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Abstract

We report on an effective combination of good dielectric properties with bright red emission in Y3þ /Eu3þ -codoped ZrO2 thin films.

The thin films were deposited on fused silica and Pt/TiO2/SiO2/Si substrates using a chemical solution deposition method. The crystal

structure, surface morphology, electrical and optical properties of the thin films were investigated in terms of annealing temperature, and

Y3þ /Eu3þ doping content. The 5%Eu2O3–3%Y2O3–92%ZrO2 thin film with 400 nm thickness annealed at 700 1C exhibits optimal

photoluminescent properties and excellent electrical properties. Under excitation by 396 nm light, the thin film on fused silica substrate

shows bright red emission bands centered at 593 nm and 609 nm, which can be attributed to the transitions of Eu3þ ions. Dielectric

constant and dissipation factor of the thin films at 1 kHz are 30 and 0.01, respectively, and the capacitance density is about 65.5 nf/cm2

when the bias electric field is less than 500 kV/cm. The thin films also exhibit a low leakage current density and a high optical

transmittance with a large band gap.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Zirconium oxide (ZrO2) is one of the widely studied
oxide materials over the last two decades because of its
excellent electrical and optical properties, such as high
dielectric constant (about 23–29), good thermal stability,
high melting point, and wide band gap (5–7 eV) [1,2].
It has exhibited some important technological applications
in catalyst supports, oxygen detectors, high-temperature
fuel cell electrolytes, gate dielectric in metal oxide semi-
conductor devices, resistive switching memories, and opti-
cal waveguides [3,4]. Usually, ZrO2 has three primary
polymorph phases (monoclinic, tetragonal, and cubic) [5].
The phase structure of ZrO2 significantly influences its
physical properties. At room temperature pure ZrO2 is
unstable, properly doping Y2O3 into ZrO2 can form a fully
e front matter & 2012 Elsevier Ltd and Techna Group S.r.l. A
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stable phase structure. In previous studies more attention
has been paid to 8% Y2O3–92%ZrO2 (YSZ) because of its
excellent structural and chemical stability [6–8].
On the other hand, photoluminescent materials have

attracted much interest due to the increasing demand for
optoelectronic and photonic devices, and biomedical
applications [9,10]. Eu-doped ZrO2 is considered to be an
efficient rare earth photoluminescent oxide material [11].
The rare-earth-doped oxide photoluminescent materials
exhibit unique optical properties such as high luminescence
efficiency and good photochemical stability [12,13].
There has been extensive research on electrical properties

of Y-doped ZrO2 and on photoluminescent properties of
Eu-doped ZrO2. However, little work has been reported on
Y/Eu-codoped ZrO2 thin films [11]. It should be interesting
to simultaneously obtain good photoluminescence and
electrical properties in Y/Eu-codoped ZrO2 thin films. In
this study, the crystal structure, surface morphology,
electrical and optical properties of Y3þ/Eu3þ-codoped
ll rights reserved.
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Fig. 1. The XRD patterns of 3%Eu2O3–5%Y2O3–92%ZrO2 thin films

prepared on Pt/TiO2/SiO2/Si substrates annealed at various temperatures.
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Fig. 2. The XRD patterns of x%Eu2O3–(8�x)%Y2O3–92%ZrO2 thin

films (x¼0, 1, 3, 5, and 7, respectively) prepared on Pt/TiO2/SiO2/Si

substrates annealed at 700 1C in air for 1 h.
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ZrO2 thin films were investigated. Our results demonstrated
an effective combination of the excellent photoluminescent
and electrical properties in Y3þ /Eu3þ-codoped ZrO2

thin films.

2. Experimental procedure

The Y3þ /Eu3þ-codoped ZrO2 thin films were deposited
on fused silica and Pt/TiO2/SiO2/Si substrates using a
chemical solution deposition method. The precursor solu-
tions were synthesized as follows: firstly, zirconium
n-propanol was added to 2-methoxyethanol and glacial
acetic acid, a certain amount of acetylacetone was used as
the chelating and stabilizing reagent. Then, yttrium acetate
and europium nitrate were added to the above solutions.
After continuously heating for 10 min and stirring for 3 h,
the precursor solutions were obtained with a concentration
of 0.3 mol/l. These solutions were spin-coated onto the
substrates at a spinning rate of 3000 rpm for 20 s using a
commercial spinner. After each coating step, the films
obtained were baked at 300 1C for 5 min on a hot plate to
remove organics. Then, the spin-coating and baking
procedure was repeated until the desired film thickness
was attained. The resulting thin films were annealed at
different temperatures in air for 1 h.

