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Cerium dioxide (CeO2) films have been epitaxially grown on SrTiO3 (001) substrates by pulsed laser
deposition using a metallic Ce target in oxygen ambient. In situ reflection high energy electron diffraction
and X-ray diffraction confirm the formation of epitaxial (001) oriented CeO2 phase. Atomic force
microscope and Raman spectra were used to characterize the surface morphologies and the bonding
structures of the CeO2 films. Epitaxial growth of thick CeO2 films contributes chiefly to a uniform and
smooth surface with root mean square roughness of up to 0.272 nm and a high-symmetry F2g mode.

Crown Copyright � 2012 Published by Elsevier Ltd. All rights reserved.
Considerable attention has been paid to the research of cerium
dioxide (CeO2) thin films for more than a decade, because CeO2 is
an important material with a wide variety of technological appli-
cations, such as catalysis, fuel cells, sensors, microelectronics,
optical coatings and films [1,2].

This lattice parameter match or mismatch is an important factor
in thin film growth. Cubic fluorite and perovskite CeO2 having an
excellent lattice matching with SrTiO3 by rotation 45� along the
(001) direction can be epitaxially grown on SrTiO3 (001) substrates
by molecular-beam epitaxy [3]. Also, by simply rotation 45� in the
CeO2 basal plane, the lattice mismatch will be 0.16% and 1.7% along
a and b axis of (YBCO), respectively. CeO2 is one of the most
promising buffer layers and diffusion barriers in the growth of
high-temperature superconductors such as YBa2Cu3O7�d (YBCO)
[4,5]. It is important to obtain (001) oriented CeO2 in order to grow
c-axis oriented epitaxial YBCO films [6,7]. Pulsed laser deposition
(PLD) can provide a convenient route to achieve YBCO/CeO2 het-
eroepitaxial layers [8]. As recently stated by Magdalena Klimczak-
Chmielowska et al. [1], the thin film formation process in PLD can
be divided into the following four steps: (ⅰ) laser radiation inter-
action with the target; (ⅱ) dynamic of the ablated materials; (ⅲ)
deposition of the ablated materials on the substrate; and (ⅳ)
nucleation and growth of a thin film on the substrate surface.
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Among them, ⅰ and ⅱ, namely laser radiation with the target and
dynamic of the ablated materials, are key factors that influence the
quality of the thin films. Using a metallic target, the high quality
metallic oxide films were grown by PLD method in optimum
condition due to single metallic bond (relatively less covalent bond)
ablated by laser and a lower ablation fluence [9,10]. Usually, the
CeO2 films are obtained using a CeO2 target [11], but the technique
has such disadvantages of CeO2 target over Ce metallic target as
more particles in the plasma and higher ablation fluence, which
greatly limited the potential application of epitaxial CeO2 films in
many fields. To avoid these disadvantages of epitaxial growth of
CeO2 films, we have recently developed a variant technique in
which the CeO2 films are grown using a metallic target.

In this letter, (001) oriented CeO2 films first epitaxially grown on
the SrTiO3 (001) substrates by PLD using a metallic Ce target in the
background gas of O2. The crystalline characteristics, growth
mechanism, surface morphologies, and bonding structures of the
CeO2 films were investigated.

The CeO2 films were prepared on the SrTiO3 (001) substrates by
PLD using a metallic Ce target in the oxygen ambient. The metallic
Ce target was rotated during the ablation process to reduce the
possible nonuniform erosion, which is the optimum distance of
about 60mm away from the substrates for epitaxial growth of CeO2
films. Oxygen gas was supplied into the chamber at a flow rate of
5 sccm. The films were deposited in the background pressure of
w2 � 10�6 Pa and experimental pressure of w5 � 10�5 Pa. Plasma
was produced between the SrTiO3 substrate and the metallic Ce
rights reserved.
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Fig. 1. (a) Typical RHEED intensity oscillation recorded on streak during the CeO2 epitaxial growth. Typical RHEED patterns collected at (b) 0 s, (c) 15 s, (c) 170 s and (e) after
deposition.

Fig. 2. (a) XRD pattern of the CeO2 film on the SrTiO3 substrate and (b) X-ray rocking
curve for (002) reflection of the CeO2 film.
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target using a focused KrF (248 nm) laser with an energy density of
w1.5 J/cm2 and a repetition rate of 1 Hz. The substrate temperature
was kept at approximately 500 �C during deposition. The crystal-
linity of the surfaces of the as-grown films was probed in situ by
reflection high energy electron diffraction (RHEED). The surface
morphologies and structures of the films were analyzed ex situ by
atomic force microscope (SEIKO SPA-300HV) and X-ray diffraction
(XRD, X’Pert Pro with Cu-Ka radiation source), respectively. Raman
spectra (exited by 528 nm, in Via made in Renishaw Corporation)
were used to characterize the bonding structures of the CeO2 films.

