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Abstract

Rare earth ions (Ce3+, Tb3+)-doped LaMgAl11O19 phosphor films were deposited on quartz glass substrates by Pechini sol–gel

and dip coating method. X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT–IR), thermogravimetric and

differential thermal analysis (TG–DTA), atomic force microscopy (AFM), field emission scanning electronic microscopy (FESEM),

photoluminescence (PL) spectra, and lifetimes were used to characterize the resulting films. The results of XRD indicated that the

magnetoplumbite structure LaMgAl11O19 phase can be obtained at 1200 1C on quartz glass substrates. This was further verified by

the results of FT–IR and TG–DTA. AFM study showed that uniform films have an average grain size of 150 nm and a root mean

square (RMS) roughness of 4 nm. The thickness of the films characterized by FESEM is about 340 nm. LaMgAl11O19:Ce3+ film

showed the parity and spin allowed 5d–4f band emission of Ce3+ with a maximum at 350 nm. Ce3+, Tb3+-codoped LaMgAl11O19

films showed the band emission of Ce3+ and characteristic emission of Tb3+, namely, 5D3,4-
7FJ (J ¼ 6, 5, 4, 3) due to an efficient

energy transfer from Ce3+ to Tb3+ in the host.

r 2005 Elsevier Inc. All rights reserved.

Keywords: Sol–gel; Luminescence; Rare earth; LaMgAl11O19; Phosphor film
1. Introduction

Luminescent materials are applied to displaying
faceplates either in powder form or in thin film form.
In the first case, the powder phosphors are mixed with
organic binders to spread on a substrate, while in the
latter case thin film phosphors are deposited on a
substrate followed by subsequent annealing. In 1980,
Robertson and van Tol [1] found that rare earth-doped
garnet luminescent films epitaxially grown on single
crystal substrates could withstand much higher power
densities than those with powder phosphors without
tube degradation. Since then much attention has been
paid to thin film phosphors [2–5]. In thin film
phosphors, the uniform thickness combined with
e front matter r 2005 Elsevier Inc. All rights reserved.
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smoother surface morphology and smaller grain size
make it possible for defining smaller pixel spot size to
achieve a higher resolution [1,2]. Thin phosphor films
can be fabricated by a variety of methods, such as
chemical vapor deposition [6], spray pyrolysis [7], pulsed
laser deposition [8] and sol–gel [9]. Compared with the
other methods, the sol–gel process which uses simple
and cheap equipment, is a promising method for film
fabrication. In the past decade, sol–gel technology has
been employed to fabricate a variety of phosphor films,
such as, Y3Al5O12:Tb [2] films for cathodoluminescence,
Y3Al5O12:Eu [10] and Y3(Al, Ga)5O12:Tb [11] films for
field emission displays, Y2O3:Eu [12] and Zn2SiO4:Mn
[13] films for photoluminescence (PL).

In most of the above-mentioned cases, the sol–gel
precursors used are metal alkoxides and/or organme-
tallic compounds, which suffer from high cost, toxicity
and difficulty in controlling the experimental processes.

www.elsevier.com/locate/jssc


ARTICLE IN PRESS
P.Y. Jia et al. / Journal of Solid State Chemistry 178 (2005) 2734–2740 2735
An alternative approach to form crystalline thin films is
the Pechini sol–gel process, which mainly employs
inorganic salts as precursors, citric acid as chelate ligand
and polyethylene glycol (PEG) as crosslinking agent
[14,15].

LaMgAl11O19 (LMA), with the magnetoplumbite
structure, has been shown to be an important host of
rear earth ions. Nd3+-doped LMA crystal have been
devoted to laser applications [16]. Ce0.65Tb0.35MgAl11
O19 is a commercially used green phosphor in fluores-
cence lamp [17]. As far as we know, so far no phosphor
film based on LMA has been reported. Accordingly, in
this article we report the preparation of the Ce3+, Tb3+-
doped LMA thin phosphor films by Pechini sol–gel
method, and investigate their luminescence and energy
transfer properties.
2. Experimental section

