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Abstract: Cerium oxide thin films are deposited on glass substrates with various mole concentrations by nebulized spray pyrolysis 

technique. The films are characterized for, XRD, SEM, AFM, FTIR, PL, UV-ViS and XPS. All films exhibit cubic fluorite structure 

with preferred orientations along (200) direction with an average size of 30 nm. The films exhibit dense, smooth and crack-free 

spherical like tiny particles composed of nanostructures with some uneven size 52 nm. It also exhibits nicely separated conical 

columnar microstructure. FT-IR analysis confirm the presence of (Ce=O) terminal stretching and phonon band (Ce-O) of metal 

oxide network.  PL analysis indicates the presence of indigo and yellow emission in the visible region centered on ~425 and ~579 

nm respectively. UV-ViS spectra reveal that the films are transparent (60%) in the visible region. Optical parameters like refractive 

index, optical conductivity and band gap are calculated for different mole concentrations. XPS analysis reveals the existence of Ce, O 

and C and the dominant occurrence of Ce
4+

 rather than Ce
3+

 in the films. 

Keywords: Cerium oxide, Emission properties, XPS, Lattice constant, Optical conductivity, Cubic Fluorite. 

 

 
 

1. Introduction 

 

One of the most abundant rare earth ionic compounds ceria 

has generated enormous attention owing of its high 

chemical stability, good dielectric strength, high refractive 

index, good optical transmittance in the visible and infrared 

regions and high efficiency for absorbing ultraviolet 

radiation. It also exhibits a high stability against mechanical 

abrasion and chemical erosion due to its strong adhesion to 

surfaces [1]. It exhibit cubic fluorite structure (Face 

Centered Cubic) in which each cerium site is surrounded by 

eight oxygen sites in FCC arrangement and each oxygen 

site has a tetrahedron cerium site. It can accommodate both 

intrinsic and extrinsic oxygen vacancies and thus it may act 

as an oxide ion conducting material [2]. Intrinsic vacancies 

are formed by the presence of Ce (III) ions in the fluorite 

lattice due to the reduction equilibrium of Ce
4+

/Ce
3+

, 

whereas extrinsic vacancies are arisen by substitution of 

ions in the lattice. It exhibits two structures mainly cubic 

fluorite cerium dioxide or ceria (due to tetravalent Ce) and 

a hexagonal sesquioxide Ce2O3 (due to trivalent Ce) [3]. 

Spray pyrolyzed thin films offer high film quality and low 

processing costs compared with other conventional thin 

film preparation techniques like pulsed laser deposition, 

chemical or physical vapor deposition. It involves the 

atomization of a liquid precursor containing metal salts, 

droplet transport towards a heated substrate and film 

formation on the substrate surface, evaporation of the 

solvent and decomposition of the deposited material [4]. 

Crack-free films are obtained when deposition temperature 

is above precursor boiling point (290
o
C). The degree of 

decomposition is determined by the relationship among the 

substrate temperature, boiling point of the solvents and 

melting pointing points of the salts used to the precursor 

[5].      

Ceria based thin films can be employed as an 

intermediate buffer layer in fuel cells [6-8], electrochemical 

devices [9-12], optoelectronic devices [13], Photo-catalytic 

activity [14,15], Flat panel displays [16] and gas sensors 

[17-19]. Traditional preparation methods of ceria-based 

thin films include CVD (Chemical Vapor Deposition) [20], 

Pulsed Laser Deposition [21], Dip coating [22], ESAVD 

(Electrostatic Spray Assisted Vapor Deposition) [23], 

Sputtering [24-26], Flame Spray [27,28] and spray 

pyrolysis [3-5, 8,29]. 

This paper reports the structural, optical, 

compositional and electrical properties of cerium oxide thin 

films investigated for different mole concentrations. 

2. Experimental Details 
 

Cerium oxide thin films are deposited on glass substrates 

using cerium nitrate hexahydrate as the chemical precursor. 

