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a b s t r a c t

Fe3+, B3+ co-doping LiAl5O8 phosphor has been successfully synthesized by a solid-state reaction method
assisted with wet chemical mixing route. Photoluminescence emission peak is observed at around 672 nm
excited at both 290 nm ultraviolet and 565 nm green light. With introduction of a small amount of boric
acid, the red emission intensity can be enhanced by 2.62 times under 290 nm excitation and 2.31 times
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under 565 nm excitation, respectively. It is believed that the substitution of B3+ ions for Al3+ sites decreases
the symmetry of the luminescence center, intensifying the red emission.

© 2011 Published by Elsevier B.V.
ifetime
hosphor

. Introduction

The Fe3+ doped LiAl5O8 has been studied for a long time because
f its interesting optical properties [1–3]. In this phosphor, the Fe3+

ons could occupy the tetrahedral sites and the octahedral sites
n the lattice [1]. Fe3+ has d5 electronic configuration and thus
ts luminescence property involves the intraconfigurational d–d
ransitions [4]. In principle, the electric dipole transitions are both
pin and parity forbidden. However, mixing of the opposite parity
tates by odd components of the crystal field violates the selection
ules. As a result, the luminescence transition of Fe3+ in octahedral
xygen coordination will not easily take place because of its excel-
ent symmetry. However, the Fe3+ doped LiAl5O8 exhibits a broad
and emission with the peak at around 680 nm (deep red emitting),
hich might ascribe to the d–d transition of Fe3+ in tetrahedral oxy-

en coordination because the electric dipole selection rules is easy
o be broken down due to its lower symmetry.

The deep red emission of the phosphor is useful in several appli-
ations, particularly in artificial illumination for plant growth and
eld emission displays [5,6]. Therefore, it is tremendously signifi-
ant to enhance the luminous intensity of LiAl5O8:Fe3+ phosphor.

oping of B3+ in the matrix has been witnessed to be a feasible
pproach to enhance luminescence intensity in some aluminate-
atrix phosphor, because boric acid can act as a flux to stimulate

he lattice formation and grain growth [7–9]. More importantly, B3+
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replacing Al3+ sites can decrease the symmetry of the luminescence
center [10–12]. Thus boron doping into LiAl5O8:Fe3+ phosphor is
worth considering.

In this paper, LiAl5O8:Fe3+ with different boric acid concen-
tration is synthesized by a solid-state reaction method assisted
with wet chemical mixing route. The luminescence mechanism,
the effect of B3+ on the crystal structure and optical properties are
discussed.

2. Experimental

The samples were prepared by a solid-state reaction method assisted with wet
chemical mixing route. The staring materials were analytical reagent grade LiNO3,
Al(NO3)3·9H2O, and FeCl3·6H2O, H3BO3. The samples were designed according to
the stoichiometric balance molar composition of LiAl4.999−xO8:Fe0.001, Bx (x = 0.01,
0.04, 0.06, 0.08, 0.10 and 0.12). Firstly, all the starting materials were dissolved into
distilled water to obtain a homogeneous mixture. The thoroughly mixed solution
was then transferred to a crucible and put into a muffle furnace, heated at 400 ◦C for
2 h. During this process, the solution was evaporated to dryness and decomposed
into well mixed oxides. Then the powders were fired at 1200 ◦C for 10 h. After cooling
to room temperature, white powders were obtained.

The powders were characterized by X-ray diffraction (XRD) on a Bruker D8
advance equipment using Cu tube with K˛ radiation of 1.5406 Å in the 2� range of
10–70◦ . The excitation and emission spectra and luminescence lifetime were mea-
sured by a spectrometer equipment (Model F-4500, Hitachi, Japan) with a 150 W
xenon lamp as the excitation source. All measurements were performed at room
temperature.
3. Results and discussion

In order to check crystal structure of the powder, the X-
ray diffraction (XRD) patterns of LiAl4.879O8:Fe0.001,B0.12 and
LiAl4.999O8:Fe0.001 have been measured, shown in Fig. 1. As a com-
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Fig. 1. XRD pattern of LiAl5O8 phosphor with different doping: (a)
LiAl4.879O8:Fe0.001,B0.12, (b) LiAl4.999O8:Fe0.001, (c) pure LiAl5O8 JCPDS, No. 87-1278).
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Fig. 3. Emission spectra (under 290 nm excitation) of LiAl4.919O8:Fe0.001,B0.08 and
LiAl4.999O8:Fe0.001 phosphor.

