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Nanocrystalline, uniform, dense, and adherent cerium oxide (CeO;) thin films have been successfully
deposited by a simple and cost effective spray pyrolysis technique. CeO, films were deposited at low
substrate and annealing temperatures of 350°C and 500 °C, respectively. Films were characterized by
differential thermal analysis, X-ray diffraction, scanning electron microscopy, atomic force microscopy;
two probe resistivity method and impedance spectroscopy. X-ray diffraction analysis revealed the for-
mation of single phase, well crystalline thin films with cubic fluorite structure. Crystallite size was found
to be in the range of 10-15nm. AFM showed formation of smooth films with morphological grain size
27 nm. Films were found to be highly resistive with room temperature resistivity of the order of 107  cm.
Activation energy was calculated and found to be 0.78 eV. The deposited film showed high oxygen ion
conductivity of 5.94 x 103 Scm~" at 350 °C. Thus, the deposited material shows a potential application in
intermediate temperature solid oxide fuel cells (IT-SOFC) and might be useful for u-SOFC and industrial
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1. Introduction

Ceria (Ce0,), a stable fluorite-type oxide, is an attractive mate-
rial with multiple applications such as protective coating on
superconducting thin films [1], corrosion resistance coatings [2],
electrochromic layers [3], gate insulators on silicon [4], the key
component in the three way catalyst [5], in microelectronics, opto-
electronics and photo catalysis [6].

Recently, ceria based thin films have shown various applica-
tions in the field of solid oxide fuel cells (SOFC) too. Ceria-based
thin films can be used as solid electrolytes in SOFC due to their
higher ionic conductivity with respect to stabilized zirconia and
a lower cost in comparison with lanthanum gallate based phases
[7,8]. Ceria has catalytic activity for the oxidation of hydrocarbon
fuels hence is included in the anode to enhance anode performance
[9,10]. Doped or undoped ceria oxides are commonly applied as
sulfur tolerant component in metal cermet anodes due to good per-
formance at lower cost relative to available alternatives. CeO, has
been widely used in sulfur removal processes and adds coking resis-
tance in catalytic processes. When used together with Ni to form
a cermet anode CeO, also clearly suppresses the sulfur poisoning
of Ni, which indicates that CeO,, efficiently acts as a H,S absorbent
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in fuel cells [11,12]. Due to mixed ionic conductivity, reduced ceria
also increases the length of the three phase boundary [13].

There are different methods to synthesize the CeO, thin films
such as, sputtering [ 14], laser ablation [15], chemical vapor deposi-
tion [16], sol-gel deposition [17], microwave induced combustion
[18], anodic electrodeposition [19], spray pyrolysis [20-26].

Spray pyrolysis is an integrated process, which consists of three
consecutive steps, namely atomization of liquid into droplets, trav-
eling of droplets with atomization gas and deposition of droplets
on to three-dimensional reform. Unlike many other film deposition
techniques, spray pyrolysis technique offers an attractive way for
the formation of thin films [27].

In the present investigation, nano-crystalline, uniform, dense,
and adherent cerium oxide thin films have been successfully
deposited by a simple and cost effective spray pyrolysis technique
at low substrate and annealing temperature of 350°C and 500°C,
respectively. Deposited films have high oxygen ion conductivity
than reported by others. The films were characterized for their
structural, morphological and transport properties and the results
are reported in the paper.

2. Experimental

Ceria films were synthesized using spray pyrolysis technique by dissolving
cerium nitrate Ce(NOs3)3-6H,0 (99.9% pure, Loba chemicals) in double distilled
water. Spray system used is described in detail elsewhere [28]. Ultrasonically
cleaned plane glass plates (3.7 cm x 1.2 cm) were used as substrates. Use of double
distilled water as solvent and glass plates as substrates are among the parame-
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ters that has made the film formation process cost effective. Optimized preparative
parameters for the deposition of thin films of ceria material were, spray rate —
5 ml/min, concentration of precursor solution — 0.1 M, quantity — 40 ml. Substrate
temperature was varied from 300 to 400 °C with an interval of 50 °C and these films
were described as F3og, F350 and F40p.

