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The structural, morphological, optical and electrical properties of CeO2 thin films deposited on glass sub-
strate using spin coating technique are studied with and without gamma irradiation. The prepared sam-
ples were gamma irradiated with 60Co at room temperature with dose range from 0 to 100 kGy. The
pristine and gamma exposed samples were analyzed by X-ray diffraction (XRD), field emission scanning
electron microscope (FESEM), energy dispersive X-rays (EDX), UV–Vis Spectroscopy, photoluminescence
(PL) and Hall measurements. XRD results confirmed the face-centered cubic phase of CeO2 for all samples
and showing the decreased in the crystallinity with gamma irradiation dose values. The FESEM images
shows that after gamma exposure, the CeO2 thin films surface became compressed, smooth and uniform.
UV–Vis Spectroscopy determined that the shifting of energy band gap values accredited by creating or
eradication of induced defects inside the energy band gap. PL peaks appeared in pristine and irradiated
thin films can be allocated to the oxygen related defects. The mobility, electrical resistivity and carrier
concentration were estimated for all sample by Hall measurements. It was found that the electrical prop-
erties, such as an increase in the number of carrier concentration and the decrease in the resistivity, of the
CeO2 thin films were improved with gamma rays irradiation. The study successfully demonstrates that
CeO2 thin films is a potential candidate to detect gamma radiation for dosemetric application.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In the last decades, to develop new radiation dosimeters in
place of aqueous chemical dosimetry, a numerous effort has been
reported to examine the impact of irradiation on the characteristics
of metal oxide semiconductor (Manikanthababu et al., 2020, Rabia,
2017; Manikanthababu et al., 2019). Among the metal oxide semi-
conductor, cerium oxide (CeO2) has received more attention
because of its high band gap, large refractive index, good temper-
ature stability, high dielectric constant and excellent optical
response. As detecting/sensing material, CeO2 has been found in
many aspects, like gas detector (Abouda et al. 2018), ultraviolet
radiation sensor (Wu et al. 2019), temperature sensors (Sun et al.
2012), humidity sensors (Li et al. 2015) and radiation sensor
(Tugulan and Ioan, 2020; Zohdiaghdam et al. 2020).

Gamma radiation has high frequency, which allow it to deeply
penetrate inside of a matter depending on its energy. So, gamma
rays may induce some effects to the encountered material , such
as excitation of electron, ionization of material and atomic move-
ment of the orbited electrons (Pacchioni et al., 2000). These effects
are reason the structural defects (oxygen deficiency in oxides semi-
conductor) and change in their density (Trefilova et al. 2001; Zhu,
1998). The nature of these defects depend on the electronic struc-
ture of material and the radiation dose (Pacchioni et al., 2000). The
behavior of CeO2 thin film with gamma irradiation was studied by
Yingying Li (Li et al. 2009) and reported that the optical properties
of CeO2 nanowire are clearly influenced by gamma irradiation. Fur-
thermore, electrochemical properties demonstrated the CeO2/-
graphene junction under a gamma irradiation environment (Xia
et al. 2017). The previous results indicate that the dosimetric
behavior of CeO2 could endure without any significant variations
in the device functionality.

The purpose of the present work is to explore the influence of
gamma irradiation with different dose on the nanostructure, mor-
phological, optical and electrical properties of nanocrystalline CeO2
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Fig. 1. a is an illustration of the XRD patterns for the nanocrystalline CeO2 thin
films before (black solid line) and after irradiation with different radiation doses
(25, 50 and 100 kGy) using 60Co source. b is an enlargement of (1 1 1) peaks for all
samples.
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thin films for gamma sensing martials. To our best knowledge,
there is no comprehensive investigation in the literature about
the gamma induced detailed behavior of CeO2 thin films deposited
by spin coating method.