The crystallization and structure of the thin films were
identified using a Rigaku x-ray diffraction (XRD) unit
(D/MAX 2200 VPC, Rigaku Corp, Sendagaya, Shibuya-Ku,
Tokyo, Japan) with Cu Ka radiation operated at 40 kV and
30 mA. The surface morphologies and thickness of the thin
films were examined by scanning electron microscopy (JEOL,
JSM-7000 F, JEOL Ltd. Akishima, Tokyo, Japan), and the
images were taken at 10 kV. The surface morphologies and
surface roughness of the thin films were also observed by an
atomic force microscopy (AFM, Veeco Metrology, Santa
Barbara, California, USA). To measure the electrical proper-
ties, Pt top electrodes were deposited on the surfaces of the
thin films through a shadow mask. Dielectric constant and
dielectric loss of the thin films were measured using Agilent
4284A LCR meter with applied ac signal amplitude of
100 mV. The leakage current characteristics of the thin films
were obtained using Keithley 236 sourcemeter. The UV
excitation and emission spectra of the thin films were
measured using a Shimadzu RD-5301PC spectrofluorophot-
ometer (Shimadzu Corp, Nakagyo-Ku, Kyoto, Japan). The
UV–Vis spectra were recorded with a Shimadzu UV -3150
spectrophotometer in the wavelength range of 200–1500 nm.

3. Results and discussion

Fig. 1 shows the XRD patterns of 3%Eu2O3–5%Y2O3–
92%ZrO2 thin films prepared on Pt/TiO2/SiO2/Si sub-
strates, annealed at various temperatures in air for 1 h. It
can be noted that the five reflection peaks in the XRD
patterns correspond to the (101), (110), (102), (112) and
(103), indicating that all the thin films with different Eu
contents show tetragonal phases. As the annealing
temperature increases, the full width at half maximum of
the XRD peaks decreases, indicating the enhanced crystal-
linity of the thin films.
Fig. 2 shows the XRD patterns of x%Eu2O3–(8�x)%

Y2O3–92%ZrO2 thin films (x¼0, 1, 3, 5, and 7, respectively)
prepared on Pt/TiO2/SiO2/Si substrates annealed at 700 1C in
air for 1 h. It can be seen that the XRD patterns almost
remains unchanged, irrespective of Eu concentration. Neither
phase transition nor additional impurity phase appear, sug-
gesting that Y/Eu molar ratio has no obvious effect on phase
structure of ZrO2 thin films.
Fig. 3(a) and (b) shows the surface and cross-sectional

scanning electron micrographs of the 5%Eu2O3–3%Y2O3–
92%ZrO2 thin film deposited on Pt/TiO2/SiO2/Si substrates.



Fig. 3. (a) The surface, (b) cross-sectional scanning electron micrographs, and

(c) AFM image (1 mm� 1 mm) of the 5%Eu2O3–3%Y2O3–92%ZrO2 thin film

deposited on Pt/TiO2/SiO2/Si substrate annealed at 700 1C in air for 1 h.

L. Liang et al. / Ceramics International 39 (2013) 1335–1340 1337
The thin film is smooth and continuous without particles and
cracks. It is evident that the thin film exhibits dense
microstructure and uniform thickness of approximately
400 nm. In order to clearly observe the surface morphology
and surface roughness of the thin film, an AFM with
tapping-mode was used. As shown in Fig. 3(c), the root
mean square roughness of the 5%Eu2O3–3%Y2O3–
92%ZrO2 thin film is 0.35 nm.
We have investigated the electrical properties of the thin

films, such as dielectric properties, capacitance–voltage (C–V)
characteristics and current–voltage (I–V) characteristics of
the x%Eu2O3–(8-x)%Y2O3–92%ZrO2 thin films (x¼0, 1, 3,
5, and 7, respectively), which were prepared on Pt/TiO2/SiO2/
Si substrates and annealed at 700 1C for 1 h in air. Fig. 4
shows the variation of dielectric constant and dissipation
factor with frequency measured at room temperature for the
thin films with different europium concentrations. The
dielectric constant of the thin films does not change obviously
with europium concentration within 1–3%, except for the
singly Y3þ -doped ZrO2 thin films. The dissipation factor
decreases with increasing europium concentration. Both the
dielectric constant and the dissipation factor do not show
obvious frequency dispersion in the measured frequency
range. The dielectric constant and dissipation factor are
about 30 and 0.01 at 1 kHz, respectively, for the
5%Eu2O3–3%Y2O3–92%ZrO2 thin film. The dielectric con-
stant is close to that (�27) reported for YSZ films [1,14,15].
But the dissipation factor is much lower than 0.1 reported for
YSZ films on Pt/TiO2/SiO2/Si substrate [16].
Fig. 5 shows the dependence of the capacitance density

of the thin films on the bias electric field measured at a
frequency of 1 kHz at room temperature. It can be noted
that the capacitance density exhibits little variation with
the applied electric field for the thin films with various
europium concentrations. The capacitance density is about
65.5 nf/cm2 at a bias electric field of 500 kV/cm and the
dissipation factor obviously decreases with increasing
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Fig. 4. The variation of dielectric constant and dissipation factor with

frequency for the x%Eu2O3–(8�x)%Y2O3–92%ZrO2 thin films (x¼0, 1,

3, 5, and 7, respectively) prepared on Pt/TiO2/SiO2/Si substrates.
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Fig. 5. The dependence of the capacitance density on bias voltage for the

x%Eu2O3–(8�x)%Y2O3–92%ZrO2 thin films (x¼0, 1, 3, 5, and 7,

respectively) prepared on Pt/TiO2/SiO2/Si substrates.
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Fig. 6. The leakage current density versus applied bias field for the