The substrates are cleaned using hydrochloric acid, sodium 

hydroxide and isopropyl alcohol then rinsed with deionized 
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water. 0.02 M of cerium nitrate is dissolved in deionized 

water and stirred for 30 minutes. The prepared solutions are 

deposited on glass substrates with different mole 

concentrations    (0.02 M to 0.1 M). Mole concentrations 

increase the film thickness. It plays a decisive role in 

structural, optical and surface properties. Compressed air is 

used as a carrier gas. Substrate temperature is maintained at 

400
o
C. The prepared samples are characterized by UV-Vis, 

PL, FT-IR, XRD, SEM, EDAX and XPS. In this method, 

the aerosol (cerium hydroxide) formed from nozzle 

undergoes successive pyrolysis due to temperature gradient, 

this successive pyrolysis results into decomposition of 

aerosol at substrate and leads to film formation. In case of 

CeO2 film formation, the substrate temperature is fixed at 

300
o
C slightly higher than that of decomposition 

temperature (290
o
C) of precursor solution. 

In order to understand the properties of the 

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 

Advance X-ray diffractometer in the 0-90˚ (2θ) scale angle 

range. The thin film samples are analyzed using JEOL 

Model JSM - 6390LV instrument for high resolution 

surface imaging. Thin film samples are also analyzed using 

JEOL Model JED - 2300 instrument to identify the 

elemental composition. The  surface  morphology  of  the  

obtained  nanocrystalline powder  samples  was  taken  as  

an  image  by  scanning  an  area  of 1 X 1  mm  using  an  

AFM  (Atomic Force Microscope, NanosurfeasyScan  2,  

Switzerland) .  Nanosurface  roughness  measurements  

were  completed  using  an  atomic force  microscope  and 

the  NanosurfeasyScan 2 software.  Commercially  

available AFM  tips  (detector  side  Al  coating ,  thickness  

of  the  tip  was 7  mm,  tip  length  was  225  mm,  tip  

width  was  38  mm with  a  48 N/ m  force  constant  and  

190  kHz  resonance  frequency)  were  used in  intermittent  

contact  (also  called  tapping)  mode. Vibration stretching 

of cerium oxide thin films has been done with the help of 

IR spectra (PerkinElmer, model 783, USA) in the spectral 

range 700-4000 cm
-1 

with a resolution of 1 cm
-1

. 

Photoluminescence (PL) measurements are measured on a 

Hitachi F-4500 FL spectrophotometer using a Xenon lamp 

as the excitation source at room temperature. The excitation 

wavelength is fixed at 325 nm. Optical characterization of 

thin film is mainly done by taking absorption, transmittance 

and reflection with the help of optical spectrophotometer in 

a range of wavelengths. The optical properties of CeO2 thin 

films are investigated by computer controlled UV-Visible 

spectrophotometer (Aquila NKD 7000V) with a 150 Watt 

Xe arc lamp as a light source in the range 200-1200 nm. 

Thin film samples are analyzed using Thermo Fisher K-

Alpha electron spectrometer with Al Kα X-rays 

(monochromatic), with a flood gun used to charge 

neutralization under the base pressure 10
−7

 Pa for XPS 

analysis.  

3. Results and Discussion 

3.1 Microstructural Characterization 

3.1.1 X-Ray Diffraction Analysis 

 

Figure 1 a shows the XRD patterns of cerium oxide thin 

films with different mole concentrations deposited at an 

optimized substrate temperature (Ts) 400
o
C.  