2.1. Fabrication of LaMgAl11O19:Ce3+, Tb3+ films and

powers

The films of LaMgAl11O19:Ce3+ and LaMgAl11
O19:Ce3+, Tb3+ were fabricated by a Pechini sol–gel
and dip coating method [14,15]. The doping concentra-
tions for Ce3+ and Tb3+ were 10–100mol% and
6–35mol% of La3+ in LaMgAl11O19 host, respectively.
Here we take La0.15Ce0.50Tb0.35MgAl11O19 film as an
example to illustrate the process of film fabrication.
0.0073 g La2O3 (99.99%), 0.0651 g Ce(NO3)3 � 6H2O,
0.0196 g Tb4O7 (99.99%), 0.0302 g Mg(OH)2 � 4Mg
CO3 � 6H2O (analytical reagent, A.R.), 1.2379 g Al
(NO3)3 � 9H2O(A.R.) were dissolved in dilute HNO3

(A.R.) under vigorous stirring, and superfluous HNO3

was driven off until the pH value of the solution reached
between two and three. Then 20mL water–ethanol
(v/v ¼ 1:9, A.R.), 1.6391 g citric acid (A.R.) as chelating
agent of metal ions and 2.000 g PEG (molecular
weight ¼ 10000, A.R.) as cross-linking agent were
added to the solution. Highly transparent sols were
obtained after stirring for an hour, which were used for
film deposition. The thoroughly cleaned quartz glass
substrates with size of 15mm� 10mm were dipped into
the sols vertically and withdrawn at a speed of 0.5 cm/s.
The as-prepared transparent films were dried at 100 1C
for an hour to drive off the remaining solvent. The
resulted gel films were heated to 500 1C with a heating
rate of 1 1C/min and held there for 2 h in air. Finally, the
preheated film samples were annealed to 1200 1C at a
rate of 5 1C/min and held there for 1 h under the
protection of the mixture of nitrogen and hydrogen (5%
H2+95% N2). In order to increase the film thickness,
the above-mentioned coating processes were repeated
three times.
The left transparent sols were evaporated in an 80 1C
water bath to form gels, which were heated to 500 1C
and annealed for 2 h. The resulted samples were fully
ground, then heated to 1200 1C and held there for 2 h
under the protection of the mixture of nitrogen and
hydrogen (5% H2+ 95% N2).

2.2. Characterization

The X-ray diffraction (XRD) of the powders and
films annealed at 1200 1C were examined on a Rigaku-
Dmax 2500 diffractometer using CuKa1 radiation
(l ¼ 0:15405 nm). Fourier transform infrared spectro-
scopy (FT–IR) spectra were measured with Perkin-
Elmer 580B infrared spectrophotometer with the KBr
pellet technique. A thermal analyzer (SDT 2960, TA
Instruments) was used to record thermogravimetric and
differential thermal analysis (TG–DTA) curves of the
gel powders with a heating rate of 10 1C/min under air
from room temperature to 800 1C in 100mL/min and
under the mixture of N2 and H2 (95% N2 and 5% H2)
from 800 to 1400 1C in 100mL/min. The morphology of
the crystalline film samples was inspected using an
atomic force microscope (AFM, Nanotec Bermad-2000)
with tapping mode. The excitation and emission spectra
were taken on a Hitachi F-4500 spectrofluorimeter
equipped with a 150W xenon lamp as the excita-
tion source. Luminescence lifetimes were measured on a
Lecroy Wave Runner 6100 Digital Oscilloscope
(1GHz ) using 350 nm laser (pulse width ¼ 4 ns) as
excitation source (Continuum Sunlite OPO). All the
measurements were performed at room temperature.
3. Results and discussion

3.1. Formation process and morphology of the films

XRD: The XRD patterns of La0.5Ce0.5MgAl11O19

powder samples annealed at different temperatures and
film samples annealed at 1200 1C are shown in Fig. 1. It
can be found from Fig. 1(a) that the sample annealed at
800 1C is still amorphous. For the sample annealed
900 1C, the diffraction peaks at 19.31, 32.01, 37.51, 45.61,
60.51 and 66.51 due to Al2O3 [18] appeared, which
became stronger after annealing at 1000 1C. The
diffraction peaks due to LMA appeared after annealing
at 1100 1C, and further annealing at 1200 1C led these
peaks to become stronger. Similar to the powder sample,
well-crystallized LMA film sample appeared after
annealing at 1200 1C, as shown in Fig. 1(b). The broad
band centered at 2y ¼ 221 is ascribed to the diffraction
of quartz glass substrate (Fig. 1b). The XRD patterns
for 1200 1C annealed powder and film samples are in
good agreement with the standard JCPDS card for
LaMgAl11O19 [19]. This indicates that the samples are
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Fig. 1. XRD patterns of La0.5Ce0.5MgAl11O19 phosphor powder

annealed at different temperatures (a) and film annealed at 1200 1C

(b) as well as the JCPDS card of LaMgAl11O19 (No. 78-1845) and

Al2O3 (No. 47-1292).
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Fig. 2. FT–IR spectra of La0.5Ce0.5MgAl11O19 dry gel powders

annealed at different temperatures.
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Fig. 3. TG–DTA curves of La0.5Ce0.5MgAl11O19 dry gel powder.
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well crystallized at 1200 1C, which is about 400 1C lower
than that in the traditional solid-state reaction method
[20], illustrating the advantage of sol–gel method in
lowering the synthesis temperature.