Fig. 1(a) shows the intensity variation of RHEED specular beam
spot during CeO2 film growth on SrTiO3 (001) substrate using the
metallic Ce target in the oxygen ambient. Due to the layer-by-layer
epitaxial growth of the CeO2 film, the periodic intensity oscillation
curve was observed. One period of oscillation corresponds to the
growth of one unit cell of CeO2. The growth rate is estimated to be
0.0483 monolayer (ML)/s by the analysis of the oscillation period,
where 1 ML corresponds to a layer thickness of 0.541 nm, the value
of the c-axis lattice constant of the bulk CeO2. As shown in Fig. 1(a),
the oscillatory behavior can persist up to about 35 cycles corre-
sponding to 18.9 nm. The thickness of the CeO2 film is about 150 nm
determined by calculation and analysis of the in situ RHEED
intensity oscillation. Fig. 1(b)e(e) shows typical RHEED patterns
collected at 0 s, 15 s, 170 s and after deposition, respectively. In
order to give evolution of epitaxial growth of the CeO2 film, the
RHEED pattern of SrTiO3 (001) substrate surface collected before
deposition is shown in Fig. 1(b). As soon as the deposition started,
the superstructures of the SrTiO3 (001) surface vanished. The
streaks were clearly observed throughout the deposition of the
CeO2 film as thick as 150 nm. The RHEED pattern shown in Fig. 1(e)
is taken from the film after deposition, which is a perfect CeO2 (001)
single crystal pattern of <011> azimuth without extra spots and
has short streaks, indicating that the sample is high-quality single
crystalline CeO2 (001) layer. The patterns collected in the period
(after deposition) remained to be streaky, indicating that the
surface was atomically smooth with a layer-by-layer growth.
Epitaxial CeO2 films grown using a CeO2 ceramic target have
a layer-by-layer growth mode up to a thickness of 100 nm [12]. The
alternative method of using a metallic Ce target can take advantage
of a layer-by-layer growth of CeO2 films.

Fig. 2(a) shows the X-ray diffraction qe2q scans of the CeO2 film
on the SrTiO3 (001) substrate. Only the (002) and (004) peaks of the
CeO2 film appear in the diffraction patterns, indicating that the



Fig. 3. AFM images of the CeO2 film taken over scan areas of (a) 2 � 2 mm2 and (b) 500 � 500 nm2.
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CeO2 film is basically c-axis oriented. X-ray rocking curve for (002)
reflection of the CeO2 film is shown in Fig. 2(b). The rocking
measurement of the CeO2 film grown using themetallic Ce target in
the oxygen ambient reveals that the width at half maximum is
found to be 0.97�, suggesting that the CeO2 film has good single
crystallinity. The laser absorption in metallic targets is higher than
that in dielectric targets. The total number of electrons emitted
from metallic targets is more than that from dielectric targets and
the hot electron temperature in metallic targets is higher than that
of dielectric targets [13]. Since a method of using a metallic Ce
target change the laser absorption, the total number of electrons
and the hot electron temperature in a metallic Ce target, the
structural perfection of the epitaxial CeO2 film seems to be
dependent on the method of using a metallic Ce target. This new
alternative method of using a cerium metallic target, as compared
to ceramic target, allows a better control of the cerium oxidation
and leads to good structural properties that can be used to many
interesting oxides such as ZnO, VO2, WO3, or TiO2 [14]. The thick
c-axis oriented CeO2 epitaxial film is a potential application for the
growth of c-axis oriented epitaxial YBCO films.

AFM images of the CeO2 film is shown in Fig. 3. In order to verify
the layer-by-layer growth, two different areas of the film surface
were selected to take pictures. The surface of the film is uniform
and smooth, and the root mean square values are 0.272 nm and
0.271 nm for scan areas of 2 � 2 mm2 and 500 � 500 nm2,
respectively. The almost same root mean square values of two
Fig. 4. Raman spectra (528 nm excitation) of the CeO2 film.
different areas are attributed to the epitaxial growth along c-axis
oriented CeO2.

Fig. 4 shows the Raman scattering spectra of the CeO2 film. The
sharp peak at 464 cm�1 is attributed to symmetric F2g mode [15].
And the weak peaks at around 120, 246, 321, 622, 670 and
1605 cm�1, as shown in the red plotting, are due to the Raman
active modes of the SrTiO3 substrate. The high intensity of the peak
corresponds to the best quality films deposited at the optimum
growth condition, which is consistent with the in situ RHEED and X-
ray diffraction results. However, the peak is slightly shifted with
respect to those of the single crystal and its FWHM is slightly broad.
This is crystal distortion caused by the lattice mismatch between
the CeO2 film and the SrTiO3 substrate.

Epitaxial CeO2 films were grown on the SrTiO3 (001) substrates
by PLD using the metallic Ce target. The c-axis oriented CeO2
epitaxial growth is identified by the in situ reflection high energy
electron diffraction and X-ray diffraction. Epitaxial growth of 150-
nm-thick CeO2 films contributes chiefly to a uniform and smooth
surface with root mean square roughness of up to 0.272 nm. The
high-symmetry F2g mode is determined by the structural perfec-
tion of the films. The thick c-axis oriented CeO2 epitaxial film is
a potential application for the growth of c-axis oriented epitaxial
YBCO films.
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