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Y0.75−xGdxAl0.10BO3:Eu
3+
0.10, 0.05R

3+ (R=Sc, Bi) (0.00 ≤ x ≤ 0.45) powder samples are prepared by solid-state

reaction and their luminescence properties are investigated. With the replacement of Y3+ ions by Sc3+ (or Bi3+)

and Gd3+ ions in (Y,Al)BO3:Eu, the intensities of emission at 254 and 147 nm are remarkably improved, because

Sc3+ ions can absorb UV light and transfer the energy to Eu3+ ions efficiently. Moreover, Gd3+ and Bi3+ ions

act as an intermediate “bridge” between the sensitizer and the activator (Eu3+) in energy transfer to produce light

in the (Y, Gd)BO3:Bi3+, Eu3+ system more effectively. After doping an appropriate concentration of Gd3+ into

Y0.50Gd0.25Al0.10BO3:Eu
3+
0.01, Bi3+0.05, the emission intensity reaches its maximum, which is nearly 110% compared

with the red commercial phosphor (Y,Gd)BO3:Eu and better chromaticity coordinates (0.650, 0.350) are obtained.
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1. Introduction

Tricolour inorganic luminescent materials are

used in PDP to emit red, green and blue light. Both

high luminescent efficiency and good colour purity are

required for PDP and Hg-free lamps. Among the red

phosphors, (Y, Gd)BO3:Eu is widely used today, but

its main emission peak is in the vicinity of 591 nm,

leading to a poor chromaticity.[1] Recently, much re-

search has been done to find new red phosphors,[2−5]

as their luminescent efficiency is not satisfactory.

Therefore research on improving current phos-

phors is urgently required. Introducing other ions into

the borate host may be a good method to reduce its

crystal symmetry and improve the energy transfer effi-

ciency. Better chromaticity and strong intensity were

obtained when Al3+ ions were introduced.[6] Select-

ing the sensitizer for the activator is an appropriate

way to improve the luminous efficiency. The absorp-

tion energy of the sensitizer can transfer directly or

through other ions to the activator. For example, en-

ergy transfer from Ce3+ ions to Tb3+ ions occurs via

the Gd3+ sublattices in GdB3O6:Ce
3+, and Tb3+ ions

were investigated in Ref. [7]. The luminescent proper-

ties of (Y, Gd)BO3:Bi
3+, Eu3+ and YBO3:Bi

3+, Eu3+

under vacuum ultraviolet excitation (VUV) were re-

ported recently and energy transfer from the Bi3+ ion

to the Eu3+ ion was also observed.[8] The Sc3+ ion

could absorb ultraviolet (UV) light and transfer the

energy to the Eu3+ ion effectively to improve the pho-

toluminescence of Eu3+ ion doped oxide phosphors.[9]

Referring to Wang’s research[6,10] and our verification

experiments, the best concentrations of both Bi3+ ions

and Sc3+ ions are both 5% and those of Al3+ and Eu3+

are both 10% respectively in (Y, Gd)BO3.

However, the real role of Gd3+ in red phosphor

(Y, Gd)BO3:Eu is still not well understood.[11] In or-

der to improve the luminescence efficiency and chro-

maticity of red phosphors further, it is necessary to

study the detailed excitation process and energy trans-

fer path under VUV excitation. In this paper, we in-

vestigate the effects of Gd3+ and Bi3+ ions on the

luminescence characteristics in detail and obtain im-

proved red phosphors.
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2. Experiment

The Y0.75−xGdxAl0.10BO3:Eu
3+
0.10, 0.05R3+

(R=Sc, Bi) (0.00 ≤ x ≤ 0.45) samples were synthe-

sized from sources of Gd2O3 (99.99%) Y2O3 (99.99%),

Eu2O3 (99.99%), Al2O3 (98%), Sc2O3 (99.99%), Bi

(NO3)3·5H2O (99.0%) and H3BO3 (98.0%). The sto-

ichiometric values of starting materials with 20% ex-

cess of H3BO3 were weighed to compensate the evap-

oration loss at high temperature. After being ground

with ethanol, the mixture was heated at 500 ◦C for

2.5 h, then calcined at 1100 ◦C for 3 h in air and cooled

down to room temperature for getting the samples.

The samples obtained were characterized by a

Rigaku D/max 2400 x-ray powder diffractometer

(XRD) with Ni-filtered CuKα radiation. Excitation

and emission spectra under ultraviolet (UV) were

measured by a Xe lamp (FLS-920T with a resolution

of 0.10 nm). All of the luminescence spectra in the

VUV region were acquired using a deuterium lamp

(V06) attached to a VUV monochromator (ARC,

VM504 with a resolution of 0.06 nm) for excitation.