FT–IR spectra: The FT–IR spectra of the powders
annealed at different temperature from 800 to 1200 1C
are shown in Fig. 2. All the spectra consist of four parts
of peaks. The first part peaking at 3434 cm�1 originates
from the stretching vibration of O–H group of H2O
absorbed by samples during the measurement. The
second part at 2342 cm�1 is ascribed to the stretching
vibration of CO2 expelled during the combustion of the
trapped organic impurities, whose intensity decreases
with the increase of annealing temperature. The third
part in the range of 1250–1750 cm�1 originates from the
bending vibration absorption of the –OH groups of H2O
(which is not influenced by the increase of heating
temperature as the stretching vibration of OH at
3434 cm�1 [15]), the absorption of carbonate groups
(1520 cm�1) and NO3

� groups (1380 cm�1), respectively
[21]. The fourth part within the range from 400 to
1000 cm�1, originates from the stretching vibration of
[AlO4] and [AlO6] [22]. For the samples annealed below
1000 1C, the vibration absorption appeared as an
unstructured band. However, for the 1100 and 1200 1C
annealed samples, the vibration absorption became
more structured. No obvious change was observed for
the 1100 and 1200 1C annealed samples, indicating that
the sample crystallized almost completely after anneal-
ing at 1200 1C. This agrees well with the XRD results.

TG– DTA: In order to verify the crystallization
process of the samples further, the dry gel derived from
the coating sol, was analyzed by TG–DTA and the
results are shown in Fig. 3. The TG curve shows two
stages of weight loss. The first one (10wt%) from 20 to
180 1C, accompanied by an endothermic peak at 67 1C
and an exothermic band centered at 161 1C, corresponds
to evaporation of water, ethanol and nitric acid and
the burnout of ethanol, respectively [15]. The second
weight loss (82.5 wt%) occurred from 180 to 500 1C,
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Fig. 4. AFM images of La0.5Ce0.5MgAl11O19 film annealed at 1200 1C:

(a) planar image and (b) stereo image.
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accompanied by three exothermic peaks at 206, 314 and
397 1C. The exothermic peak at 206 1C is due to the
burnout of excessive citric acid and ethanol and the
other two exothermic peaks originates from the burnout
of the organic groups in PEG, citric acid and the
polyester (formed by the reaction between PEG and
citric acid) [15]. No weight loss was observed in the TG
curve from 500 to 1400 1C, while two exothermic peaks
at 868 and 1163 1C appeared in the DT curve. The first
one is due to the crystallization of Al2O3 phase, and the
second one is attributed to the crystallization of
hexagonal LaMgAl11O19 phase, agreeing well with the
results of the XRD and FT–IR.

AFM and FESEM: AFM was used to characterize the
morphology of film annealed at 1200 1C. The planar and
stereo AFM images of the film sample are shown in
Fig. 4(a) and (b), respectively. It can be seen clearly
from the figure that the film is composed home-
genous particles with average grain size around 150 nm
(Fig. 4a) and a RMS (root mean square) roughness of
4 nm (Fig. 4b).

The thickness of the films deposited on quartz glass
was obtained by field emission scanning electronic
microscopy (FESEM). The FESEM image of the
cross-section of the film sintered at 1200 1C is shown
in Fig. 5. It is obvious that the film is crack-free with a
thickness of about 340 nm.

3.2. Luminescent properties

LaMgAl11O19:Ce3+ films: Ce3+-doped LaMgAl11O19

phosphor films show an emission in the UV region. The
excitation and emission spectra for La0.5Ce0.5MgAl11
O19 film are shown in Fig. 6. The excitation spectrum
(Fig. 6a) monitored by 350 nm emission consists of a
broad band containing of five peaks at 236, 250, 261,
280 (strongest) and 306 nm, which correspond to the
electronic transitions from the 4f ground state ( 2F5/2) to
the different splitting components of the 5d excited state
of Ce3+, respectively. The emission spectrum contains a
broad band with a maximum at 350 nm, which is
ascribed to parity and spin allowed transition from the
lowest component of 5d ( 2D) excited state to the ground
state ( 2F) of Ce3+. Due to the ground state splitting of
Ce3+ ( 2F5/2,

2F7/2), an emission tail in the longer
wavelength region is observed.

