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Abstract

Cerium oxide thin films are coated on glass substrates by nebulizer spray pyrolysis technique using cerium nitrate as a source material. Their
crystallographic structures, surface morphology, optical properties and /-V characteristics are studied as a function of substrate temperature (300—
500 °C). XRD is used to estimate the crystallographic texture, grain size, strain and lattice constants. All the films exhibit a cubic fluorite structure
with different preferred orientations depending on the preparation conditions. Optical analysis reveals that the films are transparent (70%) in the
visible region. The optical bandgap (E,) is calculated in the range 3.28-3.52 eV. The optical parameters like absorption coefficient, extinction
coefficient, packing density and refractive index are calculated for different substrate temperatures. SEM images exhibit golf-ball like morphology
with small cracks and pores. The maximum conductivity obtained is 2.90 x 107 S/cm at 400 °C.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Cerium has low toxicity and is relatively abundant in nature.
Cerium compounds are good cathodic inhibitors as they show
more negative potential values. It has an affinity for oxygen
and the bonding between cerium and oxygen is unlikely to be
broken under the cathodic potential region [4]. It has been one
of the technologically most important oxide materials owing to
its well-known redox chemistry, chemical stability and close
lattice parameter with silicon [1]. It is a wide band gap rare
earth material with a band gap value 3.6eV at room
temperature [2]. It exhibits two structures mainly cubic fluorite
cerium dioxide or ceria (due to tetravalent Ce) and a hexagonal
sesquioxide Ce,O5 (due to trivalent Ce) [3]. CeO, is a notable
functional material with an extraordinary capacity to store and
release oxygen while preserving its fluorite cubic structure. It
has been commonly used as an additive or support material in
oxidation catalysts, because of the ability to act as intermediate
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oxygen storage media and as noble metal dispersion aid, as
well as high temperature stabilizer. In the past decades, CeO,-
based materials have been widely studied as catalyst supporters
and promoters for heterogeneous catalytic reactions. SOFC's
have attracted increasing attention in scientific community
because of their remarkable advantages like long-term stability
and economical competitiveness for some vehicles and sta-
tionary applications. Pure and doped CeO, thin films have
been widely used in the fields of corrosion inhibitors [4],
semiconductors [5], gas sensors [0,7], electrochromic devices
[8], counter electrodes [3,9,10], high-temperature supercon-
ductors [11,12] and SOFC [13-19].

Several methods have been proposed to prepare cerium
oxide thin films such as Chemical Vapor Deposition (CVD)
[20], Pulsed Laser Deposition [21,22], Dip coating [23],
Electrostatic Spray Assisted Vapor Deposition (ESAVD)
[24], Pulsed Spray Evaporation Chemical Vapor Deposition
(PSE-CVD) [25], Electron Beam Evaporation and Ion Beam
Assisted Deposition (EBE-IBAD) [26], Electron Beam Physi-
cal Vapor Deposition (EB-PVD) [6,27], Flame Spray [28] and
spray pyrolysis [1,2,29-33,36]. Among these methods, spray
pyrolysis is the simple, low cost and reliable process to

0272-8842/$ - see front matter © 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

http://dx.doi.org/10.1016/j.ceramint.2013.06.020


www.elsevier.com/locate/ceramint
dx.doi.org/10.1016/j.ceramint.2013.06.020
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2013.06.020&domain=pdf
www.elsevier.com/locate/ceramint
dx.doi.org/10.1016/j.ceramint.2013.06.020
dx.doi.org/10.1016/j.ceramint.2013.06.020
dx.doi.org/10.1016/j.ceramint.2013.06.020
mailto:ponns007@yahoo.com
mailto:rsdphy@gmail.com

438 R. Suresh et al. / Ceramics International 40 (2014) 437445

produce uniform and well adherence films. It has been widely
used to produce fine powders because it is a continuous and
ambient pressure process. It consists of three successive steps:
(i) atomization of a liquid precursor containing metal salts, (ii)
droplet transport towards a heated substrate and film formation
of the substrate surface and (iii) evaporation of the solvent and
decomposition of the deposited material. Crack-free films can
be obtained when deposition temperature is above precursor
boiling point. In this method, substrate temperature plays an
important role in film formation. This technique has some
advantages: (i) it has the capacity to produce large area high
quality films of uniform thickness, (ii) the addition of dopants
to the spray solution is simple, and (iii) it is easy to prepare
films of any composition by simply mixing the components in
the appropriate ratios [13].

