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a b s t a c t

BaAl12O19–BaAl2O4 doped with Eu2 +, Cr3 + and (Eu2 + +Cr3 +) are prepared by solid-state reaction. The

spectra of BaAl12O19–BaAl2O4:Eu2 +, Cr3 + shows that the f–d emission bands from Eu2 + are centered at

442 and 495 nm and the Cr3 + yields the emission lines at 694 and 700 nm. Photoluminescence study

demonstrates that the red photoluminescence and energy transfer occurs only in the phase of BaAl12O19

not BaAl2O4 though the samples are mixed phases. The fluorescence lifetime measurements indicate

efficient energy transfer from Eu2 + to Cr3 + in BaAl12O19: Eu2 +, Cr3 +. The energy transfer rate and

efficiency are calculated. The results show that the energy transfer rate and efficiency increase following

the increase in Cr3 + concentration.

& 2009 Elsevier B.V. All rights reserved.
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1. Introduction

Much attention has been paid to the development of advanced
luminescent materials for applications such as flat panel displays,
Hg-free lamps and X-ray imaging systems. Among the various
types of flat panel displays are plasma display panels, which have
a competitive edge in the large-screen display market [1–3]. In the
initial devices, the conventional phosphors such as Y2O3:Eu and
(Y, Gd)BO3:Eu for red, BaMgAl10O17:Eu for blue and Zn2SiO4:Mn
for green, which were already established as lamp/CTV phosphors,
were used as PDP materials. However, several problems arise.
For example, the cost of Y2O3:Eu phosphor is too much [4].
Zn2SiO4:Mn is known to have a long decay time and a high
discharging voltage [5]. BaMgAl10O17:Eu degrades fast. In order to
improve the performance of PDP devices, novel phosphors with
high luminescent efficiency and stability have been searched.

BaAl12O19, as a host, has attracted much attention for its good
stability adaptable for displays and lamps such as plasma display
panels (PDPs) [6], field emission displays (FEDs) and Hg-free
ll rights reserved.

.

Zhong).
lamps, such as BaAl12O19:Mn2 + [7] and BaAl12O19:Eu2 + [8].
Although so many phosphors using BaAl12O19 as hosts have been
developed, there is no red phosphor among them.

As we know, the Cr3 + ion with red emission is one of the most
used activators for solid-state laser [9,10] and luminescent
materials [11]. At the same time, the Cr ions as activators
have low cost. Presently, we have reported the efficient energy
transfer from Eu2 + to Cr3 + in Sr4Al14O25 [12,13], SrAl12O19 [14]
and Sr3Al10SiO20 [15]. Hence, our experiments are extended to
study the energy transfer processes in Eu2 +, Cr3 + co-doped
BaAl12O19.

In this paper, we report the photoluminescence characteristics
of BaAl12O19–BaAl2O4:Eu2 +, Cr3 +. The energy transfer from Eu2 +

to Cr3 + and the red emission of Cr3 + have only been observed in
the phase of BaAl12O19. The energy transfer rate and efficiency in
the phase of BaAl12O19 are calculated and discussed.
2. Experiments

Samples of BaAl12O19–BaAl2O4:Eu2 +, Cr3 + have been synthe-
sized by high-temperature solid-state reaction. The starting
materials are BaCO3 (AR), Al2O3 (AR), Eu2O3 (99.9%), Cr2O3 (AR)

www.elsevier.com/locate/jlumin
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and H3BO3 (AR). The powder samples have been weighed
according to the molar ratio given by the formula. All the
mixtures are ground for 1 h, then sintered at 1550 1C in a reducing
atmosphere for 4 h. For comparison, the sample BaAl2O4:Eu2 +,
Cr3 + has also been prepared by high-temperature solid-state
reaction at 1500 1C.