A representative PL decay curve of La0.5Ce0.5Mg
Al11O19 is shown in Fig. 7. This curve can be fitted into a
single exponential function as I ¼ I0 exp(�t/t) (I0 is the
initial intensity at t ¼ 0, t is the 1/e lifetime) and the
lifetime of Ce3+ can be determined by the fitting. The
PL intensity and lifetime of La1�xCexMgAl11O19 have
been studied as a function of Ce3+ concentration (x), as
shown in Fig. 8. Both the PL intensity and the lifetime
of La1�xCexMgAl11O19 increase with the increase of
concentration of Ce3+(x), and no concentration
quenching has been observed. This suggests that the
interaction and the energy transfer among the Ce3+ ions
are negligible, as reported previously [20].

LaMgAl11O19:Ce3+, Tb3+ films: Ce3+ and Tb3+-
codoped LaMgAl11O19 thin films show strong green
luminescence under UV excitation caused by the
emission of Tb3+. Fig. 9 shows the excitation (a, b)
and emission (c) spectra of Ce0.65Tb0.35MgAl11O19

phosphor films. The excitation spectrum monitored by
the 542 nm emission ( 5D4–

7F5) of Tb3+ and 350 nm
emission (5d–4f) of Ce3+ are nearly identical to that of
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Fig. 5. FESEM image of the cross section of La0.5Ce0.5MgAl11O19 film

annealed at 1200 1C.
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La0.5Ce0.5MgAl11O19 (Fig. 6a) except for intensity,
suggesting that this excitation is from 4f–5d transition
of Ce3+ exclusively. Excitation at 280 nm yields not only
the 5d–4f emission of Ce3+, but also the 5D3,4–

7FJ

(J ¼ 6, 5, 4, 3) emission of Tb3+, as labeled in the figure.
Both the excitation and emission spectra indicate that
an energy transfer from Ce3+ to Tb3+ occurs in
Ce0.65Tb0.35MgAl11O19 film. The energy transfer effi-
ciency from a donor (Ce3+) to an acceptor (Tb3+) can
be calculated according to the formula ZET ¼ 1�Id/I0,
where Id and I0 are the corresponding integral emission
intensity (by calculating the area of the emission spectra)
of the donor (Ce3+) in the presence and absence of the
acceptor (Tb3+) for the same donor (Ce3+) concentra-
tion, respectively [23]. The energy transfer efficiencies
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Table 1

The energy transfer efficiencies from Ce3+ to Tb3+ in La1�x�yCexTbyMgAl11O19 as a function of the concentrations of Ce3+(x) and Tb3+(y)

x, y

0.5, 0.00 0.65, 0.00 0.5, 0.06 0.5, 0.12 0.5, 0.18 0.5, 0.24 0.5, 0.30 0.5, 0.35 0.65, 0.35

I (Ce3+) 124423 186736 91544 70725 66509 55700 47219 43954 31708

I (Tb3+) 10593 17870 22382 28348 28937 31701 32502

ZET(%) 26 43 47 55 62 65 83
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Fig. 10. Emission spectra of Ce0.65Tb0.35MgAl11O19 phosphor film
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from Ce3+ to Tb3+ in La1�x�yCexTbyMgAl11O19 films
were studied, as listed in Table 1. It can be found clearly
from the table that with the increase of Tb3+

concentration (y), the emission intensity of Ce3+

decreases, that of Tb3+ and the energy transfer
efficiencies (ZET) increase. The highest energy transfer
efficiency of 65% is obtained for La0.15Ce0.5Tb0.35Mg
Al11O19 film in La0.15Ce0.5TbyMgAl11O19 series. For
comparison, those of Ce0.65Tb0.35MgAl11O19 are also
listed in Table 1. Obviously, the emission intensity of
Ce3+ in Ce0.65Tb0.35MgAl11O19 is lower than that in
La0.15Ce0.5Tb0.35MgAl11O19, and the emission intensity
of Tb3+ in the former is higher than that in the latter.
This suggests that a more efficient energy transfer from
Ce3+ to Tb3+ occurs in Ce0.65Tb0.35MgAl11O19 than in
La0.15Ce0.5Tb0.35MgAl11O19. All these results are in
agreement with Ref. [23]. The energy transfer efficiency
from Ce3+ to Tb3+ in Ce0.65Tb0.35MgAl11O19 was
calculated to be as high as 83%. The emission spectrum
of Ce0.65Tb0.35MgAl11O19 film was compared with that
commercial green powder phosphor with the same
composition, as shown in Fig. 10. It can be seen that
the profile of the two spectra is similar, but the intensity
of the film phosphor is only 44% that of commercial
powder phosphor. This is due to the thin thickness
(350 nm) and waveguide effect in the film phosphor.