 

Fig.1 (a): XRD Patterns of spray coated cerium oxide thin 

films with different mole concentrations 

 
Fig.1 (b) 

The presence of diffraction peaks indicates the single phase 

polycrystalline nature of cubic fluorite structure with 

preferred orientation along (200) direction [30]. The 

minority peaks are observed at 2θ= 28.34, 47.12, 56.35 and 

69.31
o
 corresponds to (111), (220), (311) and (400) hkl 

planes respectively. The XRD peaks are compared to 

JCPDS data file (number 34-0394). Significant sharpening 

of the peaks indicates the increase of crystalline size with 

increasing mole concentrations upto 0.8 M and then 
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decreases. The lattice parameter a is calculated using 

equation (1) for the sprayed cerium oxide films 

 
Fig.1 (c) 

 
Fig.1 (d) 

Fig.1 (b-d): Variations of lattice constant and strain, 

crystalline size and dislocation density, stacking fault and 

number of crystallites of cerium oxide thin films with 

different mole concentrations. 
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The variation of lattice constant (a) and strain (ε) of cerium 

oxide films are shown in Fig. 1b. It is observed that the 

lattice constant is found to be varied from 0.5416 to 0.5465 

nm with the change in mole concentrations from 0.02 M to 

0.1 M. The variation of average crystalline size (D) and 

dislocation density (δ) of cerium oxide thin films with 

different mole concentrations are shown in Fig. 1c. The 

average crystalline size is found to be varied in the range 5-

30 nm with different mole concentrations 0.02 M to 0.1 M. 

The maximum crystalline size of the sprayed cerium oxide 

films is found to be 30.1 nm prepared at 0.08 M. The 

crystallization levels of the films are good because of their 

small dislocation density (δ) and lower micro strain (ε) 

values that represent the amount of defects in the film. The 

variation of stacking fault and number of crystallites of 

cerium oxide thin films are shown in Fig. 1d. It shows the 

minimum number of crystallites is observed at 0.08 M as 

indicated by decrease of FWHM. The texture coefficient is 

calculated using equation (2); 
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Where, Io is the observed intensity of [hikili] plane, Isis the 

standard intensity of [hikili] plane and N is the total number 

of measured reflections. The calculated texture coefficient 

values present some important structural information. The 

variation of texture coefficient calculated for the crystal 

planes (111), (200), (220), (311) and (400) with mole 

concentrations of sprayed cerium oxide films are shown in 

Fig. 1e.  

The increase in preferential orientation is attributed with 

the increased number of grains along the plane. The high 

value of Tc (200) indicates the maximum preferred 

orientation of the films along the (002) plane at 0.08 M, and 

lack of grains along (111) and (220) planes [31]. The 

increase in texture coefficient (Tc) with mole concentrations       

(0.08 M) indicates an improvement in the crystallinity of 

the cerium oxide films. These structural parameters are 

calculated and listed in table 1.  

Fig.1 (e): Variation of texture coefficient with different 

mole concentrations of cerium oxide thin films 
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Table 1: Structural parameters of cerium oxide thin films 

3.1.2 Surface morphology analysis 

 

Figure 2 displays the SEM images of cerium oxide thin 

films prepared with different mole concentrations deposited 

at an optimized substrate temperature. It indicates the films 

are uniform, crack-free, smooth and well adherent to the 

substrates. It shows the prepared films are granular 

structure having sparingly adequate tiny spherical like 

particles with an average size of 52 nm [23]. At lower 

concentration, films are rather rough surface upto 0.04 M 

and then smoothness of the films increases upto 0.08 M and 

then some cracks are appeared in the surface at higher 

concentration. The smoothest surface is obtained at 0.08 M.  

 
Fig.2: SEM-EDS analysis of spray coated cerium oxide 

thin films with different mole concentrations. 

EDS analysis confirm the presence of Ce, O and Si atoms 

in the prepared films. 

Fig. 3 depicts the tapping mode AFM image of 

cerium oxide thin films prepared at 0.08 M. The figure 

exhibits nicely separated conical columnar microstructure 
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with measured roughness (area Ra = 12.25 nm) and (area 

RMS = 15.38 nm). The results are in good agreement with 

SEM observations with a uniform and dense morphology.  

 
Fig.3: AFM 2D & 3D images of spray coated cerium oxide 

thin films prepared at 0.08 M. 