In the present work an attempt has been made to investigate
the crystallographic structures, surface morphology, optical
properties and electrical properties as a function of substrate
temperature of the films prepared by the nebulizer spray
pyrolysis method using cerium nitrate as the source material.

2. Experimental details

Cerium oxide (CeO,) thin films are deposited on glass
substrates using cerium nitrate hexahydrate as the chemical
precursor. The substrates are cleaned using hydrochloric acid,
sodium hydroxide, isopropyl alcohol and then rinsed with
deionized water. 0.02 M of cerium nitrate is dissolved in 50 ml
of deionized water and stirred for 30 min. The prepared
solution is deposited on glass substrates using jet nebulizer.
The compressed air is used as the carrier gas. The substrate
temperature is varied from 300 to 500 °C. Nozzle—substrate
distance is fixed at 5 cm. The aerosol formed from nozzle
undergoes successive pyrolysis due to temperature gradient
and successive pyrolysis results into decomposition of aerosol
at substrate and leads to film formation. The substrate
temperature is fixed at 300 °C slightly higher than that of
decomposition temperature (290 °C) of the precursor solution.
The prepared samples are characterized by UV-vis, XRD,
SEM, EDAX and I-V characteristics.

Optical characterization of thin film is mainly done with the
help of optical spectrophotometers by taking absorbance,
transmittance and reflectance in a range of wavelength. In
the present work, optical properties of thin films are analyzed
using a JASCO spectrometer instrument. Thickness is calcu-
lated using a surface profilometer. In order to understand the
properties of materials, deep knowledge about the structure
and their composition is important. X-ray Diffraction (XRD) is
a powerful technique used to identify the crystalline phases
present in materials and measure the structural properties
(strain state, grain size, epitaxy, phase composition, preferred
orientation, and defect structure) of these phases. Samples are
analyzed by a XPERT-PRO Bruker AXS D8 advanced X-ray
diffractometer in the 0-90° (26) scale angle range. Also, the
thin film samples are analyzed using JEOL Model JSM-
6390LV instrument for high resolution surface imaging.
Energy Dispersive X-Ray Spectroscopy (EDS or EDX) is a

chemical microanalysis technique used in conjunction with
scanning electron microscopy (SEM). The EDS technique
detects X-rays emitted from the sample during bombardment
by an electron beam to characterize the elemental composition
of the analyzed volume using JEOL Model JED-2300 instru-
ment. /-V characteristics are analyzed with the help of
Keithley electrometer 6517B. XPS is a straightforward and
nondestructive technique for the investigation of chemical and
electronic structures of materials. XPS measurements on CeO,
films were carried out by using a VG Microtech Multilab
ESCA 3000 spectrometer.

3. Results and discussion
3.1. Optical properties

The variations of transmittance, absorbance and reflectance
of cerium oxide thin films with wavelength in the range 300-
900 nm are shown in Fig. la—c. It shows that the transmittance
decreases to zero in the UV region and increases to 70% in the
visible region, but the absorbance has a very high value in the
UV region and decreases sharply with increasing wavelength
and becomes almost constant towards the visible region [34].
The low transmittance is probably due to the existence of an
interfacial layer with high refractive index between CeO, and
glass. It is observed that (Fig. Ic) the reflectance of the films
shifts towards higher wavelength side with the temperature
also increased. Bandgap values are obtained by extrapolation
of the linear region of higher photon energy to zero absorption
coefficient using linear fits close to the absorption edge as
shown in Fig. 1d. The optical absorption coefficient (&) was
evaluated from the transmission spectra. The variation a with
photon energy (hv) was found to obey this relation:

g In(1/T)
t

(1)