Emission and excitation spectra are measured with a Hitachi
F-4500 Spectra-fluorometer. In fluorescence lifetime measure-
ments, the fourth (266 nm) harmonic of a Nd-YAG laser (Spectra-
Physics, GCR 130) is used as an excitation source, and the signal is
detected with a Tektronix digital oscilloscope model (TDS 3052).
The crystalline structure of the sample is investigated by X-ray
diffraction (XRD), using a Siemens D-500 equipment with a Cu
target radiation source.
3. Results and discussion

XRD patterns of our sample BaAl12O19–BaAl2O4:Eu2 +, Cr3 + ,
BaAl2O4:Eu2 +, Cr3 +, the standard BaAl12O19 pattern (JCPDS-no.
26–0135) and standard BaAl2O4 pattern (JCPDS-no. 17–0306) are
shown in Fig. 1. The X-ray diffraction peaks of our sample
BaAl12O19–BaAl2O4:Eu2 +, Cr3 + match well with the standard
BaAl12O19 pattern (JCPDS-no. 26–0135) except the peak at 281.
The peak at 401 belongs to the BaAl12O19 pattern as well as
to the BaAl2O4 pattern. The pure BaAl12O19 can be indexed on
the space group P63/mmc for hexagonal BaAl12O19 with the
magnetoplumbite-type structure. The XRD pattern of the
synthesized sample BaAl2O4 has matched with JCPDS (17–0306).
The pure BaAl2O4 belongs to the space group P6322.
Fig. 1. XRD patterns of our sample BaAl12O19–BaAl2O4:Eu2 +, Cr3+ , BaAl2O4:Eu2 +,

Cr3 +, the standard BaAl12O19 pattern (JCPDS-no. 26–0135) and standard BaAl2O4

pattern (JCPDS-no. 17–0306).
Fig. 2 shows the excitation and emission spectra of BaAl2O4:1%
Eu2 +, 1% Cr3 + [Fig. 2(a)] and BaAl12O19–BaAl2O4:1% Eu2 +, 1% Cr3 +

[Figs. 2(b) and (c)]. Both the emission and excitation spectra of
BaAl2O4:1% Eu2 +, 1% Cr3 + [Fig. 2(a)] are broad bands, which can be
assigned to 5d–4f transition of Eu2 +. The emission band from Eu
peaks at 495 nm and excitation band peaks at 306 nm. Although
the Cr3 + ions as activators are incorporated into BaAl2O4 host, the
red or infrared luminescence from Cr3 + ions is not observed. There
only exists AlO4 tetrahedra in the BaAl2O4 host. The Cr3 + ions are
incorporated into the host to replace the Al ions in the AlO4

tetrahedra. As we know, the electrons on the 2E or 4T2 level return
Fig. 2. Excitation and emission spectra of BaAl2O4:1% Eu2 +, 1% Cr3 + [Fig. 2(a)] and

BaAl12O19–BaAl2O4:1% Eu2 +, 1% Cr3+ [Figs. 2(b) and (c)].
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to the 4A2 level in octahedral crystal field and yield the red or
infrared light [16]. There is no AlO6 octahedron in the BaAl2O4

host, so the Cr3 + ions give no emission light in BaAl2O4:1% Eu2 +,
1% Cr3 +. In Fig. 2(b), the emission spectra consist of two emission
bands and two emission lines. The two broad bands are
originating from Eu ions: the main peak centers at 442 nm and
the shoulder peak centers at 495 nm. The spectrum inside is
enlarged Cr3 + emission spectrum. From the enlarged Cr3 +

emission spectrum, two emission lines are observed: the main
line peaks at 700 nm and the shoulder line peaks at 694 nm. Both
of the emission lines are originating from 2E–4A2 transitions.
Comparing the excitation and emission spectra in Fig. 2(b) with
those in Fig. 2(a), it is worth noting that the emission and
excitation spectra for 495 nm emission center in the mixed phase
of BaAl12O19–BaAl2O4:1% Eu2 +, 1% Cr3 + are same as those in the
phase of BaAl2O4:1% Eu2 +, 1% Cr3 +. It indicates that the emission
band centered at 442 nm is from f–d transition of Eu in the phase
of BaAl12O19: 1% Eu2 +, 1% Cr3 +. The two emission lines for Cr are
also from 2E–4A2 transitions in the phase of BaAl12O19: 1% Eu2 +, 1%
Cr3 + because of no Cr emission line appears in the phase of
BaAl2O4:1% Eu2 +, 1% Cr3 +. The excitation spectra of 694 and
700 nm emission lines are shown in Fig. 2(c). The two excitation
spectra are almost the same but the emission spectra are different.
It means that there exist two different emission centers for Cr ions
in the phase of BaAl12O19: 1% Eu2 +, 1% Cr3 +. Due to the small
difference in emission spectra and broad excitation bands, the
excitation spectra of the two emission centers are the same.