Fig. 4. Emission spectra (under 565 nm excitation) of LiAl4.919O8:Fe0.001,B0.08 and
LiAl4.999O8:Fe0.001 phosphor.
ig. 2. Excitation spectra (monitored at 672 nm emission) of LiAl4.919O8:Fe0.001,B0.08

nd LiAl4.999O8:Fe0.001 phosphor.

arison, a standard diffraction pattern for pure LiAl5O8 (JCPDS,
o. 87-1278, P4332, cubic, lattice parameters a = 7.9030 Å, cell
olume = 493.60 Å3) is also presented in Fig. 1. By analyzing
hese diffractive peaks, it is evident that the introduction of Fe3+

ons and B3+ ions (even at x = 0.12) does not change the main
hase. The calculated lattice parameters are a = 7.9019 Å with cell
olume = 493.3928 Å3 for the LiAl4.879O8:Fe0.001,B0.12 sample and
= 7.9036 Å with cell volume = 493.7055 for the LiAl4.999O8:Fe0.001
ample. According to vegard’s rule, the lattice cell will be con-
racted when B3+ occupied Al3+ sites (ionic radius: B3+ < Al3+) [13].
y the same token, when Fe3+ occupy Al3+ sites (ionic radius:
e3+ > Al3+), the lattice cell will be slightly expanded. The values
f lattice parameters show the substitution complies with vegard’s
ule, revealing that Fe3+ and B3+ well substitute the Al3+ sites in the
atrix.
The excitation and emission spectra of the LiAl4.919O8:

e0.001,B0.08 and LiAl4.999O8:Fe0.001 phosphor are illustrated in
igs. 2–4, respectively.

In Fig. 2, a strong excitation band at 290 nm for both
iAl4.919O8:Fe0.001,B0.08 and LiAl4.999O8:Fe0.001 phosphor is mea-
ured, along with a moderately strong band at 565 nm and two
eak bands at 389 nm and 450 nm. No excitation band shift is

bserved with the introduction of B3+ ions. However, the inten-
ity of the excitation peak for the LiAl4.919O8:Fe0.001,B0.08 phosphor
s 2.48 times stronger than that of the LiAl4.999O8:Fe0.001 phos-
hor. The emission spectra (under 290 nm excitation) in Fig. 3 show
red emission band at 672 nm for both LiAl4.919O8:Fe0.001,B0.08
nd LiAl4.999O8:Fe0.001 phosphor. Similarly, no emission shift is
bserved with the introduction of B3+ ions. Yet the lumines-
ence intensity for LiAl4.919O8:Fe0.001,B0.08 phosphor is 2.62 times
tronger than that for the LiAl4.999O8:Fe0.001 phosphor. The results
Fig. 5. Influence of B3+ concentration on the emission intensity of LiAl5O8:Fe3+

phosphor under 290 nm excitation.

suggest that B3+ doping can improve the ultraviolet-red conversion
efficiency.

Fig. 5 further shows the emission intensity as a function of
the B3+. The emission intensity increases with the H3BO3 con-
tent, reaching a maximum at H3BO3 content of x = 0.08, and then
decreases at higher H3BO3 content.

The emission spectra excited at 565 nm green light in Fig. 4 show
strong emission bands at 672 nm of both LiAl4.919O8:Fe0.001,B0.08

and LiAl4.999O8:Fe0.001 phosphor, which indicates the phosphor
can also convert the green light into red light efficiently. As the
green light fails to satisfy the photosynthesis of the plant, this con-
version is meaningful, in that it can act as light conversion agent



