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The system Al2O3-B2O3 containing Ce3+ and Tb3+ ions was investigated for the first time.
It was found that certain compositions give rise to a new highly efficient green luminescent
material. The investigation of structure by XRD, 11B MAS NMR spectra, IR spectra, high-
resolution electron microscopy, and selected area diffraction images reveals that a crystalline
phase and an amorphous phase coexist in the sample. The electron-dispersive X-ray analysis
and luminescent studies reveal that the Ce3+ and Tb3+ ions are doped into the amorphous
phase.

Introduction

The luminescence on rare earth ions has been inves-
tigated extensively during the past decades, especially
on trivalent cerium and terbium ions and on energy
transfer between these ions.1-4 Most of the investiga-
tions dealt with the crystalline materials. For example,
three commercial green luminescent materials, viz.
Ce0.67Tb0.33MgAl11O19, (La,Ce,Tb)PO4, and (Gd,Ce,Tb)-
MgB5O10, are well-defined crystalline materials. They
show high quantum yield and are used in the high-
quality tricolor luminescent lamp. On the other hand,
luminescence of amorphous materials were paid little
attention. This is due to the fact that the quantum yield
of an amorphous material5 is not so high as those of a
well-defined crystalline family. However, glasses are
well-known in optically pumped laser materials con-
taining Nd3+. To our knowledge, highly efficient crystal-
line-amorphous materials have not yet been observed.
Here, we report a new type of highly efficient green
light-emitting materialsa crystalline-amorphous mate-
rial that was discovered in the investigation of the
system Al2O3-B2O3 containing Ce3+ and Tb3+ ions. The
discovery of the new luminescent material may help
efforts in design and development of new highly efficient
luminescent materials.

The system Al2O3-B2O3 has already been investi-
gated.6,7 A tentative phase diagram was given. It shows

two compounds, viz. Al4B2O9 and Al18B4O33. In the
ternary system Al2O3-B2O3-R2O3 (R ) Y, Nd, Sm, Eu,
Gd, Tb, Dy, Ho, and Yb) only a ternary compound, RAl3-
(BO3)4, was found in the early report.8,9 Some of them
have been used for nonlinear optical material. However,
information on the synthesis and the luminescence
properties for the system Al2O3-B2O3 containing Ce3+

and Tb3+ ions is still lacking. To explore new highly
efficient luminescent materials, a series of phosphors
in the system Al2O3-B2O3 containing Ce3+ and Tb3+

ions with different Al, B, and rare earth ions concentra-
tions was investigated and a new family of luminescent
materials was found.

Experimental Section

The starting materials were rare earth oxides (4N), alumi-
num oxide (4N), and boric acid (GR). Calculated batches were
weighed and homogenized in an agate mortar. The mixtures
were introduced in an alumina crucible and heated for 2 h at
1250 °C in the presence of carbon.

X-ray powder diffraction measurements were carried out
with a Rigaku X-ray diffractometer (model D/max-IIB). The
infrared spectrum was measured on a BIO-RAD FTS-7 spec-
trophotometer. The spectrum was recorded on a KBr pressed
disk. The MAS NMR 11B spectra were acquired using a Bruker
MSL-400 spectrometer (magnetic field 9.4 T, frequency 128.4
MHz). The zirconia rotors (7 mm in outside diameter) were
spun up to 8 kHz; 0.6-µs (π/12) pulses were used with a 0.5-s
recycle delay and about 1500 scans accumulated. The chemical
shifts are referred to as H3BO3. The high-resolution electron
microscopy and selected area diffraction images were recorded
with a transmission electron microscope (model JEOL-2010)
with EDAX DX Prime electron-dispersive X-ray analysis
(EDS). The excitation and emission spectra were recorded on
an Hitachi F-4500 fluorescence spectrofluorimeter at room
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temperature. The excitation spectra were corrected for the
lamp output. The emission spectra were corrected for the
photo-multiplier sensitivity.

Results and Discussion

Table 1 shows the brightness of the samples with
proper Al, B, and rare earth ions concentrations. It
reveals that a new highly efficient green luminescent
material can be obtained at certain conditions in the
Al2O3-B2O3 system containing Ce3+ and Tb3+ ions.

To explore the structure of the samples, the X-ray
diffraction (XRD) spectra of the sample were investi-
gated (Figure 1). The spectrum of the sample with x )
2.0 shows that there are strong diffraction peaks of
Al18B4O33 phase along with weak diffraction peaks of
Al2O3 and unidentified crystalline phases that may be
associated with the rare earth ions, indicating that
Al18B4O33 is the predominant phase in the sample.

