Eu3+
0.05 library that

covers the composition range from 3 × 10-6 to 3 × 10-4

with smaller composition steps was synthesized, and its 147
nm VUV photoluminescent photograph and calibrated lu-
minescent intensities are shown in Figure 2b. The highest
VUV photoluminescent composition is between 7 × 10-6

and 3 × 10-4.
To confirm the above results and quantify the VUV

photoluminescence enhancement, scale-up samples for the
un-doped (Y0.65Gd0.35)BO3:Eu3+

0.05 and 1 × 10-4 Pr3+ or
Tb3+ co-doped (Y0.65Gd0.35)BO3:Eu3+

0.05 were synthesized
through solid-state reaction under the same conditions: Un-
doped/co-doped (Y0.65Gd0.35)2O3:Eu3+

0.05 oxides were pre-
pared by sintering their coprecipitated oxalates at 1000 °C
for 120 min; then these oxides were wet ball-milled with a
stoichiometric 10 mol % excess of H3BO3 in additive ethanol.
The ball-milled mixtures were sintered at 600 °C for 120
min and ground in an agate mortar. Then, these mixtures

were annealed at 900 °C for 120 min and sintered at 1200
°C for 180 min. Finally, the fired products were wet ball-
milled in deionized water and washed with 80–100 °C
deionized water several times to remove excess B2O3 and
dried at 120 °C.

The microstructure of different doped samples was ana-
lyzed using XRD and SEM, and no significant difference
was found in the XRD patterns and SEM micrographs.
Typical XRD patterns and SEM micrograph are given in
Figure 3, which shows that all the scale-up samples were
well crystallized into hexagonal YBO3 (JCPDS card 74-1929)
structure and that the enhancement is not from the difference
in the morphology of the grain.

The VUV excitation and emission spectra of the scale-up
samples were measured at NSRL VUV spectroscopy end-
station on U24 beamline. Detailed description on the
measurements can be found in our previous work.21

The emission spectra of the scale-up samples under 147
nm excitation are shown in Figure 4, in which all samples
exhibit almost the same emission configuration. So the
chromaticity of the co-doped (Y0.65Gd0.35)BO3:Eu3+

0.05 should
be the same as that of (Y0.65Gd0.35)BO3:Eu3+

0.05, which is
(0.65,0.35).22 No characteristic emission from Pr3+ or Tb3+

was observed. The relative VUV photoluminescent intensity
of 1 × 10-4 Pr3+ or Tb3+ co-doped (Y0.65Gd0.35)BO3:Eu3+

0.05

integrated from 584 to 633 nm is about 14% or 15% higher
than that of the un-doped (Y0.65Gd0.35)BO3:Eu3+

0.05, respec-
tively. We also compared the intensity of our co-doped
(Y0.65Gd0.35)BO3:Eu3+

0.05 with the commercial PDP red
phosphor obtained from the Grirem Advanced Materials Co.,
Ltd., and found that ∼7% enhancement is achieved. This
result indicates that there is ∼8% efficiency difference
between the commercial (Y,Gd)BO3:Eu3+ and our un-doped
(Y0.65Gd0.35)BO3:Eu3+

0.05. This is a reasonable result because
the grain morphology from the solid-state reaction is usually
irregular.23 Considering that there could be ∼20% efficiency
improvement through grain morphology control,24 our ∼15%
efficiency enhancement estimation is quite conservative.

The excitation spectra of the Eu3+ emission at 592 nm of
the scale-up samples are shown in Figure 5. They all have
the same configuration. The bands with absorption edges at
170 and 223 nm are attributed to the band gap absorption of
host lattice (HB) and O2- f Eu3+ changer-transfer absorp-
tion (CTB), respectively. The excitation lines at 274 and 276
nm are assigned to the 8S7/2 f

6IJ transition of Gd3+. The
characteristic absorption of Pr3+ and Tb3+ is not observed
in the excitation spectra, which indicates that the energy
transfer from Pr3+/Tb3+ to Eu3+ through the resonance or
exchange effect does not exist.