The VUV excitation spectra were corrected through

being divided by the excitation intensity of sodium sal-

icylate under the same measurement conditions. All

the above measures are recorded at room temperature.

3. Results and discussion

3.1.The x-ray diffraction analysis

All the powder samples of Y0.75−xGdxAl0.10BO3:

Eu3+0.10, 0.05R3+ (R=Sc, Bi) (0.00 ≤ x ≤ 0.45)

exhibit white colour in body. Figure 1 displays

the XRD patterns of Y0.95−xGdxAl0.10BO3:Eu
3+
0.10,

0.05R3+ (R=Sc, Bi; x = 0.00, 0.25, 0.45). They can

be recognized as single-phase systems and accord well

with the literature value JCPDF card No. 16-0277,

and they have no second phase observed.

The samples are indexed to a hexagonal system of

vaterite type and their lattice parameters were calcu-

lated with the least-square method. For example, the

unit cell parameters of Y0.75−xGdxAl0.10BO3:Eu
3+
0.10,

Sc3+0.05 (0.00 ≤ x ≤ 0.45) are shown in Fig. 2, which

displays that the unit cell parameters a and c contin-

uously increase with the increase of Gd3+ ion con-

centration. The same trends of unit parameters a

and c of Y0.75−xGdxAl0.10BO3:Eu
3+
0.10, Bi

3+
0.05 (0.00 ≤

x ≤ 0.45) are obtained. Because the size of the Gd3+

(0.94 Å, 1 Å=0.1 nm) ion is larger than that of Y3+

(0.89 Å),[12] Gd3+ ions can be successfully doped into

the host and occupy lattice sites of Y3+ ions according

to Vegard’s law.

Fig. 1. XRD patterns of Y0.75−xGdxAl0.10BO3:

Eu3+0.10, Sc
3+
0.05 (Bi3+) (x = 0.00, 0.25, 0.45).

Fig. 2. Parameters a and c of the unit cell of

Y0.75−xGdxAl0.10BO3:Eu
3+
0.10, Sc3+0.05 (0.00 ≤ x ≤

0.45).

3.2.The UV-vis spectral analysis

Figure 3 exhibits the excitation spectra of

Y0.75−xGdxAl0.10BO3:Eu
3+
0.10, Sc

3+
0.05 (x = 0.00, 0.10,

0.20) monitored at 612 nm. In their excitation spec-

tra, the main broad band from 215 nm to 290 nm

is assigned to the charge transfer band (CTB) of

O2− →Eu3+. After replacing some of the Y3+ ions

with Gd3+ ions, the excitation intensity of the CTB

is enhanced. The peak at about 275 nm could be

due to the transitions of 8S7/2 to 6IJ (J = 11/2, 9/2,

7/2) of Gd3+, which is superimposed on the CTB.

This implies that an energy transfer from Gd3+ ions

to Eu3+ ions could take place.[9] So the excitation in-

tensity is enhanced with the increase of Gd3+ ion con-

centration. The peak at about 313 nm is due to the
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8S7/2–
6PJ (J = 11/2, 9/2, 7/2) transition of the Gd3+

ion.[13] The other peaks in the wavelength region from

390 nm to 400 nm are due to the intra configuration

4f6 of Eu3+.[14]

Fig. 3. Excitation spectra of luminescence of

Y0.75−xGdxAl0.10BO3:Eu
3+
0.10, Sc3+0.05 (x = 0.00,

0.10, 0.20) (λem = 612 nm).

The excitation spectra of Y0.75−xGdxAl0.10BO3:

Eu3+0.10, Bi3+0.05 (x = 0.00, 0.15, 0.25) are shown

in Fig. 4. The CTB of the sample is im-

proved when Gd3+ and Bi3+ ions are intro-

duced into the host lattices. Compared with the

CTBs of (Y, Gd)0.80Al0.10BO3:Eu
3+
0.10 (245 nm) and

Y0.75−xGdxAl0.10BO3:Eu
3+
0.10, Bi3+0.05 (265 nm), the

CTBs of the Bi3+ doping samples have a red shift of 20

nm due to the transition 1S→3P1 of Bi
3+. The excita-

tion peak at 265 nm is just an overlap with the CTB

and due to the transitions of 8S7/2 to 6IJ (J = 11/2,

9/2, 7/2) of Gd3+,[8] so Gd3+ and Bi3+ ions could

transfer energy adequately, i.e., an energy transfer has

taken place in this case.

Fig. 4. Excitation spectra of the luminescence of

Y0.75−xGdxAl0.10BO3:Eu
3+
0.10, Bi3+0.05 (x = 0.00, 0.15,

0.25) (λem = 612 nm).