Deposited films were allowed to cool slowly. These films were further annealed
in tube furnace at 500 °C for 2 h and described as Fasgg, Fa3so and Fasgo, These films
were then characterized by X-ray diffraction (XRD) technique. From XRD studies,
optimized substrate temperature for the deposition of CeO, films was found to be
350°C. In order to see effect of annealing temperature on phase formation, film
deposited at 350°C substrate temperatures was then annealed in tube furnace at
various temperatures such as 400 °C, 450 °C and 500 °C. These films were described
as Fua00, Faaso and Fysoo, respectively. Here film Fasso = Fysoo. Description of the sam-
ples is given in Table 1. Film thickness was calculated by using weight difference
method [29]:

(e weight difference

o (1)

where A is the area of the film and p is the density of the bulk material and for ceria
density was taken as 7.215 g/cm?. Film thickness was found to be 0.91 pm.

The material from as deposited thin films was scratched out from the substrate
and then differential thermal analysis (DTA) and thermogravimetric analysis (TGA)
were studied by using an instrument SDT-2960, TA Inc., USA, with a heating rate
10°C/min from 10 to 1000°C in air environment. The films were characterized by
XRD technique using Phillips PW-1710 diffractometer with CuK, radiation having
wavelength 1.5424 A. The spectra were obtained over the 26 range 10-100°. The
diffractometer was operated at 40 kV and 30 mA. The crystallite size was determined
by using Scherrer’s formula.

Two-probe resistivity method was used to study the effect of substrate tempera-
ture on the electrical property of CeO, film in the temperature range 27-425°C. The
method was reported in detail in our previous work [27]. Scanning electron micro-
scope (SEM) image of the film was taken by using SEM model, JEOL ]SM 6360. Grain
size and surface roughness of the film was measured by using atomic force micro-
scope (AFM) model, nanoscope E of Digital Instruments, USA in contact mode, with
V-shape silicon nitride cantilever of length 100 wm and spring constant 0.58 N/m.
Two-probe impedance measurement technique was used for impedance measure-
ment. Impedance measurement of the film was carried out in air at 350°C using
LCR meter bridge (model HP 4284A) with frequency range of 100Hz to 1 MHz and
amplitude of 1V. In this technique a brass block was used as a sample holder cum
heater. The area of the film on the glass substrate was defined as 1.2cm x 1.2 cm
and silver paste was applied to ensure the ohmic contact to the film. Two press con-
tacts were made to the film with the help of pointed brass screws. Cromel-Alumel
thermocouple was used to measure the temperature.

3. Results and discussion
3.1. DTA-TGA study

DTA-TGA studies were carried out in order to find the post heat
treatment temperature for the CeO, phase formation. CeO, films
were deposited at 350 °C substrate temperature on glass substrate
and powder was scratched from the substrate for the study. Fig. 1
shows the DTA-TGA curve of the spray deposited ceria powder.
DTA study shows flattened exothermic peak at 279 °C, the peak is
due to removal of the remains of nitrate precursor solution present
in the powder. TGA curve shows weight loss of 2.8% up to 350°C
above this temperature not much loss in weight was observed.
Thus, DTA-TGA studies revealed that, the decomposition temper-
ature for the CeO, phase formation is in the range of 300-350°C.
The following reaction proceeds during spray pyrolysis:

Ce(NO3)s - 6H,0 + Hy0°"=3" “CeOy ) + 7H,0(4) + 3NO,

+(1/2)0; (2)

Hence, in order to remove the remains of the precursor solution
present in as deposited films, there was necessity to further post
heat these films. From Fig. 1, it is clear that the material is com-
pletely decomposed after 350 °C. The substrates used were of glass
and glass starts melting above 500-550°C [27]. Therefore, in the
present investigation, films were post heat treated at 500°C for 2 h
in tube furnace.
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Fig. 1. The simultaneous DTA-TGA curves of spray deposited CeO, powder.

3.2. Effect of Substrate Temperature on the XRD patterns of the
ceria films

In spray pyrolysis technique, substrate temperature plays an
important role in film formation. In order to study the effect of
substrate temperature on the CeO, phase formation, Fa3gg, Fa3so,
Fa400, and F35q films were characterized by using X-ray diffractome-
ter. Fig. 2 shows the XRD patterns of these CeO, films. It has been
reported earlier that when thin films are deposited by spray pyroly-
sis the material is amorphous and crystallization occurs during the
first annealing for temperatures above the film deposition temper-
ature [26,30]. But from Fig. 2, it is clear that not only annealed films
but also as deposited films were polycrystalline in nature. All peaks
have been identified and indexed from the known patterns of the
standard data files [31].

