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Nanostructured thin films of cerium dioxide have been prepared
on single-crystalline silicon substrates by ultrasonic spray
pyrolysis using cerium acetylacetonate as a metal–organic pre-
cursor dissolved in anhydrous methanol and acetic acid as an
additive. The morphology, structure, optical index, and electri-
cal properties were studied by X-ray diffraction, scanning elec-
tron microscopy, atomic force microscopy, ellipsometry, and
impedance spectroscopy. The use of additives is very important
to obtain crack-free films. The substrate temperature and flow
rate was optimized for obtaining smooth (Rao0.4 nm), dense
(n42), and homogeneous nanocrystalline films with grain sizes
as small as 10 nm. The influence of thermal annealing on the
structural properties of films was studied. The low activation
energy calculated for total conductivity (0.133 eV) is attributed
to the nanometric size of the grains.

I. Introduction

CERIUM dioxide (CeO2) has been of great interest during the
last years due to its multiple applications in several key ar-

eas of thin film technology. This material has a cubic fluorite-
type crystal structure (lattice spacing 0.5411 nm) and combines a
large bandgap (o3.5 eV) with a high dielectric constant (e�26),
high ionic conductivity, and high-temperature stability.1–8 Be-
cause of its chemical stability and close lattice parameter match-
ing with silicon (0.35% lattice matching), CeO2 has potential
applicability in the area of optoelectronics: in silicon-on-insula-
tor structures, stable capacitor devices for large-scale integra-
tion, photoelectrodes in dye-sensitized solar cells, and stable
buffer layers between high-temperature superconducting mate-
rials and silicon substrates.6–14 The high ionic conductivity has
attracted great interest for applications such as gas sensors15,16

and electrolyte or anode materials for intermediate-temperature
solid oxide fuel cells (IT-SOFC).17–28

Several physical and chemical processes have been used to
prepare CeO2 thin films, including flash evaporation,3 electron-
beam evaporation,4,5,9,15 spin coating,1,2,16,23 sputtering,6,29

MOCVD,30 laser ablation,31–33, and spray pyrolysis in its three
versions: electrostatic, pneumatic, and ultrasonic.7,11–14,18–20,33,34

Among them, the spray pyrolysis techniques are very attractive

for the industry, because they allow the deposition of a wide
variety of ceramic films over large areas with a simple process at
low costs. Each one of the spray pyrolysis versions has advan-
tages and drawbacks in terms of complexity and quality of the
deposit.35,36 Electrostatic spray deposition (ESD) has been used
for preparing YSZ- and CeO2-based films.14,18,20,36,37 This tech-
nique produces almost monodispersed and fine drops; however,
the effect of preferential landing of the charged droplets can lead
to porous and/or cracked films. In pressurized spray deposition,
there is less control on the microstructure of the deposited films
due to a higher dispersion of droplet sizes.38 However, it is re-
ported as a more adequate technique to deposit dense films
compared with the ESD technique. Ultrasonic spray deposition
(USD) allows a smaller and homogeneous droplet size than
electrostatic or pressurized spray,35 and it has been widely used
to prepare YSZ thin films.35,39–41 In contrast, CeO2 thin films
have been produced only by Wang et al.13 using USD. Anyway,
in the three cases, the selection of precursors and the process of
parameters’ optimization have a great influence in the final
properties of the films.

Nanostructured materials are characterized by unique
physico-chemical properties with important applications. One
of the most rapidly growing areas of investigation is the IT-
SOFC.21–24,27,28,34,35,42,43 Recently, ultrasonic spray pyrolysis
with optimized process conditions has been used for obtaining
nanostructured YSZ thin films, improving their electrical prop-
erties,35 but conductivities are still low. The efficiency of this
material as an electrolyte in SOFC can be increased using mul-
tilayer systems with nanostructured ceria-based materials.18,26,28

But there are no reports of nanostructured ceria thin films ob-
tained by this technique.