Fig. 3 depicts the emission and excitation spectra of BaAl12O19–
BaAl2O4:x% Eu2 +, 1% Cr3 + (x=0, 0.5, 1, 2 and 3): (a) lem=694 nm;
(b) lem=700 nm. In BaAl12O19–BaAl2O4:x% Eu2 +, 1% Cr3 + (x=0.5, 1,
2 and 3), both the 2E–4A2 emissions of Cr3 + at 694 and 700 nm are
Fig. 3. Excitation spectra of BaAl12O19–BaAl2O4:x% Eu2+, 1% Cr3 + (x=0, 0.5, 1, 2 and

3): (a) lem=694 nm and (b) lem=700 nm. Inset of Fig. 3a is emission spectra of

BaAl12O19–BaAl2O4:x% Eu2 +, 1% Cr3 + (x=0, 0.5, 1, 2 and 3, lex=306 nm).
observed under 306 nm excitation. The excitation spectra of the
694 [Fig. 3(a)] and 700 nm emissions [Fig. 3(b)] are the same and
they consist of the 4A2–4T1 (F) absorption at 400 nm and 4A2–4T2

(F) absorption at 565 nm of Cr3 +, and the f–d absorption of Eu2 + in
ultraviolet region. The intensities of the 565 nm excitation bands
are normalized. From Figs. 2(b) and 3, the 442 nm emission band
of Eu2 + has spectral overlaps with the absorption bands of Cr3 +,
indicating the possibility of energy transfer from Eu2 + to Cr3 +. It
can also be seen that the excitation bands originating from f–d
transition of Eu2 + in ultraviolet region grow up with increase in
Eu2 + concentrations when the red emission at 694 and 700 nm of
Cr3 + are monitored until the Eu2 + concentration is up to 3%.
Furthermore, the red emission of Cr3 + increases with increase in
Eu2 + concentrations under 306 nm excitation, by which only Eu2 +

can be excited because there is no absorption of Cr3 + at this
wavelength as shown in Fig. 3. These results strongly indicate the
performance of energy transfer from Eu2 + to the Cr3 + ions with
different environments in BaAl12O19: Eu2 +, Cr3 +.

Fig. 4 shows the emission spectra of BaAl12O19–BaAl2O4:1%
Eu2 +, x% Cr3 + (x=0.5, 1, 2, 3, 4 and 5) under 306 nm excitation,
where the intensities of the blue bands at 442 nm are normalized.
When maintaining the Eu2 + concentration and increasing the
Cr3 + contents up to 5%, the red lines at 694 and 700 nm from Cr3 +

are enhanced, indicating increase in energy transfer efficiency
since Cr3 + cannot be excited by 306 nm directly. The addition of
Cr3+ ions leads to an increase in Cr3+ surrounding the Eu2+ ion,
thus resulting in more efficient energy transfer. As we know, the
concentration of Cr3+ does not affect the change of phases in
this system. Thus, the ratio of the number of Eu in the phase of
BaAl12O19 to the number of Eu in the phase of BaAl2O4 can be
considered as constant. From the emission spectra in Fig. 4, the
emission band from Eu in BaAl2O4 phase increases relatively to
Fig. 4. Emission spectra of BaAl12O19–BaAl2O4:1% Eu2+, x% Cr3+ (x=0.5, 1, 2, 3, 4

and 5) under 306 nm excitation, where the intensities of the blue bands at 442 nm

are normalized.
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Fig. 5. Dependence of the ratio for the red emission to the blue one on the Cr3 +

concentration.

Fig. 6. The fluorescence decay curves of 442 nm (tblue) emissions for different Cr3+

concentrations; the lifetimes of 442 nm (tblue) emissions versus Cr3+ concentra-

tions are presented in the inset.

Fig. 7. Dependence of the energy transfer rate on the Cr3 + concentration.
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those in BaAl12O19 phase. It is because the energy transfer from Eu
to Cr happens in the phase of BaAl12O19. According to the emission
spectra shown in Fig. 4, the intensity ratios of the red emission of
Cr3+ to the blue emission of Eu2+ are plotted as a function of Cr3+

concentrations, as shown in Fig. 5. The ratio grows up with increase
in Cr3+ concentration. It means that the blue emission can be partly
converted to the red one and the ratio of the red to the blue can be
controllable by changing the concentration of Eu and Cr.