3.3.The VUV excitation spectral analy-

sis

Figure 5 represents the excitation spectra of

Y0.75−xGdxAl0.10BO3:Eu
3+
0.10, Sc3+0.05 (0.00 ≤ x ≤

0.10) under 147-nm excitation. It can be seen that

the two band intensities of the synthesized samples are

both much higher than that of Y0.80Al0.10BO3:Eu
3+
0.10,

indicating that VUV light can be absorbed more ef-

ficiently by borate host lattices with incorporated

ions, such as Sc3+ and Gd3+. The band around

140→160 nm is attributed to the band absorption of

the host lattice,[15] which overlaps the O2− →Gd3+

CTB.[1] The band at about 242 nm is due to the CTB

of O2− →Eu3+.[16]

Fig. 5. Excitation spectra of Y0.75−xGdxAl0.10BO3:

Eu3+0.10, Sc
3+
0.05 (λem = 612 nm) (0.00 ≤ x ≤ 0.10).

3.4.The VUV emission spectral analysis

The emission spectra under 147-nm excitation are

shown in Fig. 6. The shapes of all emission spectra

Fig. 6. Emission spectra of Y0.75−xGdxAl0.10BO3:

Eu3+0.10, Sc
3+
0.05 (0.00 ≤ x ≤ 0.45), with inset showing

the concentration dependence of relative integrated

emission intensity of these samples (λex = 147 nm).
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are similar. Typical Eu3+ emission is observed in

these emission spectra, and the strongest emission

peaks at 593 nm are due to the 5D→7F1 transition

of the Eu3+ ion. The other emission peaks located

at 600 nm→ 700 nm are ascribed to the transitions of

the 5D level to the 7F2,
7F3 and 7F4 levels of Eu3+

respectively.[17] The inset in Fig. 6 exhibits that the

emission intensity steadily increases with Gd3+ con-

tent increasing up to 0.20, and then decreases as Gd3+

content goes up.

Under 147-nm excitation, the integrated emis-

sion intensity of Y0.55Gd0.20Al0.10BO3:Eu
3+
0.10, Sc

3+
0.05

is about 99% that of the red commercial phosphor (Y,

Gd)BO3:Eu, and the chromaticity coordinates of this

sample are 0.648 and 0.352, which confirms that the

sample has a better colour purity than the commercial

phosphor (Y, Gd)BO3:Eu (0.632, 0.355).

Figure 7 shows a comparison between the ex-

citation spectra of (a) Y0.80Al0.10BO3:Eu0.10, (b)

Y0.75Al0.10BO3:Eu
3+
0.10, Bi3+0.05, (c) Y0.60Gd0.15Al0.10

BO3:Eu
3+
0.10, Bi3+0.05 and (d) Y0.50Gd0.25Al0.10BO3:

Eu3+0.10, Bi3+0.05. The intensities of Eu3+ CTB and

host absorption increase sharply with the increase

of the Gd3+ molar fraction in samples (c) and (d).

In particular, a new band from 260 nm to 280 nm

is observed in samples (b), (c) and (d) separately.

One band from 125 nm to 180 nm centred at about

155 nm is ascribed to the absorptions of the host and

O2− →Gd3+ CTB.[8] The other band from 180 nm

to 260 nm is assigned to the CTB of O2− →Eu3+.

Fig. 7. Excitation spectra of (a) Y0.80Al0.10BO3:0.01Eu,

(b) Y0.75Al0.10BO3:Eu
3+
0.10, Bi3+0.05 (c) Y0.60Gd0.15Al0.10BO3:

Eu3+0.10, Bi3+0.05, and (d) Y0.50Gd0.25Al0.10BO3:Eu
3+
0.10, Bi3+0.05

(λem = 612 nm).

It is obvious that the two new excitation bands re-

sult from the doping of Bi3+ ions: one is the exci-

tation band that is maximized at 196 nm (1S→1P1)

and superimposed on the host absorption band, and

the other is the band peaked at 265 nm (1S→3P1).
[17]

According to Ref. [8], the emission wavelength of the

Bi3+ ion is well overlapped with the excitation band of

O2− →Eu3+, so the improvements in CTB and all the

other excitation peaks can be attributed to the good

sensitization effect of the Bi3+ ions introduced into

the host lattice. This phenomenon is consistent with

that of the Bi3+ and Eu3+ ion co-doped Na3YSi3O9

host.[18]

In addition, the energy levels between 1P1 of Bi
3+

and 6GJ of Gd3+, 3P1 of Bi3+ and 6DJ ,
6IJ , and

6PJ of Gd3+ overlap well, respectively. Therefore, the

electrons in 1P1 and 3P1 states of Bi3+ can transit to
6GJ ,

6DJ ,
6IJ , and

6PJ levels of Gd3+ well through

electric multipole interaction or exchange interaction,

which results in Bi3+ transferring its absorption en-

ergy to Gd3+ efficiently and completely.[17,19−21] Con-

sidering the high content of Gd3+ ions and the low

content of Bi3+ and Eu3+ ions, the energy trans-

fer process from Bi3+ ions to Eu3+ ions probably

takes place through Gd3+ acting as a medium, via

Bi3+ →Gd3+. . . Gd3+ →Eu3+. The Gd3+ ions act as

an intermediate “bridge” between the sensitizer and

the activator of Eu3+ in energy transfer to produce

light in the (Y, Gd) BO3:Bi
3+, Eu3+ system.