Average lattice constant ‘a’ of Fa3gg, Fasso and Fagop and Fssg
Ce0,, films have been calculated and were found to be 5.4116 A,
5.4088 A, 5.4176 A and 5.4199 A, respectively. The ‘a’ values for all
samples matches well with the reported values [20,32,33].

The observed and standard ‘d’ values of the spray deposited CeO,
thin films are listed in Table 2. It is observed that for all films (111)
reflection is most prominent, also number of peaks correspond-
ing to the ceria phase found to increase with increase in substrate
temperature. No peak corresponding to elemental cerium deposi-
tion was observed, confirming the formation of single phase ceria
films. The comparison of (11 1) peak intensity with substrate tem-
perature shows that the peak intensity of (111) peak is less for
Fa300, Faqoo films than for Fp3s59, It means that well crystalline film
of CeO,, is forming at 350 °C substrate temperature, and hence this
substrate temperature was optimized for further study.

The highest intensity X-ray diffraction (11 1) peak lying at about
260 =28° has been further analyzed to yield the crystallite size of the
ceria material by using the Scherrer’s formula [34]:

091
~ BcosB

where d is the crystallite size of the material, A is the wavelength
of the X-ray radiation, 8 is the full width at half maxima and 6 is
the angle of diffraction.

Crystallite size of Fp30g, Fasso and Faggg and Fssq ceria films were
found to be 13, 15, 11 and 10 nm, respectively. Not much differ-
ence in crystallite size with substrate temperature was observed.
The synthesis of ultra fine ceria material is of practical importance

(3)
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Fig. 2. The XRD patterns of (a) Faso, (b) Fa3so, (€) Faso0, and (d) F3so CeO, films.

to get dense sintered product at a lower sintering temperature,
in particular when problem of change of valence state of cerium
(Ce** to Ce3*) is associated during sintering at higher temperature
(>1300°C) [35]. Hence nanocrystalline cerium oxide deposited by
spray pyrolysis technique can help to reduce the sintering temper-
ature.

3.3. Effect of annealing temperature on the XRD patterns of the
ceria films

Fig. 3 shows XRD patterns of CeO, films deposited at 350 °C sub-
strate temperatures and annealed at 400 °C - Fyg9, 450 °C - Fyas0
and 500°C - Fysqp for 2 h. Deposited ceria films are found to be
polycrystalline in nature.

Lattice constants ‘a’ of Fya00, Faso and Fysgg, F350 have been cal-
culated and found to be 5.4091 A, 5.4141 A, 5.4089 A, and 5.4199 A,
respectively. The ‘a’ values for all samples matches well with the
reported values for cubic fluorite CeO, phases [20,32,33].

The d values and the lattice constants of different planes for
the films are listed in Table 3. It is observed that, the number of
peaks corresponding to ceria phase increase with increase in the

Table 1
Description of the samples.

annealing temperature. This might be due to the increase in the
crystalline nature of the film with annealing temperature [26].

The intensity of (11 1) plane is strongest for all the films. Also
for all films no phase corresponding to cerium has been observed
confirming the direct formation of ceria phase.

Crystallite size of ceria films were calculated by using Scherrer’s
formula and were found to be 10, 14, 11, 15 nm, respectively. Com-
parison between the XRD patterns of Fs5q, Fa350 showed that, as
deposited CeO, film was less crystalline than that of film annealed
at 500°C for 2 h. From Tables 2 and 3 it has been observed that
all major reflections for CeO, cubic phase were observed for Fa3zsg.
Thus, optimized substrate and annealing temperature for deposi-
tion of nano-crystalline, adherent, single phase cubic CeO, thin film
were found to be 350 °C and 500 °C, respectively.

3.4. Morphological studies

3.4.1. SEM studies

Surface morphology of ceria film deposited at 350 °C substrate
temperature and post heat treated at 500°C (Fa3s0) is shown in
Fig. 4. The SEM image shows the formation of CeO, film with