From these results, it is corroborated that the particle sizes 

ranged from 10 to 50 nm in diameter as a result of 

nucleation and coalescence of spray droplets during 

deposition process [32]. Surface roughness is directly 

proportional to the gas sensitivity of the film since larger 

roughness results in larger interface area with the gaseous 

species. This is a manifestation of the importance of 

surface-to-volume ratio in gas sensing applications.   

3.1.3 FT-IR Analysis  

 

The IR study gives the information about phase 

composition as well as the way oxygen is bound to the 

metal ions. Figure 4 shows the FTIR spectra of cerium 

oxide thin films prepared with different mole 

concentrations.  

 
Fig.4: FT-IR spectra of spray coated cerium oxide thin 

films with different mole concentrations. 

It is observed that the CeO2 thin films show a group of 

strong intense bands at 992, 1523 and 3835 cm
-1

, which 

may be attributed to the presence of υ(O-H….H) stretching 

mode, bending mode of hydroxyl groups of absorbed water 

and υ(O-H) mode of (H-bonded) water molecules 

respectively. The lower intensity peaks at 2928, 2371 and 

2313 cm
-1 

are assigned to the υ(C-H) mode of residual 

organic moieties and  υ(C-O) stretching mode of vibrations. 

The relatively broad peak is observed at 3719 cm
-1

 

attributed to the υ(CH3) mode of organic group. The broad 

bands observed at 1639 and 771 cm
-1

 are due to the 

envelope of (Ce=O) terminal stretching and phonon band of 

metal oxide (Ce-O) network respectively [3]. The 

carbonation of ceria films is unavoidable in ambient 

atmosphere which is diminished at an optimized mole 

concentration 0.08 M. 

3.2 Optical properties 

3.2.1 PL Analysis 

 

Figure 5 shows the PL spectra of cerium oxide thin films 

prepared with different mole concentrations.  

 
Fig.5: PL spectra of spray coated cerium oxide thin films 

with different mole concentrations. 

Two consistent sharp and broad peaks observed at 425 and 

579 nm correspond to indigo and yellow emission in the 

visible region. Minority peaks are observed at 368, 394, 

467, 483 and 492 nm in the visible region. The emission 

bands ranging from 400-500 nm for CeO2 thin films are 

attributed to the hopping from different defect levels exist 

as Ce4f to O2p band. It suggests that the strong emission of 

the CeO2 films at 467 nm is related to the abundant defects 

which are helpful for fast oxygen transportation. The 

defects energy levels between Ce4f and O2p are dependent 

on the temperature and density of defects in the films. The 

broad peak at 394 nm could be due to either 5d to 4f or 4f 

to valence band energy gap of 3.1 eV obtained from optical 

absorption measurements on CeO2 reported in the literature 

[33]. It reveals the strong and sharp emission bands are 

observed for the films prepared at 0.08 M compared with 

other films.  

3.2.2 UV-ViS analysis 

 

Figure 6a shows the optical absorbance spectra of cerium 

oxide thin films prepared at various mole concentrations. 

From this Figure, some of the intensity of the peaks are 

shifted towards the UV region. High value of absorbance in 

UV region is observed and the same is found to be 
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decreased sharply with increasing wavelength and becomes 

almost constant towards the visible region. The absorbance 

increases with increasing mole concentration upto 0.06 M 

and then decreases due to the increase of densification pore 

size and oxygen additives in the prepared films.  

 
(a) 

 
(b) 

(c) 

 

 

 
(d) 

 
(e) 

 
(f) 
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(g) 

 
(h) 

Fig.6: UV-ViS spectra of spray coated cerium oxide thin 

films with different mole concentrations. 

Figure 6b shows the transmittance spectra of cerium oxide 

thin films. It shows that the transmittance decreases to zero 

in the UV region, the same increases up to 60% in the 

visible region and remains almost constant in the NIR 

region. 