(ahv)'* = B(hu—E,) 2)

where ¢ is the film thickness, A is a constant, E, is the optical
band gap energy and « is related to the extinction coefficient k by

al

k= 4z ®)
The optical band gap values are obtained by extrapolating the
linear portion of the plots of (ahw)” with Av of the films formed at
different substrate temperatures from 300 to 500 °C which are
shown in Fig. 1d. The optical band gap of the CeO, films are
found to be increased from 3.35 to 3.50 eV with the temperature
increasing from 300 to 400 °C. These values of optical band gap
are in good agreement with the reports [26]. The absorption (a)t
of CeO, films as the function of wavelength in the range 300—
900 nm is shown in Fig. 2a. It is observed that Fig. 2a the
absorption coefficient of the films decreases sharply with the
temperature. It is clear from Fig. 2b that the extinction coefficient
(k) has its minimum value at lower energy and increases with
increasing photon energy.
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Fig. 1. Variations of (a) transmittance, (b) absorbance, (c) reflectance and (d) band gap energy spectra of CeO, thin films.

The refractive index (n) and extinction coefficient can be
determined from the reflectance (R) data using the relation

14+R 4R
n=++ 2

& “\acrr " @
_ (n—m)

where R is the reflectance, PD is the packing density, n is the
refractive index of the prepared sample, n; is the refractive
index of bulk material and n is the refractive index of solid.

The variation of refractive index and packing density of
cerium oxide thin films with wavelength in the range 300-
900 nm are shown in Fig. 2c and d. It shows that the refractive
index of the films decreases sharply with increasing wave-
length in the UV region and increases gradually in the visible
region. Refractive index of the films are found to be increased
with increasing substrate temperature up to 400 °C and then
decreases due to the increase of packing density of the films
and decrease of diameter of spray droplets. The maximum
value of refractive index is calculated as 2.35. The above
variations of the extinction coefficient and refractive index of

the photon energy are similar to that reported by Mansilla et al.
[26]. The absorption and extinction coefficient are found to
be decreased with increasing substrate temperature due to
the densification of the films and the film thickness [8].
The substrate temperature strongly affects the optical parameters
like refractive index and packing density as listed in Table 1.

3.2. Structural properties

The X-ray diffraction spectra of CeO, films deposited at
various substrate temperatures (300-500 °C) using pure aqueous
solution of cerium nitrate are shown in Fig. 3. No other impurity
peaks are observed due to the single phase nature of ceria films
up to 400 °C; on close observation there is new impurity peak
at 20=30.85 (011) of Ce,O3 phase observed at 450 °C [35].
The film prepared at substrate temperature above 450 °C has
amorphous nature due to the kinetic growth of the films and
appearance of new Ce,O; phase. As the substrate temperature
increases, the films become more crystallite as indicated by the
(200) peak with increased intensity and the corresponding
FWHM is found to be decreased. When temperature reaches
350 °C, the preferred orientation changes to (200). The films are
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Fig. 2. Variations of (a) absorption coefficient, (b) extinction coefficient, (c) refractive index and (d) packing density with wavelength of CeO, thin films.

Table 1
Optical parameters of CeO, thin films.

Substrate temperature (°C) a (x10% k Bandgap (eV) Refractive index Packing density Thickness (nm)
300 2.45 0.109101 3.34 2.24 0.17 466
350 1.83 0.098367 341 2.30 0.12 442
400 1.67 0.081925 3.52 2.35 0.10 416
450 1.39 0.063242 3.35 2.08 0.27 386
500 1.08 0.040814 3.28 2.02 0.32 368

well crystallized in the cubic fluorite structure with preferred
orientation along (200) reflection [2] compared to JCPDS data
34-0394. The substrate temperature strongly affects the growth
of (111) and (200) peaks as shown in Fig. 3. A well-crystallized
film is obtained at 400 °C and hence this substrate temperature
is optimized for further fabrication.

