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Synthesis and luminescence property of Eu3+/ZrO2 thin film
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Transparent Eu3+-doped metal oxide thin films have been directly fabricated on various kinds of substrates by the liquid phase d
LPD) method. The stabilization of Eu3+ ion in the LPD reaction solution, containing F− anions, was successfully achieved by using diethy
triaminepentaacetic acid (DTPA) as a masking regent. The structural and luminescence properties for the deposited films wer
he deposited films consisted of nano-sized spherical particles. The formation of solid-solution was confirmed from the film after
bove 800◦C. The strong excitation peak due to charge transfer (CT) band was observed. After being annealed at 900◦C, the deposited film
hows characteristic strong emission from Eu3+, 5D0 → 7F2, under CT band excitation.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Rare earth (Ln) ion based compounds have attracted much
ttention since they have large practical and potential appli-
ations in many fields, such as high-performance lumines-
ent devices[1–3], magnets[4,5], catalysts[6–8] and so on.
hese characteristics are based on the electronic, optical, and
hemical properties arising from their 4f electrons. Among
he rare earth elements, Eu3+ is particularly interesting for the
uminescence because the main emission band is centered at
11 nm, which is one of the three primary colors. Therefore,
u3+ has been intensively studied as a luminescent activator

n various host matrices. For developing effective lumines-
ence device, material which has much lower phonon energy
hould be selected as host material because the high phonon

∗ Corresponding author. Tel.: +81 78 803 6160; fax: +81 78 803 6160.
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energy of the host lattice are responsible for nonradiativ
laxation. SiO2 matrix (phonon energy; 1100 cm−1) is widely
used as a host due to their high transparency in visible re
However, the network structure of SiO2 makes it impossibl
to introduce high content of dopant without clustering wh
leads to concentration quenching of emission.

ZrO2 is one of the candidates for the substitution of S2
as host matrix of Eu3+ ion due to its chemical and phot
chemical stability, high refractive index and low phonon
ergy. The stretching mode of the ZrO2 is about 470 cm−1,
which is much lower than for Al2O3 (870 cm−1) or SiO2
(1100 cm−1). Several preparation techniques have been
posed to fabricate ZrO2 thin films by dry processes, such
sputtering[9,10], chemical vapor deposition[11], and atomic
layer deposition[12–14]. Among these methods, the solut
based technique is a promising and powerful method for
ricating ZrO2 thin films due to its simplicity and low energ
consumption.

925-8388/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2005.01.075



712 K. Kuratani et al. / Journal of Alloys and Compounds 408–412 (2006) 711–716

Recently, we have reported a novel preparation method
of metal oxide thin films by using hydrolysis of metal-fluoro
complex and reactor in aqueous solution, which we call the
liquid phase deposition (LPD) method[15]. In this process,
the following equilibrium reaction is presumed:

MFx
(x−2n)− + H2O ↔ MOx + HF (1)

H3BO3 + 4HF ↔ BF4
− + H3O+ + 2H2O (2a)

Al + 6HF ↔ H3AlF6 + 3

2
H2 (2b)

The equilibrium reaction(1) shifts to the right-hand side
by the addition of boric acid or aluminum-metal, which read-
ily react with F− ions to form more stable complex ions [Eqs.
(2a)and(2b)] [16–18].

In general, rare-earth ions readily react with F− ions and
form insoluble LnF3 (Ln; rare-earth) compound. In our previ-
ous studies, an organic ligand, such as EDTA, had been used
as masking reagent for Ln3+ ions to prevent the formation
of LnF3 precipitates in the LPD solution[19]. In this paper,
we report a new preparation method and luminescence prop-
erty of transparent Eu3+-doped ZrO2 thin films by the LPD
method. The stabilization of Eu3+ ions can be achieved by
using diethylenetriaminepentaacetic acid (DTPA) as a mask-
ing reagent for Eu3+ ions. We also show that the emission
intensity from the film excited under UV light is about 100
t
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Atomic force microscopy (AFM: SPI-300, Seiko In-
struments Int.) working in tapping mode was employed to
investigate surface morphology of the films. Optical trans-
mittance of the films was measured by UV–vis spectrometer
(Hitachi; U-3000) in the range from 400 to 800 nm. X-ray
diffraction (XRD) analysis for the films was carried out on
a Rigaku RINT-2100 diffractometer equipped with thin film
attachment. Raman spectra were measured with Jobin-Yvon
U-1000 KX double monochromator. The emission line at
488.0 nm from Ar+ ion laser was used as excitation source.
Luminescence measurements were performed by using a
FP-6500 spectrofluorometer (JASCO).