2. Methods and techniques

2.1. Thin film deposition

Sample preparation: The cerium dioxide (CeO2) films on the
glass substrate were prepared by mixing of 0.5 mol cerium nitrate
hexa-hydrated (Ce(NO3)4�6H2O) in 10 mL of ethylene glycol with
the addition of 2 mL of ethanolamine, as a stabilizer. The mixture
was stirred at 65 �C for uniform mixing, a clear and homogeneous
solution was obtained. The glass substrates were washed with a
detergent, then rinsed by isopropanol and finally dry with nitrogen
gas. The prepared solution was deposited on cleaned glass sub-
strate by spin coating 3500 rpm for 30 s. The deposited films were
dried at 150 �C for 5 min. This coating and drying steps were
repeated numerous times to get appropriate thickness. Finally,
the deposited CeO2 thin films were annealed at 450 �C under in
air for 2 h. s

2.2. Thickness measurement

The thickness of prepared CeO2 thin films has been determine
using equation:

t ¼ m
qa

ð1Þ

where ‘m’ is CeO2 mass deposited on the glass, ‘a’ is area of the film,
‘q’ is CeO2 density (q = 7.22 g/cm3). The estimated thickness is
approximately 205 nm.

2.3. Gamma irradiation

After preparation, the CeO2 thin films were exposed to gamma
rays using 60Co source with an average energy of 1.25 MeV, activity
rate 7.328 kGy/h and half-life 5.2714 years (Model SC220E, MDS
Nordion) in a closed chamber. The samples positioned vertically
at a distance of 6.5 cm from the source active area. The samples
were exposed for 207, 415 and 828 min to obtain the required
doses.

2.4. Characterization techniques

The pristine and gamma exposed CeO2 thin films has been
analyzed by X-ray diffractometer (Panalytical X’Pert3 MRD X) with
Cu-Ka of wavelength 1.5418�A. FESEM (JEOL) is used for surface
morphology of irradiated thin films. The transmission spectra were
carried out by spectrophotometer (JASCO-V 670) in the wavelength
range of 300 to 800 nm. The defects study has been by spec-
troflourometer (JESCO FP-8200). The hall effects measurement
was measured Van der Pauw HMS-5000 Hall Effect Measurement
Systems at room temperature.

3. Results and discussion

3.1. X-ray diffraction

The XRD results of the pristine and gamma exposed CeO2 thin
films are shown in Fig. 1. All samples showed the reflection peaks
(1 1 1), (2 0 0), (2 2 0), (3 1 1), (2 2 2), (4 0 0), (3 3 1) and (4 2 0) at
2h of 29.09, 33.63, 48.01, 56.75, 59.55, 69.95, 77.17 and 79.59
respectively. The XRD patterns of all samples are agreeing to the
face-centered cubic structure of CeO2 in marvelous correspon-
dence with standard JCPDS card no. 43–1002. The pristine and
gamma irradiated thin films exhibited highest intensity for
(1 1 1) peak. There was a decreased intensity for all the peaks with
increasing the gamma dose. This indicates that the crystallinity of
CeO2 decreased after gamma exposure. The crystalline size (D), dis-
location density (d) and micro-strain (e) of pristine and gamma
exposed CeO2 thin films were measured using equations (Ali
et al. 2019; Nair et al. 1993):

D ¼ 0:94k
bcosh

ð2Þ
e ¼ bcosh
4

ð3Þ
d ¼ 1
D2 ð4Þ

Where D is the crystalline size, ‘k’ is the X-ray wavelength, h is
the reflection peak angle in degree and ‘b’ is the full width at half
maximum (FWHM) in radian. Inset of Fig. 1 shows that, the FWHM
is abruptly increased at 25 kGy comparing to the pristine thin films
and then decreased as the gamma dose increased. The increase of
gamma exposed dose value might be create nano-structural
defects that increased in dislocations density at 25 kGy. Then
decreased with increasing the radiation dose value, which induce
strain and average crystallites size shown the opposite trend com-
paring to the dislocation density. Comparable result has been
described by A Kozlovskiy et al. (Kozlovskiy et al. 2018) who
observed that an increase in the irradiation dose leads to an
increase in crystallite size and dislocation density under the influ-
ence of gamma irradiation. Lattice constant of CeO2 thin films were
estimated by XRD peak using following equation (Nelson and Riley,
1945):

1

d2 ¼ ðh2 þ k2 þ l2Þ
a2

ð5Þ

Where ‘d’ is the spacing between the planes, (h, k, l) are the
plane indices and ‘a’ is the lattice constant. The computed nanos-
tructure results by XRD are given in Table 1.



Table 1
Nano-structural and optical parameters pristine and gamma irradiated CeO2 thin films.