Critical distance (Rc) is thought as an important
parameter in energy transfer, so we calculated the Rc in
Ce0.65Tb0.35MgAl11O19 [24,25]. Considering the elec-
tric–dipole interaction, Rc

6
¼ 0.6� 1028� 4.8� 10�16

�

fA�E�4
� SO, where oscillator strength fA (Tb3+) ¼

10�6 (spin forbidden narrow line transitions), E ¼

3:55 eV (the energy of maximum spectral overlap,
maximum of Ce3+ emission band), SO ¼ 0.613 eV�1

(the normalized spectral overlap between the excitation
lines of Tb3+ and the emission of Ce3+), we arrive at
Rc ¼ 0.48 nm in Ce0.65 Tb0.35MgAl11O19. This distance
indicates that the energy transfer occurs mainly between
nearest neighbors of Ce3+ and Tb3+ [26].

LaMgAl11O19 has the magnetoplumbite structure,
with a P63=mmc group and lattice parameters
a ¼ 5:58 (A, c ¼ 21:94 (A. In this structure, the large
cations La3+ (or Ce3+, Tb3+) are located in layers
separating spinel-like blocks containing the small
cations Al3+ and Mg2+ [17]. Obviously, the interaction
of Ce3+ and Tb3+ in different layers is negligible for
their long distance, from which we can conclude that the
energy transfer can only occur in the Ce3+ and Tb3+

within the same layer. In the same layer, the nearest
distance between Ce3+ and Tb3+ is 0.56 nm, the next
nearest is 0.96 nm. It can be found that the interaction
between Ce3+ and the next nearest Tb3+ is 1/81 of that
between Ce3+ and the nearest Tb3+, thus the energy
transfer can only occur between Ce3+ and the nearest
Tb3+. In addition, the lifetime of Tb3+ is 105 times
larger than that of Ce3+. As a result, the emission of
Ce3+ in LMA host cannot be quenched completely even
at high concentration of Tb3+.

The decay curve of Tb3+ in La0.15Ce0.50Tb0.35MgAl11
O19 is shown in Fig. 11. This curve cannot be fitted into
a single exponential function, but can into a double
exponential function as I ¼ Af exp(�t/tf)+As exp(�t/
ts), (tf and ts are the fast and slow components of the
luminescence lifetimes, respectively. Af and As are the
fitting parameters.). The average lifetime of Tb3+ can be
determined by the formula as follows [27]:

t ¼ ðAft2f þ Ast2s Þ=ðAfts þ AftsÞ.

The decay curve of Ce3+ in La1�x�yCexTby

MgAl11O19 is similar to that of La1�xCexMgAl11O19
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(Fig. 7), which can also be fitted into a single expo-
nential function of I ¼ I0 exp[�t/t] and the lifetime can
be determined from the fitting. The lifetimes of Ce3+

and Tb3+ in La1�x�yCexTbyMgAl11O19 are shown in
Fig. 12. It can be found from the figure that with the
increase of Tb3+ concentration, the lifetime of Ce3+ in
La1�x�yCexTbyMgAl11O19 decreases and that of Tb3+

increases due to the energy transfer from Ce3+ to Tb3+.
4. Conclusions

LaMgAl11O19:Ce3+, Tb3+ phosphor films were suc-
cessively prepared by Pechini sol–gel method using
inorganic compounds as main precursors at 1200 1C
(400 1C lower than that of the traditional solid-state
method for powders). The resulted phosphor films were
smooth with a grain size of about 150 nm, RMS
roughness of 4 nm and thickness of 340 nm. Energy
transfer from Ce3+ to Tb3+ in La1�x�yCexTbyMg
Al11O19 has been observed. Calculation of the energy
transfer efficiency shows that Ce0.65Tb0.35MgAl11O19

has highest energy transfer efficiency (83%) and
strongest green light emission.
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