F3s0

As deposited CeO; film at 350°C substrate temperature

Fasoo
Fasso
Fa00
Fha00
Fhaso

CeO,, film deposited at 300°C substrate temperature and post heat treated at 500 °C
CeO, film deposited at 350 °C substrate temperature and post heat treated at 500°C
CeO, film deposited at 400 °C substrate temperature and post heat treated at 500 °C
CeO,, film deposited at 350 °C substrate temperature and post heat treated at 400°C
CeO, film deposited at 350°C substrate temperature and post heat treated at 450°C
Here Fasso = Fysoo.
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Table 2
Comparison of d values and lattice constants of Fa3oo, Fasso, Faso, F350 CeO> films.
hkl Std. d (A) Fasoo (A) Fasso (A) Fad00 (A) Fs0 (A)
dobs Qobs dobs Qobs dubs Qobs dobs Qobs
111 3.1234 3.1240 5.4110 3.1241 5.4110 3.1171 5.3989 3.1413 5.4408
200 2.7056 2.6968 5.3937 2.7067 54135 2.7079 5.4158 2.7119 5.4238
220 1.9134 1.9117 5.4072 1.9113 5.4061 1.9142 5.4141 1.9150 5.4162
311 1.6318 1.6348 5.4220 1.6320 5.4128 1.6358 5.4253 1.6318 5.4288
222 1.5622 - - 1.5634 5.4159 - - 1.5603 5.4052
400 1.3531 1.3548 5.4192 1.3533 54132 1.3550 5.4200 - -
331 1.2415 - - 1.2402 5.4061 1.2461 5.4318 1.2400 5.4050
420 1.2101 - - 1.2063 5.3947 - - - -
422 1.1048 1.1037 5.4070 1.1037 5.4068 - - - -
511 1.0415 1.0434 5.4216 1.0410 5.4089 - - - -
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Fig. 3. The XRD patterns of (a) F3s0, (D) Fua00, () Fuaso, and (d) Fusoo CeO; films.
Table 3
Comparison of d values and lattice constants of Fssg, Fia00, Fraso, Fusoo CeO> films.
hkl Std. d (A) Fis0 (A) Fhiaoo (A) Fraso (A) Fhisoo (A)
dobs Qobs dobs Qobs dobs Qobs dobs Qobs
111 3.1234 3.1413 5.4409 3.1182 5.4080 3.1214 5.4063 3.1241 5.4110
200 2.7056 2.7119 5.4238 2.7068 5.4135 2.7135 5.4269 2.7068 5.4135
220 1.9134 1.9150 5.4162 1.9076 5.3954 1.9172 5.4226 19114 5.4061
311 1.6318 1.6318 5.4288 1.6326 5.4147 1.6340 5.4191 1.6321 5.4128
222 1.5622 1.5604 5.4052 1.5631 5.4146 1.5576 5.3955 1.5634 5.4159
400 1.3531 - - 1.3532 5.4128 1.3541 5.4160 1.3533 5.4132
331 1.2415 1.2400 5.4050 1.2407 5.4079 1.2424 5.4153 1.2403 5.4061
420 1.2101 - - 1.2090 5.4068 - - 1.2063 5.3947
422 1.1048 - - - - 1.1055 5.4155 1.1037 5.4068
511 1.0415 - - 1.0423 5.4159 1.0412 5.4102 1.0410 5.4089
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Fig. 4. SEM image of Fa3so CeO, film.

smooth surface. Also, extensive cracking of the film can be seen.
This is probably due to shrinkage of the film upon drying. Such type
of cracking of CeO, film has also been observed for electrophore-
sis [36], anodic electrodeposition [19] and CeO, films deposited on
mica flakes [37]. Another reason for cracks might be high concen-
tration of precursor solution, 0.1 M.

In spray pyrolysis technique average crystallite size depends on
both the deposition temperature and the concentration of precur-
sor solution. Many researchers who have used the spray pyrolysis
process for preparing thin films reported that, as concentration
increases the peak intensity increases and peak become narrower
indicating a better crystallinity. This improvement in crystallinity
with concentration can be attributed to the increase of the film
thickness [38,39]. So in the present work high concentration was
tried.

But because of high concentration some cracks due to internal
stress were observed. Such type of cracking was reported earlier in
spray deposited CeO, films [39].

3.4.2. AFM studies

The ability of atomic force microscope (AFM) to create three-
dimensional micrographs with resolution down to the nanometer
to the angstrom scales has made it essential tool for imaging
surfaces. AFM was used to determine grain size and the surface
roughness of the film. Fig. 5 shows two-dimensional and three-
dimensional AFM images of Fp359 CeO- film, respectively. Fig. 5(a)
shows that the film is made up of small granules having nearly
spherical shape. Surface roughness of the film was calculated with
a statistical parameter-root mean square (rms or Ry).

(4)

where Zgg is the average of Z values within given area, Z; is the cur-
rent and N is the number of points within given area. From Fig. 5(a),
calculated grain size and surface roughness were found to be 27 nm
and 1.6 nm, respectively, showing formation of smooth CeO, film.
The grain size was found to be less than that of reported earlier [24].