In this work, ultrasonic spray pyrolysis was used to deposit
dense CeO2 thin films with nanometric grain size. A study of the
influence of different deposition parameters and the thermal an-
nealing in the morphology of the films was made. The electrical
properties of the films obtained were measured and compared
with previous reports.

II. Experimental Procedure

The experimental setup shown in Garcı́a-Sánchez et al.35 was
used. The diameter of the nozzle was 16 mm and the distance
nozzle-substrate was fixed to 20 mm. Films were deposited onto
(100) n-type, 200 O � cm single crystalline silicon slices in order to
perform electrical measurements at high temperatures. The sub-
strates were ultrasonically cleaned, with trichloroethylene, ace-
tone, methanol, and 5% HF solution in order to remove the
native oxide. The spray solution was 0.025M of cerium (IV)
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acetylacetonate [Ce(acac)45Ce(C5H7O2)4] from Sigma-Aldrich
Chemicals, (México D.F., México) dissolved in anhydrous
methanol. The additive’s influence was studied by adding 1
mL of acetic acid (CH3COOH) in 0.5 L of anhydrous metha-
nol. The temperature of the heating plate (Ts) was controlled in
the range of 3251–6001C, and the deposition time (td) was varied
between 5 and 30 min. The carrier gas flow rate was fixed at 1.5
L/min and the director gas, air in both cases, was varied between
1 and 3.5 L/min.

The mass loss profile was registered by simultaneous thermo-
gravimetric analysis (TGA) and differential scanning calorimety
(DSC) (TA Instruments model SDT Q600 version 8.3, México
D.F., México). The instrument control software (‘‘Universal
Analysis’’) was used to process the data. The heating rate was
51C/min in a flow of air. The films were examined with field
emission scanning electron microscopy (SEM) (XL 30 FEG/
SIRION with focused ion- and electron-beam, energy-dispersive
X-ray spectroscopy, and energy-dispersive angle X-ray GENE-
SIS 4000). An atomic force microscope (AFM) (Jeol, JSPM-
4210, México D.F., México) was used to analyze the surface of
the samples. The crystalline structure was studied by X-ray
diffraction (XRD) (Siemens D-500 diffractometer (México
D.F., México) using the CuKa wavelength (1.54056 Å)). The
X-ray source was operated with a voltage of 25 kV and a current
of 30 mA, to produce an intense X-ray beam whose incidence
angle was 11. The XRD spectra were obtained for 2y angles in
the range from 21 to 701 with steps of 0.0201. Considering the
small thickness of the film, a long integration or step time (6.9 s)
was used in order to obtain high-quality XRD spectra. Under
these experimental conditions, the total acquisition time of each
spectrum was around 11 h. The unit cell parameters were cal-
culated using the Celref3 program.

Fourier-transformed infrared spectroscopy measurements
(FTIR Nicolet Nexus 670, México D.F., México) demonstrated
the absence of water in the films. The thickness of the films was
measured with a profilometer (Sloan Dektac IIA, Tucson, AZ).
For this purpose, a small part of the substrate was covered with
a cover pyrex glass to form a step during deposition. The thick-
ness of films was also measured by ellipsometry (Gaertner 117A
ellipsometer, Skokie, IL) using the 633 nm line from a He–Ne
laser. Both methods ellipsometry and profilometry indicated
similar thickness values for films deposited at the same condi-
tions. The room-temperature refractive index was calculated us-
ing the AUTOST program provided by the ellipsometer.

AC measurements were carried out using a Frequency Re-
sponse Analyzer (Solartron 1260) over the range 0.1 Hzofo10
MHz and for temperatures between 251 and 3501C. A parallel
pattern of two gold electrodes was sputtered on the film surface
to be used as electrodes.3,35

III. Results and Discussion

(1) Thermal Analysis of Metal–Organic Precursors

The TG and DSC curves of metal–organic precursor obtained in
air atmosphere are shown in Fig. 1. TGA curve shows three
well-defined steps. The first two steps (weight loss of B13%)
start at room temperature and finish at approximately 1201C.
These are attributed to water desorption. From 2751 to 3251C,
there is a rapid weight loss (of B53%) and finally, decomposi-
tion of Ce(acac)4 is completed at 3421C. The rapid loss is
accompanied by a strong exothermic peak, which can be attrib-
uted to the decomposition of cerium acetylacetonate into oxides.
The decomposition temperature of cerium acetylacetonate is
thus found to be 3421C.