The size of crystallites oriented along (111), (200), and (220)
peaks were calculated with the help of Scherrer's relation:

K
~ Pcos 0

(6)

The dislocation density and microstrain of the CeO, films were
calculated from the following formula:

0

== )

_ Pcos 0

= ®)
_ 27? ©)

453 tan 6)'/?)
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Fig. 3. XRD spectra of CeO, thin films with substrate temperatures: (a)
300 °C, (b) 350 °C, (c) 400 °C, (d) 450 °C and (e) 500 °C.

where k is the shape factor (0.94), 1 is the wavelength of X-ray
(1.5406 A) and f is the full-width at the half-maximum of the
(111), (200), and (220) peaks, @ is the Bragg angle of the XRD
peak, ¢ is the dislocation density, ¢ is the microstrain and SF is
the stacking fault. The crystallite size, dislocation density,
microstrain, stacking fault and texture coefficient of the CeO,
films are listed in Table 2. It is observed that (Table 2) the
crystalline size increases when the temperature increases up to
400 °C, and then decreases. The maximum crystallite of the
films is found to be 21, 19 and 11 nm for 400 °C. Due to the
removal of defects in the lattice with increase in substrate
temperature the microstrain and dislocation density in the films
are released and attain a minimum value at 400 °C. Such a
release in microstrain reduced the variation of interplanar
spacing and thus leads to a decrease in dislocation density
and stacking fault of the film (Table 2) and minimum values are
obtained for films deposited at 400 °C. This decrease in
microstrain, dislocation density and stacking fault improves
the stoichiometry of the films which in turn causes the
volumetric expansion of the films.

T, (10)

 I(hikil;)

_ Lo(hikily) | T
N = Is(hikil;)

Io(hik;l;)] ™!
» ( q

where T, is the texture coefficient, I, is the observed intensity
and I the standard intensity and »n is the reflection number.
Calculated T.[hk;l;] values give us some important structural

Table 2

Structural parameters of CeO, thin films.

Texture coefficient

Stacking fault

o

Lattice constant (A)

Strain

Dislocation density

Crystalline size (nm)

hkl

FWHM

d spacing (nm)

26

Temperature ("C)

0.6871
1.6263
0.6865

0.22589
0.29921

5.3212
5.3415
5.3838

0.00195
0.0024

0.00029
0.00051

18
13
11

0.4546 111

0.6494
0.792

3.0722
2.6707

29.066
33.5554

47.7418

300

200
220

0.30120

0.00199

0.00049

1.9034

0.4432
2.2241

0.

0.22585

5.3197
5.3602
5.3826

0.00195

0.00029

0.4546 111 18
14
12

0.5845
1.1088

3.0713
2.6801

29.0745

350

0.26982

0.00217

0.00041

200
220

33.4349
47.7531

3325

0.42163

0.00279

0.00095

1.9030

0.3868
2.7453
0.1811
0.6866

0.19371

5.3247
5.3447
5.3609
5.3776

0.00168

0.00022

21

11

1

0.3897
0.4546
0.7793
1.1088

3.0742
2.6723

29.0465
33.5346
48.0008
69.9139

400

0.20953

0.00168

0.00025

19
11

12

200
220
400

0.29547

0.00195

0.00047
0.00054

1.8953
1.3444

0.33550

0.00177

0.3950
2.4722
0.1327

0.32281

5.325
5.342
5.3727

0.00279

0.0006

13
16

11

1

0.6494
0.5196
0.9504

3.0744
2.6710

29.0449
33.552

450

0.23942
0.36101

0.00192

0.00032
0.0007

200
220

0.00239

1.8995

47.8467

441
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information: (i) T,[h;k;l;] has to be bigger than 1 to determine the films are randomly oriented, (iii) 7.[h;,/;] values higher than
preferential orientation, (ii) if 7.[Ak./;] is approximately 1 for all one indicate the abundance of grains in a given [h;k;/;] direction
the [hik;l;] planes considered at X-ray diffraction patterns, the and (iv) 0 < T [hkl;] <1 values indicate the lack of grains