5%Eu2O3–3% Y2O3–92%ZrO2 thin film deposited on Pt/TiO2/SiO2/Si

substrate.
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Fig. 7. (a) The emission and (b) excitation spectra of the 5%Eu2O3–

3%Y2O3–92%ZrO2 thin film deposited on fused silica substrate annealed

at 700 1C for 1 h in air. The inset (a) shows the photoluminescence

photograph of the thin film.
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europium concentration. The phase structure of ZrO2

significantly influences its physical properties. Since all
the thin films with different Eu contents show tetragonal
phases without phase change, it is likely that the thin films
have stable capacitance densities with a small variation of
less than 0.5% within bias electric field of 500 kV/cm.

Fig. 6 exhibits the I–V characteristic of the 5%Eu2O3–
3%Y2O3–92%ZrO2 thin film deposited on Pt/TiO2/SiO2/Si
substrate. The leakage current density is about 6.5� 10�7 A/
cm2 at 300 kV/cm. This lower leakage current can be
attributed to the large energy band gap and Schottky barrier
height of the YSZ thin films [17,18]. It has been suggested
that Schottky electron emission is likely to be a significant
source of leakage current in high-dielectric gate materials [18].
The larger Schottky barrier heights of YSZ thin films can
provide a sufficiently large electron barrier against electron
emission.
Fig. 7(a) shows the emission spectrum of the 5%Eu2O3–
3%Y2O3–92%ZrO2 thin film deposited on fused silica
substrates annealed at 700 1C for 1 h in air. The photo-
luminescence photograph is shown in the inset of Fig. 7(a).
Under 396 nm light excitation, the thin film deposited on
fused silica substrate exhibits bright red photolumines-
cence with two emission peaks at 593 nm and 609 nm,
which correspond to the 5D0-

5F1 and 5D0-
5F2 transi-

tions of Eu3þ ions, respectively. Fig. 7(b) shows the
excitation spectrum of the 5%Eu2O3–3%Y2O3–92%ZrO2

thin film deposited on fused silica substrate annealed at
700 1C for 1 h in air. The excitation spectrum of the thin
film was monitored at 609 nm. The peaks at 396 nm and
466 nm are due to 7F0,1-

5L6,
7F0,1-

5D2 transitions of
Eu3þ ions, respectively. Additionally, a small shoulder is
visible at around 255 nm. It is typical Eu3þ charge transfer
excitation in the zirconia host [12].
We also studied the impact of Eu concentration on the

emission of the x%Eu2O3–(8�x)%Y2O3–92%ZrO2 thin
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films (x¼0, 1, 3, 5, and 7, respectively) deposited on
Pt/TiO2/SiO2/Si substrates. Fig. 8 shows the emission
spectra of Y/Eu-codoped ZrO2 thin films. The emission
intensity gradually increases with increasing europium
content and finally saturates. The 5%Eu2O3–3%Y2O3–
92%ZrO2 thin film shows the strongest emission. Previous
luminescence studies of the Eu-doped ZrO2 nanoparticles
as a function of Eu3þ content carried out by Ninjbadgar
and coworkers demonstrated that both the dopant con-
centration and the site symmetry of Eu3þ ions played an
important role in the emission properties [12].

At the same time, the optical properties of the Y/Eu-
codoped zirconia thin films were also studied from optical
transmission spectrum in the wavelength range of 200–850 nm.
Fig. 9 shows the optical transmission spectrum of the
5%Eu2O3–3%Y2O3–92%ZrO2 thin film deposited on fused
silica substrate annealed at 700 1C for 1 h in air. The thin film
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Fig. 9. The optical transmission spectrum of the 5%Eu2O3–3%Y2O3–

92%ZrO2 thin film deposited on fused silica substrate.
is highly transparent and colorless to the light with wavelength
longer than 250 nm. The transmission drops rapidly at
250 nm, and the sharp absorption edge is at around 210 nm.
The band gap energy is determined to be 5.5 eV for band gap
transition of the thin film, which is close to the theoretical
value of ZrO2 (5.8 eV) [5].

4. Conclusions

Y/Eu-codoped zirconia thin films have been prepared on
fused silica and Pt/TiO2/SiO2/Si substrates. The thin films
simultaneously possess excellent photoluminescence and
improved electrical properties, such as bright emission,
reduced dissipation factor, and low leakage current density.
Our results suggest that the Y/Eu-codoped zirconia thin films
might have potential applications for new integrated optoe-
lectronic and photonic devices.
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