As x varies from 2.0 to 3.0, the diffraction peaks of
Al2O3 and unidentified crystalline phases disappear.
Only Al18B4O33 phase is observed. On the increase of
the x value from 3.0 to 5.0, the intensity of the diffrac-
tion peaks of Al18B4O33 phase slightly decreases and no
new diffraction peak is observed. This result reveals that
a change in structure occurs with an increase in the
B2O3 concentration.

From the XRD results mentioned above, it seems that
rare earth ions are doped into the Al18B4O33 phase on
increasing B concentration. Due to larger radii of rare
earth ions, it is impossible that rare earth ions directly
replace Al3+ or B3+. On the other hand, it is difficult to
identify an amorphous phase by XRD when a crystalline
phase and an amorphous phase coexist. Therefore, it
can be inferred that there are two possibilities: one is

that the increase of B2O3 concentration leads to the
substitution of Al3+ ions by B3+ and rare earth ions in
view of the compensation of the radii, which means that
B3+ replaces the Al3+ of AlO4 to meet the needs of the
coordination number of B3+ and the structure of the
Al18B4O33.10 The other is that the increase in the B3+

concentration may give rise to the formation of an
amorphous phase, and rare earth ions are doped into
an amorphous phase. These inferences will be discussed
below.

Figure 2 shows the 11B MAS NMR spectrum of
Al18B4O33 and 8.4Al2O3‚5B2O3‚0.35Ce2O3‚0.25Tb2O3. The
spectrum of Al18B4O33 shows a strong band at about 10
ppm and a very weak band at about 1 ppm. Previous
investigations11-13 on the B-containing compounds have
shown that the 11B MAS NMR spectrum can readily
distinguish BO3 from BO4 units. The signal with iso-
tropic chemical shifts for BO4 units is in the region from
2 to -10 ppm, while the signal for BO3 units is from 5
to 32 ppm. Therefore, the strong band is due to BO3
units, and the very weak band at about 1 ppm is due to
BO4 units, which indicates that B3+ is mainly in the
form of BO3 units and is consistent with the literature.10

Due to second-order quadrupole interactions, the band
of 11B of BO3 units is broadened and split. The spectrum
also contains spinning sidebands, which are identified
by varying the spinning speed of the sample whereupon
they change position while the central resonance re-
mains fixed.

As for 8.4Al2O3‚5B2O3‚0.35Ce2O3‚0.25Tb2O3, the 11B
MAS NMR spectrum shows a band from 6 to 18 ppm
and strong spinning sidebands. The band from 6 to 18
ppm is also attributed to BO3 units. The strong spinning
sidebands are related to the presence of stronger
magnetic materials compared with Al18B4O33. For ex-
ample, the spinning sidebands of 27Al in aluminosili-
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Table 1. Value of Brightness of
8.4Al2O3‚xB2O3‚0.35Ce2O3‚0.25Tb2O3 under 254-nm

Excitation (Compared with Commercial Magnesium
Aluminate)

phosphors brightness

(Ce,Tb) MgAl11O19 100
8.4Al2O3‚3B2O3‚0.35Ce2O3‚0.25Tb2O3 38
8.4Al2O3‚4B2O3‚0.35Ce2O3‚0.25Tb2O3 96
8.4Al2O3‚5B2O3‚0.35Ce2O3‚0.25Tb2O3 103
8.4Al2O3‚6B2O3‚0.35Ce2O3‚0.25Tb2O3 102
8.4Al2O3‚7B2O3‚0.35Ce2O3‚0.25Tb2O3 95

Figure 1. XRD spectra of 8.4Al2O3‚xB2O3‚0.35Ce2O3‚0.25Tb2O3.

Figure 2. 11B MAS NMR spectra of Al18B4O33 (a) and
8.4Al2O3‚5B2O3‚0.35Ce2O3‚0.25Tb2O3 (b).
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cates14 are strongly increased when ferromagnetic oxide
is doped. So is the case for 8.4Al2O3‚5B2O3‚0.35Ce2O3‚
0.25Tb2O3. In fact, Ce3+ and Tb3+ ions are paramagnetic
ions, while Al3+, B3+, and O2- are diamagnetic ions. The
extensive spinning sideband formation is in good agree-
ment with the fact that the presence of paramagnetic
Ce3+ and Tb3+ ions in the sample leads to stronger
magnetism of the sample than that of Al18B4O33.