In order to analyze the energy transfer rate and efficiency as a
function of Cr3 + concentration, the fluorescence decay curves of
442 nm emissions originating from Eu2 + in the phase of BaAl12O19

doped with 1% Eu2 +, x% Cr3 + (x=0.5, 1, 2, 3, 4 and 5) are measured
and presented in Fig. 6. As we know, if the average donor–acceptor
transfer rate is larger than the donor–donor diffusion rate, the
donors will depart from single exponential decay [17,18]. Thus, the
decay patterns shown in Fig. 6 slightly depart from single
exponential function at the high concentration of Cr3 +.
According to Inokuti–Hirayama model, the lifetime can be
obtained by the following definition [19]:

t¼ 1

I0

Z 1
0

IðtÞdt ð1Þ

where I0 is the fluorescence intensity at the time t=0. According to
the Eq. (1), the lifetimes of Eu2 + in the phase of BaAl12O19 at
different Cr concentrations are shown in Fig. 6 (inset). The
lifetimes of Eu2 + (tblue) reduce with increase in Cr3 +

concentration because of the energy transfer from Eu2 + to Cr3 +.
As is known, the macroscopic energy transfer rate WEu�Cr as a
function of Cr3 + concentration can be evaluated from the lifetime
measurement since

WEu-Cr ¼ 1=tblue � 1=tblue;0 ð2Þ

where tblue,0 is the intrinsic decay lifetime of Eu2 +. When the
concentration of Cr3 + is low, the energy transfer rate is too small
to be ignored. Thus, the lifetime of Eu2 + in BaAl12O19–BaAl2O4:1%
Eu2 +, 0% Cr3 + can be recognized as the intrinsic decay lifetime.
According to Eq. (2), the energy transfer rate has been obtained
and shown in Fig. 7. The energy transfer rate between Eu and Cr is
considered to be the relationship with the Cr concentration, which
can be described as a function of WEu-Cr ¼ aC2

CrþbCCr, where CCr is
the Cr3 + concentration; a and b are the constants for the energy
transfer rate. The calculated curves are also drafted in Fig. 7. The
values of a and b are, respectively, 8.39�104 s�1 mol�2 and
5.73�104 s�1 mol�1. The calculated curve perfectly agrees with
the experimental data. The energy transfer rate increases
following the Cr3 + concentration. The enhancement of the
number of Cr ions surrounding the Eu ions leads to short
distance between Eu and Cr, so the energy transfer rate becomes
fast.

The energy transfer efficiency (ZT) as a function of Cr3 + is also
investigated. According to the definition suggested by Paulous
[20], ZT can be expressed by

ZT ¼ 1�
tblue

tblue;0
ð3Þ
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Fig. 8. Dependence of the energy transfer efficiency on the Cr3+ concentration
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Using Eq. (3) and the measured lifetimes, the energy transfer
efficiency has been obtained and shown in Fig. 8. The calculated
curves in Fig. 8 are drafted according to the relationship between
the energy transfer rate (WEu�Cr) and energy transfer efficiency
(ZT) expressed by

ZT ¼ 1�
1

tblue;0ðaC2
CrþbCCrÞþ1

ð4Þ

The calculated curves show reasonable agreement with the
experimental data. With increase in Cr3 + concentration, the
transfer efficiency in BaAl12O19 phase increases.

As the discussion above, the Cr ions with different environ-
ments in the phase of BaAl12O19 give two sharp emission lines
from 2E–4A2 transitions. The high efficient energy transfer from Eu
to the different Cr occurs in the co-doped samples. Due to the
efficient energy transfer and stable matrix, the phosphor BaA-
l12O19:Eu, Cr will be a promising red luminescent material with
high luminescence efficiency, good stability and low cost.
4. Conclusions

In summary, the energy transfer has been observed in the
phase of BaAl12O19 with Eu, Cr co-doped, which leads to the
following results: (1) the intensity of the red emission of Cr3 + is
enhanced by increase in the concentration of optically excited
Eu2 +; (2) as the concentration of Eu2 + is fixed, the ratio of the red
emission to the blue of Eu2 + increases with increase in Cr3 +

concentration when only Eu2 + is optically excited. The energy
transfer rate and efficiency increases following Cr3 + concentra-
tion. Therefore, the red emission can be obtained by converting
the blue emission from Eu2 +. Because of its good stability and
efficient energy transfer, the phosphor BaAl12O19: Eu2 +, Cr3 + will
be a promising red luminescent material for illumination and
display.
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