Because the significant enhancement occurs at the trace
(3 × 10-6–3 × 10-4) Pr3+ or Tb3+ co-doping level, it is
hard to account for it using the traditional sensitization
mechanism, which requires a relatively high sensitizer
concentration for the resonant energy transfer from the
sensitizer to the luminescent center. We believe that this
enhancement is caused by modification of the trap config-
uration. A similar effect has been reported in cathode
luminescence where ∼230% efficiency enhancement was
found in Y2O2S:Eu3+ through trace doping of Pr3+ and

Figure 1. Schematic diagram of the VUV photoluminescence
imaging system.
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Tb3+.17 Upon absorption of VUV photons, electrons are
generated in the conduction band, and holes are left in the
valance band. These photoproduced carriers migrate in the

host lattice. Photoluminescence takes place when Eu3+

captures an electron–hole pair. Because of the large elec-
tronegativity, Eu3+ and Sm3+ are good electron traps.
Unfortunately, holes have a large probability of being
captured by native defects, namely, O2- vacancies. Because
Pr3+ and Tb3+ show relatively strong reduction trends,
doping with Pr3+ or Tb3+ adds shallow hole traps. These
shallow traps compete with O2- vacancy for the capture of
the photoproduced holes. However, because the holes
captured in the shallow traps have a large probability of
thermal release, it increases the hole capture probability of
Eu3+. On the other hand, doping with Sm3+ introduces a
competing center for the capture of electrons with Eu3+.
Further investigation on the energy transfer process is
currently underway.

Conclusion

In conclusion, the effect of trace Pr3+, Tb3+, or Sm3+ on
the VUV photoluminescence of (Y0.65Gd0.35)BO3:Eu3+

0.05 was
systematically investigated. Pr3+ and Tb3+ are found to have
positiveeffectsontheVUVphotoluminescenceof(Y0.65Gd0.35)-
BO3:Eu3+

0.05, and the optimal composition is identified to
be between 7 × 10-6 and 3 × 10-4. Scale-up experiments
confirmed the results from the combinatorial method and also
determined that the efficiency improvement is ∼15%.

Figure 2. Composition maps, VUV photoluminescence photographs, and the calibrated photoluminescent intensities as the functions of
composition of the (a) primary and (b) secondary combinatorial libraries at 147 nm excitation: red square, Pr3+ co-doped (Y0.65Gd0.35)BO3:
Eu3+

0.05; green circle, Tb3+ co-doped (Y0.65Gd0.35)BO3:Eu3+
0.05; blue triangle, Sm3+ co-doped (Y0.65Gd0.35)BO3:Eu3+

0.05.

Figure 3. (a) XRD patterns of 1 × 10-4 Pr3+ (red dashed line),
Tb3+ co-doped (Y0.65Gd0.35)BO3:Eu3+

0.05 (green dashed-dotted line),
and (Y0.65Gd0.35)BO3:Eu0.05 (black solid line); (b) SEM micrograph
of Pr3+ co-doped (Y0.65Gd0.35)BO3:Eu3+

0.05; (c) SEM micrograph
of (Y0.65Gd0.35)BO3:Eu3+

0.05.

Figure 4. Emission spectra of Pr3+ (red dash line) and Tb3+ co-
doped (green dashed-dotted line) (Y0.65Gd0.35)BO3:Eu3+

0.05 and
(Y0.65Gd0.35)BO3:Eu3+

0.05 (black solid line).

Figure 5. Excitation spectra of Pr3+ (red dashed line), Tb3+ co-
doped (green dashed-dotted line) (Y0.65Gd0.35)BO3:Eu3+

0.05, and
(Y0.65Gd0.35)BO3:Eu3+

0.05 (black solid line).

Pr3+, Tb3+, and Sm3+ Co-Doped (Y0.65Gd0.35)BO3:Eu3+
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