Figure 3 shows the IR spectra of 8.4Al2O3‚xB2O3‚
0.35Ce2O3‚0.25Tb2O3 and Al18B4O33. The spectrum of
Al18B4O33 is very complex and more than a cursory
interpretation is not possible. However, it is generally
accepted15-19 that the vibration absorption in region
1200-1460 cm-1 is due to B-O bond asymmetric
stretching of BO3 units, while that in the range 1000-
1100 cm-1 originates from B-O bond asymmetric
stretching of BO4 units. Therefore, the bands appearing
in the 1500-1200-cm-1 region are due to B-O bond
asymmetric stretching of BO3 units. Very weak bands
observed in the region 1000-1100 cm-1 are assigned
to the B-O bond asymmetric stretching of BO4 units.

Relative to the spectrum of pure Al18B4O33, three
major changes associated with the increasing B-con-
centration containing Ce3+ and Tb3+ ions are observed.
First, the bands corresponding to Al18B4O33 become
weak with increasing B-content, indicating that the
amount of Al18B4O33 phase is decreased. Second, the
background intensity in different regions increases with
increasing B-concentration. The background in the
region from 1500 to 1200 cm-1 is due to the broad band
absorption, originating from new BO3 units. Third, the
absorption at about 803 cm-1, which is assigned to out-
of-plane deformation vibrations of BO3 units, clearly
increases in intensity with increasing B-concentration.
These spectra changes suggest that there exists another
phase.

The IR spectrum changes mentioned above, along
with the results of XRD, suggest that there is an
amorphous phase. Considering the fact that there is no
definite change in the BO4 units in the sample in terms
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Figure 3. IR spectra of 8.4Al2O3‚xB2O3‚0.35Ce2O3‚0.25Tb2O3

and Al18B4O33. Figure 4. High-resolution electron microscopy and selected
area diffraction image of 8.4Al2O3‚xB2O3‚0.35Ce2O3‚0.25Tb2O3.

Figure 5. (a) Excitation spectra of 8.65Al2O3‚xB2O3‚0.35Ce2O3.
(x ) 5.0, λem ) 375 nm; x ) 4.0, λem ) 384 nm; x ) 3.0, λem )
416 nm). (b) Emission spectra of 8.65Al2O3‚xB2O3‚0.35Ce2O3.
(x ) 5.0, λex ) 288 nm; x ) 4.0, λex ) 292 nm; x ) 3.0, λex )
304 nm).
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of the results on the 11B MAS NMR spectra and IR
spectra, it is impossible that Al3+ is substituted by B3+

and the rare earth ions. Therefore, it is strongly sug-
gested that rare earth ions are doped into an amorphous
phase with increasing B-concentration. This conclusion
is confirmed by direct electron diffraction observation.

Figure 4 shows the high-resolution electron micros-
copy (HREM) and selected area diffraction (SAD) im-
ages. It shows that there are two types of particles A
and B. Particle A has the disorder structure and diffuse
rings, while particle B shows fringes of lattice planes.
This is a direct indication that amorphous phase and
crystalline phase coexist in the sample. It should be
noted that there are weak diffraction rings in the
amorphous particle A, indicating that a small amount
of crystallites still exist. Furthermore, we have applied
EDAX and electron diffraction techniques to identify
crystalline Al18B4O33 in particle B. At the same time,
we have also identified elements B, O, Al, Ce, and Tb
in amorphous particle A and element B, O, and Al in
crystalline particle B. Thus, it is quite clear that
crystalline phase and amorphous phase coexist in the
sample and rare earth ions are doped into the amor-
phous phase.

Parts a and b of Figure 5 show the excitation and
emission spectra of 8.65Al2O3‚xB2O3‚0.35Ce2O3. Both
excitation and emission spectra show a broad band,
corresponding to the allowed 4f-5d transitions of the
Ce3+ ions. One property of the emission spectra is the
absence of the doublet arising from the spin-orbit
splitting of the 4f1 ground state (2F5/2 and 2F7/2) of Ce3+

ions. Another is that the position of Ce3+ ion emission
band changes with the x value. These characteristic
features of Ce3+ emission spectra are quite similar to
that of Ce3+ in amorphous phases. In fact, the Ce3+

emission band in amorphous phases have two striking
characteristic features:5,20 one is that the spin-orbit
splitting of the Ce3+ ground state (2F7/2 and 2F5/2) cannot
be resolved, due to the inhomogeneous broadening; the
other is that the position of the Ce3+ emission band
changes with the composition of the matrix. Thus, the
luminescent properties of the Ce3+ ions reveal a varia-
tion of Ce surroundings and indicate that the Ce3+ ions
are doped into the amorphous phase.