The transmittance decreases with increasing mole 

concentration due to the presence of covalent bonds 

between cerium and an oxygen additive which decreases 

the transmittance of the incident light especially at the 

shortest wavelengths. The electrons in the outer orbits have 

travelled to the higher energy levels and have occupied 

vacant positions of energy bands. Thus, a part of incident 

light does not penetrate through it [34]. The maximum 

transmittance is observed (nearly 60%) in 0.06 M sample 

due to impurities present in the precursor and thickness. 

Reflectance also decreases with increasing mole 

concentration up to 0.06 M and then increases as shown in 

Figure 6c. The refractive index is calculated using the 

following equation, 

 
2

2)1(

4

1

1
k

R

R

R

R
n 







  (3) 

Where, R is the reflectance and k is the extinction 

coefficient. The refractive index of the films is estimated 

from spectral transmittance and reflectance data for 

different mole concentrations and is given in Figure 6d. It is 

shown from this figure that the refractive index increases 

from 2.53 to 2.63 as the mole concentration is increased 

from 0.02 M to 0.1 M. The increase in refractive index with 

mole concentration is mainly due the increase of packing 

density, thickness and low extinction coefficient. The 

gradient of the absorption coefficient is from high photon 

energy to low photon energy. This means that the 

possibility of electron transition is little, as the energy is not 

enough to move the electron from the valence band to the 

conduction band (hυ<Eg). It is anticipated that indirect 

transition of electron occurs at low absorption coefficient 

and the electronic momentum is maintained with assistance 

of photon. The energy of incident photon is greater than the 

forbidden energy gap. The absorption coefficient is 

calculated using the following equation,  

 

t
T

)1ln(
  (4) 

Where, α is the absorption coefficient, T is the 

transmittance and t is the thickness. The dependence of 

absorption coefficient of films on wavelength is shown in 

Figure 6e. It indicates that the absorption coefficient 

increases upto certain values of wavelength in UV region 

then exponentially decreases and finally becomes constant 

in the visible and NIR region. The extinction coefficient is 

calculated using the following relation,  

 





4
k  (5) 

Where, α is the absorption coefficient and λ is the 

wavelength. The estimated value of extinction coefficient 

of the films shows that (Figure 6f) it increases upto certain 

values of wavelength in UV region and then exponentially 

decreases and finally becomes constant in the visible and 

NIR region. The optical bandgap is calculated by: 

 )()( g

n EhBh    (6) 

Where, α is the absorption coefficient, hν is the photon 

energy, B is a constant and Eg is the optical bandgap. In 

order to determine the values of optical bandgap, (αhν)
n 

vs 

hν curves have been plotted for the prepared films and the 

values of n = 1/2, 3/2, 2 and 3 for direct allowed, direct 

forbidden, indirect allowed and indirect forbidden 

transitions respectively. The values of the tangents 
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intercepting the energy axis give the values of optical band 

gap as shown in Fig. 6g. The calculated optical bandgap is 

found to be in the range 3.50 to 3.74 eV for indirect 

allowed transitions. These values are compared to earlier 

works [35]. The optical conductivity is related to velocity 

of light by following equation,  

 






4

nc
OPT   (7) 

Where, n is refractive index, c is velocity of light and α is 

absorption coefficient. The optical conductivity decreases 

suddenly at 300 nm wavelength as shown in Figure 6h. It is 

observed that the optical conductivity decreases with 

increasing mole concentration upto 0.04 M and then 

increases due to the increase of the contribution of electron 

transition between valance band and conduction band, 

which led to reduction of energy gap (Figure 6g) as a result 

of sit level generation. The conductivity becomes constant 

after 600 nm. The calculated optical conductivity is in the 

range 4.8911 X 10
13

 to 6.1699 X 10
13 

(Ohm/cm)
-1

. The 

optical parameters are calculated and listed in table 2. 

Table 2: Optical parameters of cerium oxide thin films 

 

3.3 Elemental analysis 

 

XPS technique is used to determine the stoichiometry, 

purity and chemical state of the prepared samples. Based on 

the survey spectrum of the cerium oxide thin films (Fig. 7a) 

only cerium, oxygen, sodium (originated from the 

substrate) and surface carbon (due to air contamination and 

CO/CO2 adsorption on the surface) is detected on the films 

with no other surface impurities.  

