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Abstract

Uniform Al2O3:Tb3+ microfibers were synthesized via a hydrothermal route and thermal decomposition of a precursor of Tb3+ doped

ammonium aluminum hydroxide carbonate, and characterized by X-ray diffraction (XRD), scanning electron microscope (SEM), photolumines-

cence (PL) spectra and decay curves. XRD results indicate that various crystallographic phase Al2O3:Tb3+ microfibers are obtained by

postannealing at different temperatures. SEM results show that the length and diameter of these Tb3+ doped a-Al2O3 microfibers are about

6–8 mm and 300 nm, respectively. The PL spectra indicate that the 5D4! 7F5 (545 nm) electric dipole transition is the most intensive when excited

at 240 nm. It is shown that the 2.0 mol% of doping concentration of Tb3+ ions in a-Al2O3:Tb3+ is optimum. According to Dexter’s theory, the

critical distance between Tb3+ ions for energy transfer was determined to be 12.7 Å. It is found that the decay curves follow the single-exponential

decay.
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1. Introduction

Conventional fluorescent lamps are gradually being replaced

by white LEDs because fluorescent lamps use mercury as an

ultraviolet ray source which causes environmental pollution.

Compared with conventional fluorescent lamps, the white

LEDs have superior properties such as higher luminescence

efficiency and environmental friendliness [1–4]. However, the

quality of white LEDs is mostly dependent on the red/green/

blue (RGB) tricolor phosphors [5,6]. This importance of the

phosphors in the development of white LEDs has driven the

investigation in the long lasting luminescence of rare earth (RE)

doped alumina (Al2O3). Al2O3 is a suitable host for RE material

because it offers a large transparency window from the short

ultraviolet to the near infrared frequencies and has excellent

mechanical properties and good chemical stability. RE ions

doped-Al2O3 has been prepared by sol–gel, ion beam

implantation, sonochemical, microwave solvothermal, com-

bustion methods [7–14].
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Herein, we report the synthesis of Al2O3:Tb3+ microsfibers

via a hydrothermal and postcalcination approach. The

luminescence properties under UV are studied in detail and

PL spectra indicate that the Al2O3:Tb3+ microfibers present

excellent green emission at 545 nm excited at 240 nm. The

optimum concentration and critical distance of Tb3+ ions in the

Al2O3 have been systematically discussed.

2. Experimental

2.1. Synthesis of Al2O3:Tb3+ microfibers

All the reagents are of the analytical grade without further

purification. In a typical synthesis, 8 g poly-glycol (PEG)

(Kermel, 99%) with molecular weight Mn = 20,000, was

dissolved in deionized water to form a clear solution, to which

7.5 g Al(NO3)3�9H2O, different amounts of Tb(NO3)3�6H2O

(0.5, 1.0, 1.5, 2.0, 2.5 mol%) was added. After the salts were

totally dissolved, 20 g of urea was added. The mixed solution

was further magnetically stirred for 3 h. Then the final mixture

was transferred to three Teflon-lined autoclaves of 40-mL

capacity and place in an oven at 393 K. After 24 h, the

autoclave being cooled to room temperature, the precipitation
d.
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were collected and washed several times with deionized water

and ethanol to remove the impurities and then dried at 353 K in

a vacuum oven for 24 h. In order to study the phase

transformation, calcination was also conducted at 773, 1173,

and 1473 K in a temperature-programmed Muffle furnace,

respectively.

2.2. Characterization

The XRD patterns of the samples were recorded on a high

resolution X-ray diffractometer (XRD, D/MAX 2200pc,

Japan). Their diffraction patterns were obtained by using Cu

Ka radiation of wavelength l = 0.15418 nm. The morphology

of the powder was recorded by using a field-emission scanning

electron microscope (JSM-6700F, JEOL Japan) operated at

5 kV. PL, photoluminescence excitation (PLE) spectra and

decay curves were carried out with a Hitachi F-4600

fluorescence spectrophotometer at room temperature. In all

experiments, both excitation and emission slits were 2.5 nm.

3. Results and discussion

3.1. Crystallization behavior and morphology

The loose powders obtained from aqueous solution, were

heat treated at various temperatures for 2 h in a static air

atmosphere. The structural analysis by XRD for the as-prepared

NH4Al(OH)2CO3:Tb3+ (2.0 mol%) and Al2O3:Tb3+

(2.0 mol%) products is used to identify the sample phases

and is shown in Fig. 1, curves a–d. As can be seen from Fig. 1,

curve a, the clearly distinguishable sharp peaks of the product,

prepared by the soft chemical method, are indicative of high

crystallinity. All of the diffraction peaks can be neatly indexed

to end-centered orthorhombic Ammonium Aluminum Hydro-

xide Carbonate [NH4Al(OH)2CO3] phase (JCPDS No. 76-

1923). Under the assistance of PEG-20000 surfactant, the well-

crystallized NH4Al(OH)2CO3 phase was formed during the
Fig. 1. XRD patterns of the Tb3+ doped samples: (a) as-grown from solution