Gamma dose (kGy) Crystallite size D (nm) Micro-strain e 10-3 Dislocation density d 1014 Lattice constant (Å) Energy band gap (eV)
a

0 48.90 15.37 4.18 0.547 3.34
25 20.57 10.39 23.63 0.543 3.55
50 31.43 12.06 10.12 0.546 3.96
100 42.11 16.81 5.63 0.546 3.42
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It can be observed that the (1 1 1) plane takes shift towards the
lower angle at 25 kGy and then gradually transferred to larger
angle with increasing the gamma dose. Actually, gamma irradia-
tion introduces defects in the crystal structure, which makes the
host materials swell. This effect may be used for producing
thermo-shrinkable or temperature-induced healing of such
defects. Therefore, not only the lattice parameter should change
as well as producing the shift of the peak.
3.2. Thin films morphology

The morphology of the CeO2 thin films is an important factor to
modify their physical properties such optical transmission, refrac-
tive index and energy band gap. So, it is significant to examine the
morphology of pristine and gamma exposed thin films. Fig. 2 (a-d)
displays the characteristic top view FESEM images of thin films
with and without gamma exposure. It can be seen from Fig. 2 (a)
that the morphology of pristine sample has a spherical shape with
grains size of about 28 nm. It is clear from Fig. 2 (b) that the spher-
ical grain size decreased to 19 nm at 25 kGy and after further
increasing in irradiation dose the grain size increased to 35 nm.
It can be seen that after gamma radiation, the CeO2 thin film has
a compressed, smooth and uniform surface morphology. As a
result, the morphological properties of the CeO2 thin films have
altered significantly by gamma exposed dose.
Fig. 2. FESEM images of (a) as deposited, (b) 25 kGy, (c) 50
3.3. EDX analysis

The scanned area/or FESEM images from where EDX statistics
were obtained and EDX spectrum of as pristine CeO2 film are pre-
sented in Fig. 3 (a,b). The analysis confirmed the existence of Ce
and O in the prepared films. The atomic ratio of Ce and O almost
remain same with increasing gamma exposed dose. The elemental
compositions of all samples are given inset of Fig. 3 (b).
3.4. UV–Vis spectroscopy

The transmittance spectra of pristine and gamma irradiated
CeO2 thin films in the wavelength range of 300–800 nm are shown
in Fig. 4 (a). It can be seen that the transmittance decreases to zero
in the UV range and increases in the visible region for all samples.
The maximum transmittance pristine CeO2 thin films is 69%. After
irradiating the CeO2 sample by 25 kGy of gamma ray emitted from
60Co source, the transmittance reaches the 82%. With further
increase in gamma irradiation doses, the transmittance decreases
and the lowest value was found to be 75% for the case of
100 kGy. The absorption edge first moves to higher energy at
25 kGy and then change to lower energy value with further rise
in the gamma dose. The energy bandgap values are calculated by
extrapolating the linear portion of the Tauc’s plot ((ahm)2 Vs
(hm)) of the pristine and gamma exposed thin films as shown in
kGy and (d) 100 kGy gamma irradiated CeO2 thin films.



Fig. 3. EDX spectra of pristine and gamma irradiated CeO2 thin films.

Fig. 4. (a) Transmittance spectra (b) Tauc’s plot of pristine and gamma irradiated
thin films.

Fig. 5. PL spectra of pristine and gamma irradiated CeO2 thin films.
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Fig. 4 (b). The deviation of absorption coefficient (a) with hm was
estimated using the following equations:
a ¼ ln 1=Tð Þ
d

ð6Þ
ðahmÞ2 ¼ Aðhm� EgÞ ð7Þ
where A is a constant, d is the film thickness and Eg is the energy
band gap. The change in energy band gap with gamma dose given
in the Table 1. The energy band gap of pristine and gamma exposed
thin film revealed the blue shift from 3.34 to 3.55 eV with gamma
dose from 0 to 25 kGy and then showed red-shifted to 3.42 eV for
further increased in the gamma dose to100 kGy. The calculated
values of energy band gap are in good agreement with literature
(Ferrer et al. 2007). Shifting of energy band gap value might be
endorsed by generating or eradication of defects levels (Catalina,
2009). The modification of the energy band gap value by gamma
exposure csn be used for advance applications of CeO2 thin films.
3.5. Photoluminescence properties

