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Transparent GdTaO4:Tb3* polycrystalline thick films have been successfully synthesized using sol-gel
technique. The critical thickness of the film was 760 nm and the surface was crack-free and smooth. The
thick film particle size was 25 nm and the powder particle size was over micron. In comparison with the
thick film phosphors, the charge transfer transition of TaO,4 group and the excitation peak of Tb** center
shifted from 223 to 215 nm and 245 to 255 nm for powder sample, respectively. The higher energy level
of the charge transfer indicated the decrease of the covalency of the Ta-0 bond in the powder phosphor.
The red shift of the 4f-5d excitation band might be attributed to the quantum confinement of Tb3* in the
film phosphor. The decay times of GdTa04:Tb3* thick film and powder phosphors were 0.79 and 1.02 ms,

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Gadolinium tantalate was proved to be an efficient host for X-
ray luminescence material due to its advantages of high density,
stable chemical properties, strong irradiation hardness, and good
X-ray absorption. Many researchers have investigated the lumi-
nescent properties of Eu3*, Tb3* doped tantalate powders and films
[1-10]. It indicated that the GdTa0,4:Tb3* is one of the potential
green emission phosphors.

Compared with powder, thin film is more outstanding because
of high contrast and resolution, superior thermal conductivity, as
well as high degree of uniformity and better adhesion. Sol-gel coat-
ing technique is widely used in the fabrication of functional films.
However, the critical thickness, i.e., the maximum thickness achiev-
able without crack formation via non-repetitive deposition, is often
less than 0.1 wm for non-silicate crystalline films [11]. Recently,
Kozuka et al. reported that the incorporation of a high boiling point
reagent such as polyvinylpyrrolidone (PVP) into precursor solu-
tions is an effective way to improve the critical thickness over
submicron or micron and form the crack-free and optical trans-
parent thick films [11-14]. More recently, we successfully prepared
GdTa04:Eu3* and Gd,03:Eu3* thick films with the assistance of PVP
[15,16].

Compared with Eu3*, the energy transfer from host lattice to
Tb3* ions in GdTaO4 occurs not only from the TaO,4 group to Tb3*
on nearest neighbor Gd-sites, but also to Tb3* on next-nearest and
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even on next to next-nearest neighbor Gd3*-sites [2]. Therefore, it is
expected to get higher luminescence efficiency for GdTaO,4 doping
with Tb. Additionally, Tb40- is more difficult to be dissolved than
Eu, 03 in nitric acid. So far, there are no reports on the preparation
GdTa0,4:Tb3* thick films and the corresponding characteristics.

In this work, transparent GdTa0,4:Tb3* thick films were synthe-
sized by using the inorganic salt and 2-methoxyethanol solution
containing PVP. The morphology, crystallinity and luminescent
properties of the thick films were discussed.

2. Experimental

Starting materials were TaCls (99.99), Gd,05 (99.95%), Tb407 (99.99%). Firstly,
TaCls was dissolved into the mixed solution with 2-methoxythanol (A.R.) and
concentrated hydrochloric acid. Stoichiometric amount of Gd,03; and Ta;07 were
dissolved in a hot solution of 2-methoxyethanol and certain amount of dilute
nitric acid (A.R.). The prepared solutions were mixed together and the mixture
was stirred for about ten minutes. Then PVP (an average molecular weight of
1.3 x 106) dissolved in 2-methoxyethanol and ion-exchanged water were added
into the mixture by stirring and get the sol. For the sake of the determination
of the optimal Tb doping concentration, Gd;_xTb,TaO4 (x=0.02, 0.04, 0.06, 0.08,
0.10, 0.12, 0.14, 0.16, 0.18) powder samples were prepared with the same process.
The result indicated the optimal Tb doping content was at x=0.12. For fabrica-
tion of the thick films, the molar composition of the coating sol was selected
as Ta:Gd:Tb:PVP:H,0=1:0.88:0.12:0.12:3.73. The deposited gel films after spin-
coated on a silica glass substrates were sintered at 400°C for 90 min and up to
1200°C at the heating rate of 4°C/min, then they were finally annealed at 1200°C
for 200 min to obtain dense and crystalline thick films. In order to compare with film
samples, powder samples were also prepared by the rest sol with the same heating
procedure. The powders are brownish. Zych et al. reported that the brownish was
attributed to incorporation of some of the activators Tb** [17].