and (b–d) postannealed at 773, 1173, 1473 K, respectively.
hydrothermal treatment process. After thermal decomposition

of NH4Al(OH)2CO3 at 773 K, amorphous Al2O3 is observed

(Fig. 1, curve b). Subsequent treatment at 1173 K Fig. 1, curve c

shows a pure cubic g-Al2O3 (JCPDS No. 02-1420) with very

broad diffraction peaks, indicating a small crystal size. Further

increasing the calcination temperature to 1473 K, Fig. 1, curve

d shows the most of a-Al2O3 (JPCDS No. 78-2427) phase, and

the u-Al2O3 (JPCDS No. 23-1009) phase still existed. The

crystal size first decreases and then increases with increasing

calcination temperature. Using the Scherer equation, the

calculated crystal size of NH4Al(OH)2CO3, g-Al2O3, a-

Al2O3 microfibers is about 22.5, 10.8, 32.5 nm, respectively.

No other phase is found, because the foreign element, such as

carbon and hydrogen from the surfactant, can be oxidized easily

at high temperature. Additionally, the concentration of Tb3+ is

low, and furthermore, Tb3+ ions can incorporate into Al2O3

lattice and form substituted solid solution. From the analysis

results of XRD, the phase evolution of the doping samples can

be schematically described as follows with increasing

calcination temperature: NH4Al(OH)2CO3! amorphous

Al2O3! g-Al2O3! u-Al2O3! a-Al2O3.

Differing the dopant levels produced no observable change in

the microfibers’ size range. Fig. 2 shows selected SEM

micrographs of the NH4Al(OH)2CO3:Tb3+ (2.0 mol%) precursor

and the Al2O3:Tb3+(2.0 mol%) powders calcined at different

temperatures for 2 h. As can be seen from the SEM images, all of

the samples consist of uniformly sized microfibers with the

length and diameter about 6–8 mm and 300 nm, respectively. The

microfibers remain free-standing, remarkably with no sign of

aggregation through the whole crystallization process; however,

a slight average decrease in diameter is already noticeable. The

shrinkage of the diameter is attributed to the pyrolysis of the

precursor and the increase of the crystallinity. Moreover, from the

SEM investigation, we can see that both the morphology and size

of the Al2O3:Tb3+ microfibers are almost the same as that of the

NH4Al(OH)2CO3:Tb3+ microfibers, implying that the heat

treatment has little influence on the morphology of the final

products. Thermal treatment only induces NH4Al(OH)2-

CO3:Tb3+ into Al2O3:Tb3+.

3.2. Luminescence properties of Al2O3:Tb3+

Due to the similarities in PLE and PL spectra of the samples

with different Tb3+ concentrations, typical spectra of Al2O3

with 2.0 mol% Tb3+ content are shown in the Fig. 3. The PLE

spectrum exhibits a broad band with a maximum at about

240 nm, which is due to the 4f8–4f75d1 transitions of Tb3+, and

the PL spectrum is characteristic of 5D4–7FJ transitions for the

Tb3+ ion [15]. With excitation at 240 nm, three main PL bands,

associated with the f–f internal orbital transitions of Tb3+ ions,

are clearly resolved. They can be related to the radiative

transitions from the 5D4 state to 7FJ (J = 5,4,3) states of Tb3+ at

545, 589 and 625 nm, respectively. Nevertheless, for all

fabricated samples, the 5D4! 7F5 (545 nm) electric dipole

transition is the most intensive.

Fig. 4 shows the PL spectra of Al2O3: Tb3+ synthesized at

1473 K for 2 h with different doping concentrations of Tb3+



Fig. 2. SEM images of the products: (a) obtained from aqueous solution; (b) postheated at 773 K for 2 h; (c) postheated at 1173 K for 2 h; (d) postheated at 1473 K

for 2 h.

Fig. 3. Room temperature excitation (left) and emission (right) spectra for the

Al2O3:Tb3+ (2.0 mol%) microfibers calcined at 1473 K, measured with a xenon

lamp as a light source.

Fig. 4. Emission spectra of Al2O3:Tb3+ synthesized at 1473 K for 2 h with

different doping concentrations of Tb3+ (0.5, 1.0, 1.5, 2.0, 2.5 mol%). The inset

showing the effect of the postannealed temperatures on the relative PL intensity

at 545 nm.
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Fig. 6. The CIE coordinates of Al2O3:Tb3+ phosphors synthesized at 1473 K

for 2 h with different concentrations of Tb3+ (0.5, 1.0, 1.5, 2.0, 2.5 mol%).
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(0.5, 1.0, 1.5, 2.0, 2.5 mol%). Upon excitation at 240 nm, the