3.5. DC electrical resistivity study
Two-probe resistivity method was used to study the electrical

properties of CeO, films deposited at different substrate temper-
atures and heat treated at 500 °C. The resistivity of the film was

H 60 nm

30 nm

0nm

0 0.25 0.50 0.70 1.00
um

Fig. 5. AFM images of Fasso CeO; thin film: (a) two-dimensional and (b) three-
dimensional.

studied in the temperature range 27-425 °C. Measurements were
carried out under air atmosphere.

The plot of log p vs 1/T for Fazgg, Fa3sg, and Faggo is shown in
Fig. 6. It is observed that, the resistivity of all the films decreases
with increase in the temperature showing semiconducting nature.
The room temperature resistivities of Fazgg, Fassg, and Faggg films
are of the order of 107 Q cm.

8
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Fig. 6. Plot of log p vs. 1/T for Fasoo, Fa3so, and Fag00 CeO; films.
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Fig. 7. Nyquist plot of Fa3s0 CeO, film at 350°C.

Activation energies of the deposited films were calculated by
using the relation [40]:

P = Po EXP (5—;) (5)
where p is the resistivity, Eg is the activation energy, k is the Boltz-
mann constant and Tis the absolute temperature. Activation energy
values for Fa3go, Fa3so, and Faggo films were found to be 0.78, 0.78
and 0.79 eV, respectively, which are similar to the value of 0.78 eV
for the activation energy of doped ceria [27,41,42] and less than
that of undoped ceria, 1.03 eV [43].

3.6. Complex impedance measurements

The method of complex impedance analysis [44] has emerged
as very powerful tool for separating out the contributions due to
intra-grain, grain boundary and electrode processes. Fig. 7 shows
complex impedance plot of resistance (R) vs reactance (X) for Fa3sg
CeO, film measured at 350°C. The frequency was varied from
100 Hz to 1 MHz. From the figure it is seen that, the impedance plot
was divided into two semicircles on the X-axis. The semicircle in
the higher frequency and lower frequency range may correspond to
oxygen ion migration in the bulk and across the grain boundaries,
respectively [45]. It is modeled as an equivalent circuit comprising
of combination of bulk (Rg) and grain boundary (R ) resistance and
bulk (Cg) and grain boundary (Cg,) capacitance as shown inset of
Fig. 7. Similar nature of impedance plot was reported earlier in case
of doped ceria [46,47] and undoped ceria [48].

From Fig. 7, the bulk resistance of the material at 350°C was
found to be 1.85 x 106 . A.C. conductivity of the film was calcu-
lated by using equation

Oqc = % (6)
where o is the conductivity Scm~1, R is the resistance measured
(€2), d is the distance between voltage electrodes (cm) and A is
the cross sectional area of the electrode (cm?2). A.C. conductivity is
found to be high as 5.94 x 10~3 Scm~! at 350°C than that reported
for the bulk 1.2 x 10~ Scm~! at 600°C [49].

It has been reported that a microcrystalline material fares far
better in terms of ionic conductivity than that the nanocrystalline
material [50]. It is also reported that, the grain boundary resistivity
changes with the grain size. When the grain size decreases from
a few micrometers to the nano-level, the grain boundaries show
unusually high conductivity [51-53]. This is due to the fact that
in nano-crystalline materials grain boundaries have high defect
densities and the atoms there have high mobility. These are the

two important factors for increase in the ionic conductivity. Hence,
the ionic conductivity may be significantly enhanced in nanocrys-
talline materials compared to the microcrystalline ones [51], same
has been observed in the present work.

4. Conclusions

Nano-crystalline, uniform, dense and adherent cerium oxide
thin films have been deposited successfully by a simple and cost
effective spray pyrolysis technique at low substrate and anneal-
ing temperature of 350°C and 500°C, respectively. All films were
found to be single phase and well crystalline with most prominent
(11 1) reflection. Crystallinity of the film was found to increase with
increase in substrate and annealing temperature. Crystallite size
was found to be in the range of 10-15 nm. AFM showed formation
of smooth films with morphological grain size 27 nm. The deposited
film showed high oxygen ion conductivity, 5.94 x 10-3Scm™! at
350°C. Due to its nano-crystalline nature, the deposited ceria mate-
rial will have high sinterability, high surface area and hence can
have various applications such as in intermediate temperature solid
oxide fuel cell, gas sensors, electrochromic smart window devices,
in corrosion protection and catalysis.
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