The surface morphology and thickness of the thick film were characterized
using a Philips XL-30 SEM. The transmittance was examined by a JASCO V-570
ultraviolet-visible-near infrared spectrophotometer. The structure of the samples
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was analyzed by a Rigaku D/max-2550 X-ray diffractometer with Cu Ka radiation
(A=0.154056 nm) operated at 40kV and 100 mA. Particle size distribution of the
powder was carried out on granulometer LB 550. The luminescent spectra and the
decay curves were measured on a Perkin-Elmer LS-55 spectrofluorometer.

3. Results and discussion

Crack-free GdTaO4:Tb3* thick film has been prepared from solu-
tions containing PVP via single-step deposition. The thick film is
fairly transparent (Fig. 1(a)), smooth and relatively dense (Fig. 1(b)).
The film thickness also characterized by SEM is about 760 nm as
illustrated in Fig. 1(c). The incorporation of PVP leads to a increase
in the thickness of films, because the C=0 groups of the PVP can
hybridize with the OH groups in the surface of the gel particles
through strong hydrogen bonds, which can suppress the reaction
of the condensation and hydrolysis in the sol and promote the
structural relaxation in the films [11,18].

The optical transparency directly affects the light yield of the
luminescence films. Fig. 2 shows the transmission spectrum of the
GdTa04:Th3* thick film. Quickly dropping signal around 210 nm
is observed, indicating very strong absorption of the material in
this spectral region. A high transmittance is achieved in the visible
region. Additionally, the absorption coefficient could be calculated
through o = —In T/d, where Tand d denote the transmittance and
the film thickness, respectively. According to the relation of o o
(hv — Eopt )1/ 2 where hvand Eopt indicate the photon energy and the
optical band gap, respectively, we can obtain Eop¢ by plotting (In T)?
as a function of hv and drawing a tangential line near the absorption
edge. The result is given in the inset of Fig. 2. The absorption edge
of the thick film is about 5.7 eV, which is larger than that of the thin
film (5.3 eV) [10]. This could be attributed to the difference in the
processing conditions, leading to the different way in the growth
of grains.

GdTaO,4 usually exhibits two structure types at room tempera-
ture[3,19],i.e., M-type (fergusonite) and M’-type, and it can convert
to T-type structure (scheelite) at the temperature higher than
1400°C. In addition, GdTaO4 has another high temperature struc-
ture: O-type (Gdg 33TaO3). The most significant difference between
M- and M'-type is in the coordination of the Ta atoms. For M-
type structure, the Ta atoms are in a distorted cube, while the
Ta atoms are in distorted octahedron coordination with six Ta-O
bonds for the M'-type. Although M- and M’-type are both efficient
luminescent host materials, M’-type GdTaO4 has superior lumines-
cent efficiency, which is nearly two times greater for pure M’'-type
GdTa04 than M-type GdTaO4 due to the difference between the M
and M’ structures [3]. Fig. 3 shows the X-ray diffraction patterns of
the GdTa0,4:Tb3* powder and thick film samples. It reveals that both
of GdTa04:Tb3* powder and thick film belong to M'-type (PDF72-
2017) except for the extra diffraction peak in powder sample, which
belongs to T-type (PDF 39-0728) and O (004) (PDF18-0526). That
is to say the crystallization of the thick film is more pure than that
of powder sample. Additionally, the grain size D was calculated by
Scherrer formula D = K\ /8 cos 8, where A is the wavelength of the
X-ray (0.154056 nm), 8 is the FWHW (full width at half maximum)
of the (11 1) main peak, 6 is the Bragg diffraction angle, and param-
eter Kequals to 0.89. The average grain sizes of the film and powder
samples are about 25 and 39 nm, respectively. The average particle
size of the thick film, which can be estimated from the calculated
results by Scherrer formula [10], is 25 nm, while the particle size of
the powder was over micron as shown in Fig. 4.