In spray pyrolysis, vaporization of the solvent occurs with the
increase of droplets temperature while they gradually approach
the surface of the substrate. Typical CVD characteristics are
obtained in this method when the metal–organic precursor de-
composes to metal oxides just above the substrate.41 Then, the
substrate temperature should be higher than the decomposition
temperature of the precursors.35,38,41 In this work, we chose
3251–6001C as the deposition temperatures for different films.

(2) Influence of Additives

SEM micrographs of the films grown during 10 min at 4001C
with and without acetic acid are shown in Figs. 2(a) and (b),
respectively. In films grown without additives, the presence of
cracks is observed (Fig. 2(a)).

AFM images (supplementary information) show that the
samples grown without additives present pores when either the
temperature or time were varied. It is important to note that in
the precursor solution of these samples, low solubility was also
observed. This low solubility must be caused by the presence of
water in the solution. Although anhydrous methanol is used,
this solvent is hydrophilic, and the presence of water in cerium
acetylacetonate was observed in thermal analysis in Fig. 1. The
water in the solution produces cerium hydroxides, which have

Fig. 1. Thermogravimetric and differential scanning calorimetric data
for Ce(acac)4 in air, 51C/min.

Fig. 2. Scanning electron microscopic images of films grown at 4001C
for 10 min (a) without and (b) with additives.
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low solubility and different decomposition temperature. Acetic
acid avoids the formation of hydroxides, allowing the homoge-
neity of the solution and the formation of dense films
(Fig. 2(b)).44,45 In other materials too it has been observed
that the presence of acetic acid changes the pH, the surface ten-
sion of solution and favors the formation of more homogeneous
and smaller droplets.44–47 Anyway, as crack-free samples are
desired, additives were used in the solution for the rest of the
samples.

(3) Influence of Substrate Temperature

SEM images (not shown) do not exhibit observable differences
in samples grown at different temperatures for 10 min. The films
have good adherence to substrates, and no cracks or detach-
ments were observed, even for films deposited at low tempera-
tures. It must be due to the small droplet size and the small flow
rate of the carrier gas, which allows the evaporation of solvents
from droplets before arriving to the substrate, avoiding addi-
tional stresses during the fast-drying process.35 This is a very
important factor considering the potential application of these
films in SOFC or oxygen sensors.

However, in AFM images can be observed a more irregular
surface with larger grain size (Fig. 3(a)) in the sample deposited
at the lowest substrate temperature (325 1C). Although great
splashes are not observed for the small size of droplets, the tem-
perature of these samples is lower than the decomposition of
precursor and the reaction occurs in the surface of the sample-
forming spaced grains.35,37 With the increase of temperature at
425 1C (Fig. 3(b)), a smooth surface is obtained indicating a
CVD-like process.41 The grain size was calculated increasing the
magnification of SEM images and using the Digital Micrograph
software.35 An average grain size around 10 nm was estimated,
in concordance with AFM results. The surface roughness (Ra) of
the AFM scans in samples growth at these temperatures was
lower than 0.4 nm, indicating a smooth surface. At higher tem-
peratures, once again an irregular surface is obtained by the ar-
rivial of dry droplets in the surface of the substrate (Fig. 3(c)).35