 
(a) 

 

 
(b) 

 
(c) 

 
(d) 
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(e) 

 Fig.7: XPS spectra of spray coated cerium oxide thin films 

prepared at 0.08 M. 

The Ce3d core level spectrum (Fig. 7b) consists of three 

pairs of 3d3/2-3d5/2 spin-orbit-split doublets representing 

different 4f configurations in the photoemission final state 

and arising from 4f hybridization in both the initial and 

final states. It can be individually deconvoluted into three 

pairs of 3d5/2 and 3d3/2 spin–orbit components describing 

the Ce
4+

 ↔ Ce
3+

 electronic transitions in the binding 

energies 888.17, 894.16, 898.48, 903.98, 906.29 and 916.42 

eV. The first three peaks correspond to Ce3d5/2 and last 

three peaks correspond to Ce3d3/2.  These results indicate 

the presence of pure CeO2 and less impurity is presented. 

This is further supported by the presence of peak at 922.43 

eV, which is considered as a fingerprint of the CeO2 phase 

[36]. Fig. 7 c-e shows the O 1s, C 1s and Na 1s core level 

spectra of CeO2 thin films. The higher binding energy 

feature at around 534.2 eV suggest the presence of Ce
4+

 

related surface defects where oxygen occupies additional 

lattice sites and the lower energy component feature at 

around 536.8 eV correspond to oxide ions in a defective 

Ce2O3 formation of hydroxyl groups on the surface or 

oxygen chemisorbed on the surface. Small amount of 

carbon atom is absorbed from atmosphere at binding 

energy 291.98 eV (due to air contamination and CO/CO2 

adsorption on the surface) according to FT-IR results.

 
Table 3: Elemental composition of cerium oxide thin films 

Small amount of sodium atom is originated from substrate 

surface at binding energy 1076.54 eV [37]. Composition of 

all the elements are calculated and listed in table 3 

according to EDS results. 

4. Conclusion 
 

Nanocrystalline cerium oxide thin films with dense 

microstructure and free of cracks have been successfully 

deposited on glass substrates using NSP technique. All the 

films exhibit single phase crystalline and cubic fluorite 

structure with preferred orientation along (200) direction. 

The obtained maximum crystalline size is 30.1 nm prepared 

at 0.08 M. When mole concentration exceeds 0.08 M, some 

of the particles are broken and form cracks in the surface 

due to the agitation of particles and shrinkage of spray 

droplets. Crack free and smooth surfaces are obtained at 

0.08 M. It also exhibits nicely separated conical columnar 

microstructure with measured roughness of 15.38 nm. FT-

IR confirm the presence of phonon band of the metal oxide 

(Ce-O) and terminal stretching vibration (Ce=O). The 

carbonation peaks are diminished at optimized mole 

concentration 0.08 M. PL spectra revealed the presence of 

indigo-yellow emission peaks centered at 425 and 579 nm 

in the visible region. The peak observed at 394 nm due to 

charge transfer between 5d and 4f. The calculated refractive 

index and optical conductivity is found to be in the range 

2.53 to 2.33 and 4.8911 X 10
13

 to 6.1699 X 10
13 

(ohm/cm)
-

1
. XPS analysis exhibits the presence of Ce, O and C in the 

prepared films. It shows the dominant occurrence of Ce
4+

, 

minority occurrence of Ce
3+

 and small amount of C 

absorbed from air. From these results, films prepared at 

0.08 M shows better crysrallalanity, smooth surface, broad 

emission, high transmittance, high optical conductivity and 
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less impurities compared to other films prepared from 0.02 

to 0.1 M. The film can be applied to optoelectronic devices 

due to the high optical conductivity, electrochemical 

devices due to its large charge recombination and gas 

sensors owing to its smooth surface and large surface area 
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