3. Results and discussion

Fig. 1 shows surface morphology of the deposited Eu3+-
doped ZrO2 thin films annealed at various temperatures. The
images inFig. 1 clearly show that the small particles de-
posit all over the substrate, indicating that the oxide thin
film deposits on surface of substrate. For as-deposited film
(Fig. 1(a)), the film consists of densely packed small spheri-
cal particles with mean size of ca. 80 nm in diameter. We can
see that the film has crack-free and uniform structure. This
homogeneous structure is one of the features of the deposited
thin film by the LPD method because the film formation in
t im-
m tion
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imes larger than that of the film excited at 396 nm.

. Experimental procedure

For preparation of ZrO2 thin films, 3.0 mol dm−3 hexaflu-
rozirconic acid (H2ZrF6; Morita Chemical Co. Ltd.) wer
sed as a starting material. As F− ion scavenger, aluminum
etal with a surface area of 48 cm2 was used for the depos

ion. DTPA, as a masking reagent for Eu3+ ion, was dissolve
nto ion-exchanged water at a concentration of 0.2 mol dm−3.
ure Eu2O3 was dissolved into 10% hydrochloride soluti
ith the aqueous ammonium solution, pH value of the a

us EuCl3 solution was controlled at ca. 5. The concentra
f Eu3+ ion in this solution was 0.2 mol dm−3. The aqueou
TPA solution was mixed with the aqueous EuCl3 solution.
he molar ratio of Eu3+: DTPA was 1:1. The aqueous solut
ontaining H2ZrF6 and Eu3+/DTPA complex and aluminum
etal plate was used as a reaction solution. Final conce

ion of H2ZrF6 in the reaction solution was 0.06 mol dm−3.
he concentration of Eu3+/DTPA complex added into the r
ction solution was constant (2 mmol dm−3). The 11 mol%
u3+-doped ZrO2 thin films could be obtained in this co
ition. Soda-lime glass, fused silica glass and Si wafer
sed as substrate. Substrates were cleaned ultrasonica

hen immersed into the treatment solution for 24 h at 30◦C.
hese substrates were then removed from reaction sol
ashed with distilled water and then dried at room temp

ure overnight. Subsequently, the films were heat-treate
h at various temperatures.
d

his process relies on direct deposition of metal oxide on
ersed substrate in the reaction solution. This film forma
rocess is quite different from other solution-based film
ation process such as sol–gel method. With the increa
nnealing temperature, the surface morphology was v
emarkably. After being annealed at 500◦C (Fig. 1(b)), the
ggregation of particles is confirmed and the average pa
ize reaches about 120 nm in diameter. No shape chan
articles is found from images. This aggregation of part
an also be observed with the increase of annealing tem
ture. The particle sizes of the films after being anneal
00 and 900◦C are 150 and 200 nm, respectively.

High optical transmission in visible region is required
uminescence materials to obtain the effective emission
ical transmission spectra of the Eu3+-doped ZrO2 thin film
efore (solid-line) and after (dashed-line) being anneal
00◦C is shown inFig. 2. The film was deposited onto fus
ilica glass. The as-deposited film shows more than
ransmittance in the region from 400 to 800 nm. After be
nnealed at 900◦C, the film also shows high transparen
more than 70% transmittance), although slight decrea
he transmittance, caused by scattering of visible light by
regated particles, is observed inFig. 2. From these results,

s concluded that Eu3+-doped ZrO2 thin film fabricated by th
PD method have high transparency before and after b
nnealed at 900◦C because the film has dense and hom
eous structure formed by nanometer-sized small partic