The emission and excitation spectra of the GdTaO4:Tb3* thick
film and powder are presented in Fig. 5. The emission peaks
are at around 490, 546, 588 and 620 nm, which can be ascribed
to the transitions of the °Ds—7F; (J=6, 5, 4, 3) as shown in
Fig. 5(a). In the range of 350-450nm, no peaks can be seen,
which indicated that emission originated from the transitions

Fig. 1. Photographs of the GdTa0O4:Tb?* thick film by single-step spin coating after
fired at 1200°C for 200 min, (a) the whole coating sample, (b) surface morphology,
(c) SEM photograph of GdTaO4:Tb3* thick film.

of 5D3 to 7F; quenched here by cross-relaxation in the form of
Tb(°D3)+Tb(’Fg) — Tb(*Dy4) + Th(”Fg) because of high Tb3* concen-
tration.

In Fig. 5(b), a dominant broad band near 223 nm in excitation
spectra, monitoring 546 nm emission, originated from the excita-
tion of TaO4 charge transfer state (CTS) in which an electron is
transferred from the fully occupied valence band formed by 02~
2p to the empty conduction band of Ta>* 5d [20]. The other peak-
ing around 245 nm belongs to the transition of Th3* from 4f8 to
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Fig. 2. Transmission spectrum of the GdTaO,4:Tb thick film.
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Fig. 3. X-ray diffraction patterns for (a) GdTaO4:Tb3* standard PDF, (b) powder and
(c) thick film samples.

higher 4f75d! levels [1]. From Fig. 5(b), it clearly indicates that the
excitation energy can be transferred from TaO,4 groups to Tb3* ions
efficiently. That is to say, high luminescence efficiency would be
achieved under ionizing radiation excitation.

In comparison with the film sample, the CTS of TaO4 and 4f-5d
transition of Tb3* for powder sample are shifted from 223 t0 215 nm
and 245 to 255 nm, respectively. The blue shift of the CTS transition
implies the decrease of the covalency of the Ta-0 bond [9] in the
powder because of the smaller radius and larger electronegativity
Tb** than Th3* existence. Then it will attract the electrons of 0%~
more strongly, so that the electron cloud density of the 02~ jon
decreases and it needs more energy for the electron transfer from
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Fig. 4. Particle size distribution of GdTaO4:Tb powders.
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Fig. 5. (a) Emission and (b) excitation spectra of the GdTaO4:Tb3* film and powder
samples.

02~ to Ta>*. The red shift of the 4f-5d transition might be attributed
to quantum confinement of Tb3* in the thick film, because the par-
ticle size of powder was over micron and then the peak of the Tb
4f-5d transition moves to lower energy [21].

Decay time is also an important parameter of luminescence
materials. The decay curves of °D4— ’Fs transition for the
GdTa0,4:Tb3* film and powder samples are shown in Fig. 6. The
decay curves for °D4 — ’F5(546 nm) of Tb3* ions also be fitted by
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Fig. 6. Decay curves of °D4 — ’Fs transition for GdTaO4:Tb** film and powder sam-
ples under 245 and 255 nm UV excitation, respectively.
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single exponential function. The decay times of the thick film and
the powder are 0.79 and 1.02 ms, respectively. The shorter lifetime
for the film sample may be due to the non-radiative centers or
defects.

4. Conclusion

Homogenous, crack-free, dense transparent thick GdTaO,4:Tbh3*
films were deposited on silica glass substrates from the inorganic
salt and 2-methoxyethanol solution containing PVP via sol-gel
technique. The thickness was achieved 0.76 wm. The XRD results
show that crystallization of the thick film is more pure than that
of powder sample. The particle size of the thick film is 25 nm and
the particle size of the powder was over micron. In comparison
with the thick film phosphor, the charge transfer transition of TaO4
group and the excitation peak of Th3* center shifted from 223 to
215nm and 245 to 255 nm for powder sample, respectively. The
higher energy level of the charge transfer indicated the decrease of
the covalency of the Ta-0 bond in the powder phosphors. The red
shift of the 4f-5d excitation band could be attributed to the quan-
tum confinement of Tb3* in the film sample. The decay times of
GdTa04:Tb3* thick films are 0.79 ms.
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