The energy levels in (Y, Gd)0.75Al0.10BO3:Eu
3+
0.10,

Bi3+0.05 can be calculated via its excitation spectra and

they are summarized in Fig. 8. In this process, the ab-

sorption energy by host (147 nm) can be transferred to

the 1P1 of the Bi3+ ion and the CTB of O2− →Gd3+

first. Then the excitation energy of the Gd3+ ion is

migrated to the Gd3+ sublattices until it is trapped by

the Eu3+ ion,[11,22] when the excitation energy of the

Gd3+ ion is relaxed from levels 6GJ ,
6DJ or 6IJ , then

transferred to level 5D of the Eu3+ ion, and finally

radioactively returns to levels 7F1,
7F2.

[23]

Fig. 8. Schematic diagram of energy transfer in

Y0.75−xGdxAl0.10BO3:Eu
3+
0.10, Bi3+0.05.
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Figure 9 demonstrates the emission spectra of

Y0.75−xGdxAl0.10BO3:Eu
3+
0.10, Bi3+0.05 (0.00 ≤ x ≤

0.45). The intensity continuously increases with the

increase of Gd3+ concentration. The inset of Fig. 9

exhibits the variation of relative emission intensity

with the incorporation of Gd3+. When x = 0.25, the

emission intensity arrives at its maximum value; the

strongest emission peak located at 626 nm leads to the

expected colorimetric purity.

Fig. 9. Emission spectra of Y0.75−xGdxAl0.10BO3:

Eu3+0.10, Bi3+0.05 (0.00 ≤ x ≤ 0.45), with inset showing the

concentration dependence of the relative integrated emis-

sion intensity of the sample (λex = 147 nm).

Fig. 10. Chromaticity coordinates of red commercial

phosphor (YGB) and (a) Y0.50Gd0.25Al0.10BO3:Eu
3+
0.10,

Bi3+0.05.

Figure 10 indicates the chromaticity coordinates

of this sample (0.650, 0.350), which are closer to

the NTSC (National Television Systems Committee)

value of red phosphors (0.670, 0.330). Compared with

the red commercial phosphor (Y, Gd) BO3 (kx-504A),

this sample has good chromaticity.

In a word, all results confirm that the sample

Y0.50Gd0.25Al0.10BO3:Eu
3+
0.10, Bi

3+
0.05 possesses the ap-

pearance of a better spectral red and satisfactory lu-

minous intensity. However, the content of Bi3+, Gd3+

and Eu3+ must be optimized renewedly to achieve op-

timal luminescence.

When the concentrations above cause the sam-

ples to reach their maximum intensities, the intensity

of the red emission decreases. These results show that

the sensitization effect of the Gd3+ ion on Eu3+ emis-

sion varies with increasing Gd3+ concentration. Be-

cause of a higher concentration of Gd3+, Gd3+n ion ag-

gregates could form. These aggregates act as trapping

centres and dissipate the absorbed energy through the

nonradiative path, instead of the path of transferring

energy to the activator Eu3+ ions.[24]

4. Conclusions

The single phase systems of Y0.75−xGdxAl0.10BO3:

Eu3+0.10, 0.05R
3+ (R=Sc, Bi) (0.00 ≤ x ≤ 0.45) are syn-

thesized and their luminescence properties are evalu-

ated under excitations at 254 nm and 147 nm respec-

tively. These results indicate that the charge transfer

bands of all samples O2− →Eu3+ are enhanced by

substituting Y3+ with Bi3+, Sc3+ and Gd3+ in both

the UV and the VUV regions. Gd3+ and Bi3+ act as

an intermediate “bridge” between the sensitizer and

the activator Eu3+ in energy transfer to produce light

in the (Y, Gd)BO3:Bi
3+, Eu3+ system. The sample

with the highest luminescent intensity can be obtained

in the VUV region when 5% Sc3+ and 20% Gd3+, or

5% Bi3+ and 25% Gd3+ are introduced into the (Y,

Al)BO3:Eu. Not only is the luminescence intensity

of our sample superior to that of the red commercial

phosphor (Y, Gd)BO3:Eu, but its chromaticity is also

better than that of the red commercial phosphor (Y,

Gd) BO3:Eu. This indicates that the improved red

phosphor can be widely used as a PDP red phosphor.
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