(20) Chao, Z. J.; Parent, C.; Le Flem, G.; Hagenmuller, P. J. Solid
State Chem. 1991, 93,17.

Figure 6. (a) Excitation spectrum of 8.75Al2O3‚5B2O3‚
0.25Tb2O3 (λex ) 541 nm). (b) Emission spectrum of 8.75Al2O3‚
5B2O3‚0.25Tb2O3 (λem ) 233 nm).

Figure 7. (a) Excitation spectrum of 8.4Al2O3‚5B2O3‚0.35Ce2O3‚
0.25Tb2O3. (λem ) 541 nm). (b) Emission spectrum of 8.4Al2O3‚
5B2O3‚0.35Ce2O3‚0.25Tb2O3. (λex ) 288 nm).
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With increasing x value, the excitation and emission
bands shift to higher energy, implying that the extent
of covalence of the Ce3+ ions may be lower, that is, have
higher ionicity. There are more borate groups that
surround the Ce3+ ion in a direction away from the
central Ce3+ ion, viz. on the side opposite to the Ce3+

ion,1 in accordance with the increase of B2O3 concentra-
tion. The Stokes shift of the Ce3+ emission in the
composition x ) 5.0 is ∼8056 cm-1 and is 8856 cm-1 at
x ) 3.0. The smaller Stokes shift shows a more stiff
coordination around the Ce3+ ions in the composition
with x ) 5.0. The decrease in the Stokes shift is
responsible for the higher intensity of Ce3+ luminescence
in composition x ) 5. Therefore, B concentration plays
a crucial role in the formation of efficient luminescent
centers. Moreover, the position of the Ce3+ emission
band changes with B concentration in the region of the
Tb3+ strong f-f absorption. This may lead to a highly
efficient energy transfer between Ce3+ and Tb3+ ions if
the Ce3+ emission peak matches well with stronger f-f
absorption of Tb3+ ions. This point will be described
below.

Parts a and b of Figure 6 show the excitation and
emission spectra of 8.75Al2O3‚5B2O3‚0.25Tb2O3. The
excitation is composed of sharp bands in the region from
280 to 500 nm and a broad band peaking at about 233
nm. The broad band is ascribed to the spin-allowed
transition from 4f to 5d of Tb3+ ion. The sharp bands
correspond to absorption of the forbidden f-f transi-
tions. The stronger absorptions of f-f transition are
located at about 352, 370, and 380 nm. The emission
spectrum under 254-nm excitation consists of four bands
located at about 489, 541, 589, and 622 nm. The four
bands are due to the 5D4 f 7FJ (J ) 6, 5, 4, and 3)
transitions, respectively. These emission bands show
inhomogeneous broadening characteristics, revealing

that Tb3+ ions were doped into amorphous phase.
Moreover, the emission from the 5D3 level of Tb3+ has
not been observed in this sample, which is expected.
This observation may be explained by the quenching of
the efficient multiphonon de-excited with lattice vibra-
tion due to the high energy of phonons in the borates.

Parts a and b of Figure 7 show the excitation and
emission spectra of 8.4Al2O3 ‚5B2O3‚0.35Ce2O3‚0.25Tb2O3.
The excitation spectrum of the sample monitored at 541
nm consists mainly of Ce3+ excitation bands and very
weak Tb3+ absorption bands, indicating that Tb3+ is
essentially excited through Ce3+ ions. In fact, several
weak f-f absorption bands of Tb3+ ions are just in the
region of the Ce3+ emission. Thus, energy transfer from
Ce3+ to Tb3+ occurs. The emission spectrum of the
sample contains both very weak emission of Ce3+ and
strong green emission of the Tb3+, indicating that the
Ce3+-Tb3+ energy transfer is highly efficient. This
result is due to the fact that the emission peak of Ce3+

ions in this host matches well with the stronger f-f
absorption of the Tb3+ ions.

In summary, the experimental results described here
have shown for the first time that certain compositions
in the Al2O3-B2O3 system containing Ce3+ and Tb3+

ions give a new type of highly efficient green lumines-
cent material via high-efficiency energy transfer be-
tween Ce3+ and Tb3+. It has been demonstrated that
the new green luminescent material is a crystalline-
amorphous material.
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