3888 W. Shu et al. / Journal of Alloys and Com

F
L

f
i
s
L
f
i
r

v
s

a
s
l
F
[
s
T
o

s
f
s
s
f
m
o
c
m
e
l
F

�

w
o
t
T

[
[

[

ig. 6. Luminescence decay curves monitored at 672 nm of LiAl4.919O8:Fe0.001,B0.08,

iAl4.879O8:Fe0.001,B0.12 and LiAl4.999O8:Fe0.001 phosphor.

or agricultural films and convert both ultraviolet and green light
nto red light, helping plants to enhance the utilization rate of
unlight. As shown in Fig. 4, the red emission at 672 nm for the
iAl4.919O8:Fe0.001,B0.08 phosphor is 2.31 times stronger than that
or the LiAl4.999O8:Fe0.001 phosphor. This indicates that the B3+ dop-
ng can also enhance the conversion efficiency of the green light into
ed light.

Additionally, it is very interesting that emission spectra appear a
ery weak shoulder at 715 nm under 565 nm excitation. This emis-
ion is assigned to an unintentional Cr3+ impurity [14].

Traditionally, the strongest excitation band at 290 nm is
ssigned to the charge transfer of Fe3+←O2−, and the moderately
trong band at 565 nm maybe due to an overlapped of the preva-
ence of the (Fe3+–VO) defect complex and the internal transition on
e3+ ions: 6A1(6S)→ 4T2(4G), which are reported in previous papers
1,15]. The weak excitation bands are assigned to the internal tran-
ition on Fe3+ ion: 389 nm, 6A1(6S)→ 4E(4D), 450 nm, 6A1(6S)→ 4

2(4D) [1,4]. The emission at 672 nm is assigned to the transition
n the tetrahedral Fe3+ ion: 4T1(4G)→6A1(6S) [1].

When H3BO3 is introduced as flux into the matrix, the synthe-
is temperature will decrease. H3BO3 facilitates the host-lattice
ormation and the grain growth. The co-doped B3+ ions can also
ubstitute for the Al3+ sites, which are proved by IR and NMR mea-
urement in previous papers [10,11]. Moreover, it might be helpful
or the substitution of Fe3+ ions for Al3+ ions in the host lattice. As

entioned above, the lattice parameters decrease when B3+ ions
ccupies Al3+ sites, complying with vegard’s rule [13]. The lattice
ontraction intensifies the crystal field and lowers the local sym-
etry of the luminescence centers, enhancing the luminescence

mission [7]. In order to further verify this B3+-doping effect, the
ifetime for the 672 nm emission has been measured, shown in
ig. 6. The lifetime�can be expressed as

= 1
A+W

, (1)

NR

here A is the rate of radiative transition probability, WNR the rate
f nonradiative transition probability. With B3+ ions substituting for
he Al3+ sites, the symmetry of the luminescence center decreases.
his results in the increase of the radiative transition probability A.

[
[
[

[
[
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At the meantime, the introduction of H3BO3 might also lead to the
higher energy vibrational quanta around the luminescence center.
Hence, the non-radiative transition probability WNR will increase
according to the non-radiative decay theory [16,17]. As a result,
the introduction of H3BO3 leads to the decrease of the lifetime of
the red emission. The shortened lifetime reveals the change of local
environment of the luminescence center with the introduction of
H3BO3.

The introduction of a small amount of H3BO3 helps more Fe3+

to enter the lattice sites, meaning that more Fe3+ can emit light.
Moreover, it increases the radiative transition probability. There-
fore, the red emission is finally intensified with the introduction
of a small amount of H3BO3, although the non-radiative transi-
tion probability increases. However, when H3BO3 content exceeds
8 mol%, non-radiative energy transfers will result in the lumines-
cence quenching.

4. Conclusions

Deep red emitting Fe3+, B3+ co-doping LiAl5O8 phosphor is suc-
cessfully synthesized by a solid-state reaction method assisted with
wet chemical route. The luminescence is related to d–d transi-
tions of Fe3+ in tetrahedral sites. The addition of H3BO3 not only
acts as a flux, but also supplies cationic substitution to decrease
the symmetry of the luminescence center and helps to form more
luminescence centers, enhancing the luminescence emission. The
optimal molar ratio of B3+ is 8 mol% LiAl5O8:Fe3+ phosphor in the
experiment.
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