Fig. 3 shows XRD patterns of the Eu3+-doped ZrO2 thin
lms annealed at various temperatures. The inset inFig. 3

s an enlarged pattern in the range of 28◦ < 2θ < 32◦. The as
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Fig. 1. AFM images of the deposited Eu3+-doped ZrO2 thin film annealed at various temperatures.

deposited film had amorphous structure (not shown here).
After the film was annealed above 500◦C, the peaks assigned
to tetragonal or cubic structure appear in the pattern, and no
peaks assigned to monoclinic phase can be confirmed. It is
difficult to distinguish between tetragonal and cubic phase
of ZrO2 from XRD patterns because most of XRD reflection
peaks of cubic and tetragonal phase of ZrO2 overlap. The
determination of phase structure of the film was carried out
by Raman spectroscopy and the result will be demonstrated
later. The peak intensity of the film increases with the increase
of annealing temperature. The crystallite size estimated by
the basis of Scherrer equation also increases from 27.3 to
30.7 nm, indicating improvements in crystallinity at higher

temperature. After being annealed above 800◦C, as shown in
the inset, slight shift of diffraction peaks to lower diffraction
angle can be observed, suggesting the substitution of Zr4+

(ionic radius; 87 pm) lattice site in the film by Eu3+ (ionic
radius; 98 pm) ions and formation of solid-solution.

Raman spectroscopy is a very useful tool to distinguish
between tetragonal and cubic phase of ZrO2. Raman spectra
of the film after being annealed at (a) 700◦C and (b) 900◦C
are shown inFig. 4. The strong peaks could be confirmed at
520 cm−1 in both spectra, which was due to Si substrate. It
can be seen inFig. 4(a) that the main bands are at 261, 330,
466, 612, and 636 cm−1 (indicated by solid-arrows). These
bands are assigned to the Raman-active vibration modes for
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Fig. 2. Optical transmittance spectra of the Eu3+-doped ZrO2 thin film before
and after annealing at 900◦C.

the tetragonal phase of ZrO2 [20–22]. As shown in the inset
of Fig. 3, the films annealed below 700◦C show no peak shift.
Thus, we concluded that tetragonal phase could be stabilized
after the film was annealed below 700◦C. After the film was
annealed at 900◦C, the characteristic peak corresponding to
cubic phase of ZrO2 is confirmed around 630 cm−1(indicated
by dashed-arrow)[20]. While, the band assigned to tetrago-
nal or monoclinic phase could not be detected in the spectrum
(b), indicates that cubic phase of ZrO2 is stabilized at room
temperature. From XRD and Raman measurement, it is con-
cluded that phase transformation of Eu3+-doped ZrO2 thin
film from tetragonal phase to cubic phase occurs between

F s
t

Fig. 4. Raman spectra of the Eu3+-doped ZrO2 thin film annealed at (a)
700◦C and (b) 900◦C.

700 and 800◦C because of the substitution of Zr4+ lattice
site in the film by Eu3+ ions and formation of solid-solution.

The excitation spectra of Eu3+-doped ZrO2 film annealed
at various temperatures are shown inFig. 5. These excita-
tion spectra were obtained by monitoring the emission of
5D0 → 7F2 transition from Eu3+. The peaks centered at 362,
380 and 396 nm are assigned to f–f transition of7F0 → 5D4,
5Gj and5L6, respectively (Fig. 5(b)). After annealing above
500◦C, the broad band, which is due to charge transfer (CT)
band between host lattice oxygen atoms and Eu, appears in
the spectra. With the increase of the annealing temperature,
the intensity of CT band becomes strong. While, as shown
in Fig. 5(b), no changes in peak intensity can be observed in
f–f transition of Eu3+. The main factor affecting the intensity
of the CT band is an efficiency of the energy transfer process
from the CT band to the Eu3+ emitting level. In other words,
the interaction between Eu and O orbital is very important. In
this study, the obtained Eu3+-doped ZrO2 film is stabilized
at cubic phase after annealing at 800◦C. The Eu O bond
length in cubic phase shows the shortest distance compared
with two other well-known crystal structures (tetragonal and
monoclinic), indicates that the strongest interaction affects
between Eu and O. As a result, the strongest intensity of ex-
citation peak should be obtained from the film, which has
cubic structure. A blue shift of the CT band can also be ob-
s hift of
C
A hifts
t .
I o
b era-
t
l the
p ured
ig. 3. XRD patterns of the Eu3+-doped ZrO2 thin film annealed at variou
emperatures.
erved as increasing annealing temperature. The blue s
T band has been reported by several researchers[23,24].
ccording to previous reports, the CT band position s