Photoluminescence (PL) is a powerful technique to analyze light
emission properties of nanostructure thin films. To obtain a deeper
understanding of gamma irradiation effects within the CeO2 thin
films and its optical response, PL spectra have been measured at
room temperature with an excitation wavelength of 325 nm in
order to make the PL spectra comparable. Fig. 5 displays the com-
parison of PL results of pristine and gamma exposed CeO2 thin
films. It can be seen that the emission peak in the PL spectra



Fig. 6. Variation of electrical parameters with gamma irradiated dose of CeO2 thin
films.
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positioned at 408 nm is associated to the intrinsic fluorescence of
CeO2 thin films (Babitha et al. 2015). In CeO2, the defect states
are existing near the Ce 4f level. Thus bands seemed in the range of
415–500 nm is proposed structural defects attributed with oxygen
deficiency in CeO2 thin films (Wang et al. 2011). Thus the emission
peaks that appear can be attributed to the oxygen related defects.
This band may be ascribed on the base of transition of electron
from the 4f conduction band to O 2p valence band the valence of
CeO2 thin films. Hence the PL peak created by excited electron–
hole recombination, it means higher intensity would suggest a
greater recombination rate, representing that pristine CeO2 pro-
vide the fastest recombination. However, the intensity of peaks
gradually decreased with increasing gamma exposed dose, propos-
ing that the gamma dose decreased recombination rate of the
charge carriers.

3.6. Hall measurements

To investigate the effect of gamma exposure on electrical char-
acterization of CeO2 thin films, Hall measurement was used to esti-
mate the mobility, electrical resistivity and carrier concentration.
Fig. 6 represent the behavior of electrical parameters against the
gamma rays exposed dose. It can be seen that the resistivity
decreases to its maximum value at 50 kGy and then increases with
increasing gamma exposed dose. On the other hand, the carrier
concentration has a reverse trend to the resistivity. The mobility
is increased up to 25 kGy and then slightly reduced for higher
gamma irradiation dose. However, the electrical properties of
gamma irradiation thin films are enriched comparing to the pris-
tine CeO2 thin films. The increase of carrier concentration is due
to the increase of oxygen deficiency and broken bonds (Baydogan
et al. 2013). The mobility generally depends on scattering phenom-
ena like grain boundary scattering and ionized scattering due to
irradiation (Lu et al. 2006). The same behavior was obtained by
Baydogan et al. reported that the irradiation dose was an important
parameter to reduce the electrical resistivity and to increase carrier
concentration and mobility of nanostructure ZnO:Al thin film
(Baydogan et al. 2013). We can assume from results that the elec-
trical properties of gamma irradiated thin films were improved
after exposure.
4. Conclusion

The present research work demonstrates the deposition of CeO2

on glass substrates by spin coating technique. The results mainly
described the effects of gamma exposure on nanostructure, mor-
phological, optical and electrical characterization of the prepared
thin films. The XRD analysis showed that the intensity decreased
for all reflection with increasing the gamma exposed dose value,
which indicates that the crystallinity of the CeO2 reduced after
gamma exposure. FESEM showed that the grains decreased from
with average diameter of ~ 28 to ~ 19 nm at 25 kGy, then increased
to ~ 35 nm for further increased in gamma doses. The alteration in
morphology associated with the energy transferred to the thin
films that created a heating effect in lattice of the CeO2 thin films.
The Eg of pristine and gamma exposed film presented the blue shift
from 3.34 to 3.55 eV with exposed dose from 0 to 25 kGy and then
moved to 3.42 eV as the dose increased to100 kGy. The change in
the Eg due to the defects generation or annihilation by irradiation,
which generated charge carrier traps inside the band gap. The
intensity of PL peaks gradually decreased with an increase in
gamma rays exposed dose, proposing that the gamma dose
decreased recombination rate of the charge carriers. The PL peak
shifting and alteration in with gamma exposure may be due to
the lattice divergence of the nanostructure. The electrical charac-
terization of gamma exposure thin films is enriched as compare
to the pristine CeO2 thin films. The increase of carrier concentra-
tion is due to the increase of density of the defects. The mobility
generally depends on scattering phenomena like grain boundary
scattering and ionized scattering due to irradiation. Thus, the
results of all the above investigation confirm that the CeO2 can
be a strong and a good candidate for being used as radiation
dosimeter.
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