HV mag B | mode | spot| WD T E— —_— n n curr | tilt
25.00kV|10000x| SE | 2.0 | 7.3 mm |2.3 pA |0 *| n |42 pAl0D

HV |mag B |mode|spot] WD | curr |tilt|
25.00kV| 5000x | SE 25 |7.2mm |42 pA|0

|mode [ spot| WD curr | tilt |

WD | curr |[tilt
1mml|42pAl0

Fig. 4. SEM and EDX analyses of CeO, thin films.
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oriented in that direction [37]. Subsequently [h:k;l;] reflections
corresponding to CeO, films were used in the texture coefficient
calculations: (111), (200) and (220) directions. Table 2 sum-
marizes the results of texture coefficient calculations for the
observed [hk;l;] reflections in CeO, films at different tempera-
tures. Note that the values of the texture coefficient of the high
index plane (200) of the CeO, film are greater than unity while
they are less than one for the low index (111) and (200) planes.
The texture coefficient for the (200) plane increases significantly
from 1.626 to 2.745 with the temperature increasing up to
400 °C and then decreased. This may be useful for the
fabrication of optoelectronics device applications using CeO,
films deposited at 400 °C.

3.3. Morphological analysis

Fig. 4a—e shows the SEM images of cerium oxide thin films
for different substrate temperatures from 300 to 500 °C. SEM
images of cerium oxide thin films prepared at 300 °C show
some cracks with uneven surfaces due to the decomposition of
unevaporated precursor spray droplets present in the heated
substrates as shown in Fig. 4a. Films prepared at above 350 °C
show the golf-ball like structure comprising small cracks and
pores due to the shrinkage and compaction of spray droplets
moving towards the substrates as shown in Fig. 4b—d. These
spherical structures appear to retain the space inside and there
are microvoids between golf-ball like structure and small pores
[3]. Films prepared at 500 °C shows dense golf-ball like
structure with some small crystallites as shown in Fig. 4e.
The EDX spectrum of CeO, film prepared at 400 °C is shown
in Fig. 4f. The EDX analysis confirmed the presence of Ce and
O in the prepared films. The atomic ratio of Ce decreases with
the increase of substrate temperature due to the coalescence of
droplets and increases the oxygen vacancies of cerium oxide.
The elemental compositions of the prepared samples are listed
in Table 3.

3.4. I-V characteristics

Four-probe resistivity method is used to study the electrical
properties of cerium oxide thin films deposited at different
substrate temperatures using Keithley Electrometer 6517 B.
The resistivity is measured in air atmosphere. The variations of
resistivity and conductivity with substrate temperature for the
CeO, film are shown in Fig. 5. The resistivity of all the films
decreases with increasing substrate temperature up to 400 °C

Table 3
Elemental composition of CeO, thin films.

Substrate Ce (at%) O (at%) Si (at%)
temperature (°C)

300 18.76 77.56 3.68
350 17.50 69.19 13.31
400 12.06 61.15 26.80
450 2.92 60.16 36.92
500 0.35 62.64 37.01

6500 A B 30X10[s
*
/ L 2.8x10°
— 6000 —
s * - 26x10F
E i —
£ 95500 L 2 4x10€L
o 2
£ 5000 4 - 22x10%3
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oo =
@ - 2.0x10°8
@ 4500 o
2 \, 'k/ L 1.8x100
*
4000 - e 7 [ 6xi0®
T T T T T T T
300 350 400 450 500

Temperature (°C)

Fig. 5. Variations of resistivity and conductivity of CeO, thin films.