green emission bands at the wavelength longer than 520 nm are

from 5D4! 7FJ (J = 6, 5, 4, 3) transitions. The almost alike

bands of PL spectra indicate that the symmetry of emitting

centers of Tb3+ is the same. It is evident that the emission

intensity strongly depends on the doping concentration. From

the luminescence study the optimum concentration of

luminescence is found to be 2.0 mol%. Below this value, the

emission intensity is weak because there are no sufficient

luminescence centers. The PL reduction for higher doping, the

so-called ‘‘quenching’’, is a characteristic behavior and

inherent to all phosphors [16]. It is based on energy transfer

between adjacent luminescent centers [17]. Because the energy

levels of similar lanthanide ions match perfectly, this energy

transfer is highly efficient and will be favored instead of the

light emitting decay [18]. At high doping concentrations, this

probability is enhanced [19]. Therefore, based on Dexter’s

theory [20], the critical distance between Tb3+ ions for energy

transfer can be calculated by the following relation:

Rc � 2
3V

4pxcZ

� �1=3

(1)

where V is the volume of the unit cell, xc the critical concen-

tration of the doping ions and Z the number of host cation in the

unit cell. For a-Al2O3, V = 254.7 Å3, Z = 12 and the critical

concentration of Tb3+ in the Al2O3 host is 0.02. Therefore, the

Rc of Tb3+ ions is determined to be 12.7 Å.

The inset of Fig. 4 illustrates the evolution of the PL

intensity for the 5D4! 7F4 bands as a function of annealing

temperature. Doping concentration of Tb3+ in the Al2O3 host is

2.0 mol%. All of the spectral shapes have no obvious change,

because these transitions occur in the f-electron configuration

and the 4f shell is well shielded. It is evident that the emission

intensity strongly depends on the annealing temperature and

increases noticeably for samples annealed above 1173 K. On

the basis of the Fig. 1 and inset of Fig. 4, it is noticed that a-

Al2O3 phase shows more intensive luminescence.
Fig. 5. The decay curves of Al2O3:Tb3+ phosphors synthesized at 1473 K for

2 h with different concentrations of Tb3+ (0.5, 1.0, 1.5, 2.0, 2.5 mol%).
PL decay curves of Al2O3: Tb3+ with different concentra-

tions of Tb3+ (0.5, 1.0, 1.5, 2.0, 2.5 mol%), shown in Fig. 5,

were used to calculate the lifetime and investigate the

luminescence dynamics of the samples. The samples are

excited at 240 nm and monitored at 545 nm, and the curves are

obtained with an F-4600 fluorescence spectrophotometer

(Hitachi Corp., Tokyo, Japan) under Time Scan mode, and

the lifetime values are calculated by the software of the

spectrophotometer (FL Solutions for F-4600). It is found that

the curves followed the single-exponential decay

It ¼ I0 exp
�t

t

� �
(2)

where It is the intensity at time t, I0 is the intensity at t = 0, and t

is the decay lifetime. The fitted fluorescence lifetime values of

Al2O3: Tb3+ are 2.460, 2.579, 2.255, 2.783, 2.018 ms corre-

sponding to the Tb3+ concentration 0.5, 1.0, 1.5, 2.0, and

2.5 mol%, respectively. The single-exponential decay curves

reveal that these bands do not related to the defects of Tb host

matrix, which is also confirmed by A. Podhorodecki et al. [21].

The color coordinates for the green emission in the present

experiment are calculated based on the corresponding PL spectra

and the results are shown in Fig. 6. The coordinates (x, y) of

Al2O3:Tb3+ are (0.368, 0.594), (0.357, 0.607), (0.352, 0.617),

(0.353, 0.617), (0.353, 0.616), which correspond to the Tb3+

concentration 0.5, 1.0, 1.5, 2.0, and 2.5 mol%, respectively.

These results indicate that the as-obtained phosphors could show

merits of green emissions in the visible region when excited by a

single wavelength light, which is considered to be a promising

candidate for application in phosphor-converted LEDs [22].

4. Conclusions

In summary, NH4Al(OH)2CO3:Tb3+ microfibers were

successfully synthesized through a hydrothermal method and

Al2O3:Tb3+ microfibers with different crystalline phases were

also obtained by postannealing the resulting precursors at

various temperatures. The average length of Al2O3:Tb3+

microfibers is about 6–8 mm, and the diameter is around
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300 nm. These phosphors exhibiting green emission inherit the

shapes of the NH4Al(OH)2CO3:Tb3+ microfibers. The PLE

spectrum is dominated by a broad band due to the 4f–4f5d

transition of Tb3+ ion. For all fabricated samples, the 5D4! 7F5

(545 nm) electric dipole transition is the most intensive. From

the luminescence study the optimum concentration of

luminescence is found to be 2.0 mol%. The critical energy

transfer distance of Tb3+ in Al2O3 host is calculated to be

12.7 Å. The single-exponential decay curves reveal that these

bands do not related to the defects of Tb host matrix. Due to the

suitable excitation band, good CIE chromaticity and chemical

stability, Al2O3:Tb3+ phosphor might find potential applica-

tions in the fields such as light display systems and

optoelectronic devices.
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