These results are in coincidence with the variations of refrac-
tive index with the substrate temperature (Fig. 4). It has been
known that porosity decreases the refractive index of
films.4,5,9,15,48 In general, it has been reported that CeO2 grown
in a columnar structure with a high amount of pores in the
structure, results in a low refractive index (no2 for as-grown
samples)4,5,9,15 related to the bulk (n5 2.3649 or 2.44). In Fig. 4 is
observed that the refractive index increases with the temperature
of the substrate until 4501C, after which it remains constant.
From the analysis of AFM results (Fig. 3(c)), it is expected that
the refractive index decreases with the increase of porosity at
higher temperatures. But the increase of experimental uncer-
tainties at higher temperatures—due to the increased superficial
roughness that scatters the laser signal—hinders a concluding
result. Using the Lorentz–Lorentz law to relate the film density
with the refractive index,15,48 the relative density of the films at
4251C is 0.89. This value indicates a higher density than at ob-
tained in other reports.4,5,9,15 Then, 4251C was selected as the
optimal substrate temperature.

(4) Influence of Flow Rates

When a liquid is subjected to a sufficiently high intensity of ul-
trasonic field, the splitting of liquid occurs to form droplets and
they are ejected from the liquid interface into the surrounding
air as a very fine dense fog. The flow rate of aerosol carrier gas
adjusts the fog density varying the air flow passing over the liq-
uid surface, an important factor to obtain homogeneous films.50

This flow rate value was adjusted to 1.5 L/min to obtain a dense
and constant fog. In the experimental system, a director gas was
added, which allowed to increase the velocity of droplets arriv-
ing on the heated substrate, but in the same way reduced the
time of approaching of droplets into the substrate.35 The change
of flow can also produce some droplets that join together to
increase their size, and producing splashes in the surface of

the film, as it is observed in Fig. 5 for a director gas flow rate of
3.5 L/min. Then, a director gas flow rate of 1.0 L/min was used
in the rest of the samples.

Fig. 3. Atomic force microscopic images of films grown at (a) 3251C,
(b) 4251C, and (c) 6001C for 10 min.
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(5) Influence of the Deposition Time

An increase in deposition time does not produce important
changes in the morphology of films.4,32,35,39 Figure 6 shows the
dependence of the thickness of the film deposited at 4251C as a
function of deposition time. As it can be seen, the thickness of
the film increases linearly with the deposition time. This shows
that the film layer can be well adjusted, which is very important
in technological applications. A similar result was found at the
other substrate temperatures.

(6) Influence of Thermal Annealing

Considering that the decomposition temperature of Ce(acac)4 is
over 3421C (Fig. 1), CeO2 films without organic residues must be
expected in samples grown at temperatures higher than 3501C.
Anyway, a thermal annealing at 6001C for 2 h, was conducted
on to the films, considering that this temperature is close to the
expected operating temperature of thin film fuel cell.18 Figure 7
shows the results of XRD of a film grown at 425 1C with and
without thermal annealing.

The XRD pattern shows that the film is crystalline in both
cases, corresponding to cubic ceria (JCPDS file no. 34-0394)
having a fluorite structure (space group Fm3m) and the second
phases are not present.2,3,12,30 The structure does not change
with thermal annealing. No preferential orientation is observed
in the XRD pattern in the direction of the substrate, but it is
important to note that an amorphous silicon dioxide film of the

order of 10 nm is formed at the Si/CeO2 interface after
and during the growth process.51,52 The lattice parameter (a),
calculated from the peaks positions, is (0.540570.0010) and
(0.541870.0013) nm for thermal treated and as-grown
samples, respectively, in coincidence with the reported val-
ues.2,3,6,7,11,12,29,30 The average crystallite sizes (D) were esti-
mated from XRD patterns for the (200) peak, using the Scherrer
formula corrected for instrument contribution, as

D ¼ 0:9l
b cos yB

(1)

where l is the wavelength of the incident beam, b is the intrinsic
width at half maximum of the hkl line and yB is the Bragg
diffraction angle. The crystallite sizes in as-grown and annealed
samples were of 7.2 and 8.2 nm, respectively, in agreement with
the measured values by SEM. As in previous reports, the crys-
tallite size is higher in annealed samples.35

(7) Electrical Properties

The ac impedance measurements were carried out from 211 to
3501C for films grown at a substrate temperature of 4251C for 10
min. Figure 8 shows the behavior of a real part of conductivity
vs. frequency at different temperatures.