Table 4
Electrical properties of CeO, thin films.

Substrate Resistivity Conductivity
temperature (°C) (Q cm) (x107° S/cm)
300 4498 2.45

350 4258 2.72

400 4162 2.90

450 5502 1.86

500 6250 1.65

and then increases which is due to the new phase of Ce,Os.
The conductivity is calculated and found to be varied in the
range 1.65 x 107°-2.90 x 107° S/cm for different substrate
temperatures as listed in Table 4.

3.5. XPS analysis

XPS is a straightforward and nondestructive technique for
the investigation of chemical and electronic structures of
materials. An important advantage of XPS is its ability to
characterize the variations in the binding energies of the core
level or chemical shifts of the samples. Fig. 6a shows the
survey spectrum of CeO, thin films in the binding energy
range 0-1000 eV. Only three elements are detected on the
surface of the film as cerium, oxygen and also some carbon
showing the photoelectron peaks Ce 3d, Ce 4d for cerium, O
Is, O 2p for oxygen and C 1s for carbon. Ce 3d core level
spectra clearly show the five spin—orbit-split doublets of
binding energies at 890.19eV, 896.73eV, 906.45 eV,
908.15 eV and 916.42 eV as shown in Fig. 6b [3]. The first
two peaks correspond to Ce 3ds, and last three peaks
correspond to Ce 3dz,. These results indicate the presence
of pure CeO, and no other impurities are presented like Ce,Os.
This is further supported by the presence of peak at 916.42 eV,
which is considered as a fingerprint of the CeO, phase [38]. Ce
4d core level spectra clearly show the five peaks of binding
energies at 114.59 eV, 117.79 eV, 120.99 eV, 125.37 eV and
127.87eV as shown in Fig. 6c. The first three peaks
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Fig. 6. XPS spectra of CeO, thin films.

correspond to Ce 4ds,, and the last two peaks correspond to Ce
4d;3/,. Fig. 6d—f shows the O 2p, O Is and C 1s core level
spectra of CeO, thin films. Oxygen atom is presented in two
oxidation states O 2p and O 1s at binding energies 291.23 eV
and 536.69 eV respectively. Small amount of carbon atom is
absorbed from atmosphere at binding energy 291.98 eV [39].
These results conclude the presence of single phase nature of
CeO; thin films with no other impurities.

Ce3+ [C 4+] _ Ce4+
Ce’t + Ce*t T Cett 4 Cett
The calculations led to the fact that these ceria thin films have

5.8% of carbon, 41.8% of oxygen, 21.8% of Ce** and 30.4%
of Ce*.

[Ce’] = (11)

4. Conclusion

Nanocrystalline, uniform and crack-free cerium oxide thin
films are successfully deposited on glass substrates by simple
and low cost effective nebulizer spray pyrolysis technique at
different substrate temperatures using cerium nitrate as the
source material. All films are found to be single phase and well
crystalline with most prominent (200) reflection. Crystallinity
of the film is found to be increased with increasing substrate

temperature up to 400 °C which then decreases. The calculated
crystalline size is found to be varied in the range 9-21 nm.
Optical analysis revealed that the films are highly transparent
(70%) in the visible region. The high refractive index and
bandgap is observed as 2.35 and 3.52 eV respectively. SEM
images exhibits the formation of uniform and porous films
with golf-ball like structure. The conductivity lies in the range
1.65-2.90 x 107° S/cm. The best film is formed at 400 °C with
better crystallinity, high refractive index and smooth morphol-
ogy. Substrate temperature strongly affects the optical, struc-
tural and electrical properties of CeO, films due to the decrease
of sprayed droplet diameter, presence of unevaproated pre-
cursor and densification of the films.
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