o lower wavelength with the decrease of EuO bond length
n our film, the decrease of the EuO bond length can als
e observed from XRD measurement. From this consid

ion, it is concluded that cubic phase of ZrO2 is the optimized
uminescent host. This result is in good agreement with
revious reports obtained from any other cubic-struct
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Fig. 5. Excitation spectra (monitoring the5D0 → 7F2 transition) of the Eu3+-
doped ZrO2 thin film annealed at various temperatures.

materials such as Gd2O3 [25] and Y2O3 [26]. The peak in-
tensity of the CT band after annealed at 900◦C is about 100
times larger than that of the7F0 → 5L6 transition of Eu3+.

The emission spectra of Eu3+-doped ZrO2 film excited
at different wavelengths are shown inFig. 6. The film was
annealed at various temperatures. Both spectra shows char-
acteristic red-emission peaks corresponding to5D0 → 7Fj

(j = 0–3) transition of Eu3+. If Eu3+ ions occupy inversion site
in the lattice, the emission peak intensity of the5D0 → 7F1
transition becomes large compared with the emission peak
intensity of5D0 → 7F2 transition. In our study, at 396 nm ex-
citation, the peak intensity of5D0 → 7F1 transition is larger
than that of5D0 → 7F2 transition although Eu3+ ions do
not occupy the inversion site in the lattice, which is due to

Fig. 6. Luminescence spectra of the Eu3+-doped ZrO2 thin film excited at
(a) 240 nm and (b) 396 nm.

overlapping of5D0 → 7F1 and stray light from excitation
light. After being annealed at 900◦C, the peak position of
5D0 → 7F2 transition centered at 607 nm can be observed in
both spectra. The emission peak position of Eu3+ is strongly
related to the site symmetry of Eu3+ in the host lattice. Gut-
zov and co-workers reported that the maximum of the lumi-
nescence appeared at 607 nm because Eu3+ occupied D2h or
D4h site in the cubic-structured Eu3+-doped ZrO2 material
[27,28]. It is concluded that the appearance of the emission
assigned to5D0 → 7F2 transition at 607 nm from deposited
film is due to the site symmetry of Eu3+ located in the host
lattice (D2h or D4h). The emission intensity from the film ex-
cited at 240 nm also shows strong emission peak by a factor
of 100 compared with the peak intensity excited at 396 nm,
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which corresponds to the difference of excitation spectra dis-
cussed inFig. 5. This result indicates that the CT band in the
film plays an important role to obtain strong emission from
Eu3+-doped ZrO2 thin film fabricated by the LPD method.

4. Conclusions

We have demonstrated that high transparent Eu3+-doped
ZrO2 thin films have been successfully fabricated on vari-
ous kinds of substrates by the LPD method. The obtained
thin films consist of densely-packed small spherical parti-
cles. The formation of solid-solution of Eu3+-doped ZrO2
thin film was observed after annealing at 800◦C. The film
annealed above 800◦C showed cubic structure. Well-defined
CT band could be observed from the film after annealing
at 900◦C, of which intensity is about 100 times larger than
the excitation peak corresponds to7F0 → 5L6 transition. It is
prominent that much stronger photoluminescence intensity
could be obtained from the film excited via CT band than the
film excited at 396 nm.
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