Fig. 4. Room temperature refractive index as a function of substrate
temperature for film growth.

Fig. 5. Scanning electron microscopic image of film grown at 4251C
with director gas flow rate of 3.5 L/min.

Fig. 6. Variation of thickness with deposition time in samples grown at
425 1C.

Fig. 7. X-ray diffraction plots of films grown at 4251C for 30 min (a)
without and (b) with thermal annealing.
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At low frequencies, the conductivity shows almost no depen-
dence on the frequency, corresponding to a dc conduction mech-
anism.53 With the increase of frequency, a dispersion of
conductivity is observed suggesting a power law. Next, the con-
ductivity becomes constant again and forms another plateau.
Finally, another dispersion is observed at higher frequencies that
overlap with the plateau. Comparing with reports in CeO2 thin
films obtained by flash evaporation, the electrode response is not
expected in this frequency range.3 Then, the first dispersion can
be associated to a grain boundary process and the other one to
the response of grains. The capacity associated to these pro-
cesses (B10�8 and B10�11 F, respectively) in an impedance
complex plots confirms these results.53 In this case, the dc con-
ductivity is associated to the total response of the film, including
grain and grain boundary behavior. The conductivity is in-
creased in one order of magnitude with respect to that obtained
by flash evaporation.3 This result is attributed to dense and
smooth films with nanometric size of grains obtained. Similar
results were recently obtained in nanostructured YSZ thin
films.35

The values of dc conductivity were measured at 1 Hz, because
this frequency belongs, for all temperatures, to the frequency-
independent interval of the ac response. The plot of log (sT) vs
1/T adjusts quite well to straight lines (Fig. 9), which indicates

that the conductivity for all these samples can be expressed in
the form of the Arrhenius relationship: sT5A exp(�Ea/kT),
where Ea is the activation energy for ion migration, A is the pre-
exponetial factor, k is the Boltzmann constant, and T is the
temperature in Kelvin. The activation energy (0.13 eV) is low
with respect to other reports.1–3,9,33 Porqueras et al.9 report ac-
tivation energy values between 0.28 eV and 0.1 eV in CeO2 thin
films deposited by e-beam PVD, when the temperature is below
1001C. But in that case, this low value is attributed to the loss of
water in the heating process, which is not expected at the mea-
surement temperatures in this work. Suzuki et al.1 report an in-
crease of defect concentration with the decrease of grain size.
They obtain activation energy of 0.99 eV, but they conclude that
the electrical conductivity of nanocrystalline CeO2 is microstruc-
ture dependent, the activation energy decreases with the de-
creasing of grain size. Similar results were obtained by Rupp
et al.33 in gadolinia-doped ceria thin films, where the activation
energy decreases linearly from 1.04 to 0.77 eV with a decreasing
average grain size from 76 to 29 nm. Anyway, this is not a single
phenomenon as the conducting species can be electrons or ox-
ygen ions. Separation of ionic and electronic component using a
method recently developed and the analysis of its influence in the
total conductivity reported is now in progress.54

IV. Conclusions

Smooth, dense, and homogeneous CeO2 films have been depos-
ited in silicon substrates by ultrasonic spray pyrolysis. Acetic
acid was added to the solution for obtaining crack-free films.
The use of ultrasonic-generated mist and low concentration of
precursor permitted to obtain small droplets. The decrease of
droplets diameter allowed the use of low substrate temperature,
increasing the deposition rate, and reducing the splashing resi-
dues on the surface. With these experimental conditions, nano-
structured films with particles sizeso10 nm were produced. The
conductivity of films is increased and the activation energy is
reduced with the reduction of porosity and nanoparticles size,
which is very important in low-temperature electrochemical de-
vices based on CeO2.
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