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Abstract

In this study, CeO, thin films were produced using the spin coting method, which is one of the sol-gel
methods, in six different molarities. X-ray diffraction (XRD) patterns revealed the characteristic peaks
of the films, while Field Emission Scanning Electron Microscopy (FESEM) confirmed their
homogeneous structure. Then, radiation shielding parameters like linear absorption coefficient
(LAC), mass absorption coefficient (MAC), tent value layer (TVL), mean free path (MFP), and half
value layer (HVL) were thoroughly examined. The results showed that increasing molarity had a
significant effect on the thickness values of thin films and the absorption parameters were found to
improve with increasing molarity. Both LAC and MAC values decrease as the energy level increases,
but the increase in CeO, molarity leads to a strong increase on these coefficients. The HVL value was
also found to be 0.42 cm at the lowest energy of 14.957 keV and to be around 10 cm at the greatest
energy of 59.543 keV (0.05 M). When the radiation energy applied to the material was raised from
14.957 keV to 59.543 keV, it was found that the MFP values of 0.05 M CeO, thin films grew gradually
from 0.61 cm to 14.51 cm. High energy radiation of 59.543 keV and a low density (0.05 M) medium
resulted in peak TVL values of 33.423 cm, allowing the radiation to pass through the material with
minimal interaction.

1. Introduction

As aresult of the advancement of technology and its widespread use in industry, people are exposed to more
ionizing radiation [1]. Scientists have focused on various studies to protect people from the harmful effects of
radiation. One of these studies is on the use of thin film technology as a radiation shielding. The use of thin films
as radiation shields is not only important for human health but also for technological devices [2—4]. Dense
materials such aslead and concrete are generally used as radiation shielding [5]. However, the low optical
transmittance of lead poses a major obstacle to its use in some applications of technology. For example, since
lead is used in the production of glasses used for radiation protection, the optical transmittance of these glasses is
quite low. This reduces the quality of vision when using these glasses. In the literature research, it has been
observed that optical transmittance decreases as the lead doping ratio increases in lead doped thin films [6, 7].
Fabrication of thin films with high optical transmittance and radiation absorption capacity is important for
human health and some technological applications. In this study, the radiation absorption effects of CeO, thin
films produced in six different thicknesses were examined in detail depending on five different energies. CeO,
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thin films stand out as a fascinating material with numerous applications. CeO, possesses exceptional
properties, including high atomic number, a wide band gap, high dielectric constant, high chemical stability,
remarkable mechanical strength, excellent lattice compatibility, a good refractive index for optical applications
and transparency in the visible and near-infrared spectral regions [8—10]. The high atomic number and density
of these elements contribute significantly to their ability to attenuate and absorb ionizing radiation [11].
Considering these properties, it shows that CeO, thin films can be preferred as radiation shields. When literature
studies are examined, it is seen that although studies investigating CeO, thin films as radiation shields are
encountered, the studies conducted are limited. In addition, this study differs from other studies in the literature
in terms of preparing thin films produced at different molarities in various thicknesses and examining the
absorption properties depending on thickness and energy by exposing these films to radiation at six different
energies. In recent years, CeO, thin films have been successfully utilized in various technological applications,
including catalytic [12], electrochemical [13], optical [14], electrical [15], gas sensor [16], corrosion-resistant
applications [17, 18] and UV-blocking filters [19]. In this study, homogeneous and economical films were
obtained by using the spin coating method for the fabrication of CeO, thin films. One of the reasons for using the
spin coating technique is that it is very easy to apply and can be obtained at a relatively low cost. The physical
properties of the films obtained depend on thermal annealing and thermal annealing time [20-22]. However,
various coating parameters such as coating speed, coating time and molarity of the precursor solution also play a
role in the physical properties of thin films during coating [23, 24]. In this study, the radiation absorption
parameters of CeO, thin films with six different thicknesses and five different energies were investigated in
detail. Considering the large number of studies conducted in this field [25-27], it is thought that this study will
make important contributions to the literature.

2. Experimental section

2.1.Methodology

The system is called a narrow geometry Am-241radioisotope source attenuation geometry. The Americium-241
radioactive annular source was selected because to its compatibility with secondary targets, ability to facilitate
non-destructive excitation, independence from a power source, and capacity to generate an adequate quantity of
gamma rays. Photons from the Am-241 source, which produces photons with an energy of 59.5 keV, are sent to
the detector without a sample. The number of photons is recorded as a blank count. Then, the sample is added,
and the same process is performed. This time, the photons passing through the sample are recorded. According
to the Lambeer-Beert law, calculations are made with these photon numbers, and the mass absorption
coefficient is calculated. Taking the sample density into account, the linear absorption coefficient and the mean
free path, half-value thickness and tenth value thickness parameters derived from here are calculated.

2.2. Fabrication and characterization of CeO, thin films

CeO, thin films were coated on the c-Si surface by spin coating method. Cerium (IIT) chloride heptahydrate
(CeCl5-7H,0, Sigma-Aldrich) with a purity of 99% was used as the source of cerium, while ethyl alcohol was
preferred as the solvent. 0.2 M citric acid monohydrate (Merck, 99.7%) was added to the solution, stirred in a
magnetic stirrer for 30 min and aged for 24 h. To increase the adhesion of thin films, 75 pl of triethanolamine
(97%) was added to 5 ml of solution and mixed at 50 °C for half an hour. The coating was carried out CZ-Si
p-type wafers with a thickness of 725 pm and a size of 1 cm x 1 cm. The wafers was cleaned for 5 min in an
ultrasonic bath using ethyl alcohol and deionized water. Then the natural SiO, layer was removed with HF (1:10)
solution. The coating was carried out ata speed of 6000 rpm for 10 seconds so that the solution spreads over the
surface and dried at 200 °C for 5 min. XRD patterns were obtained using a Rigaku Smartlab diffractometer with
CuKa radiation (A= 1.5408 A) to examine the crystal structures of the thin films. FESEM images were
performed with the Zeiss Sigma 300 model to examine the surface morphology of thin films.

2.3. Gamma ray attenuation measurements

The experimental configuration is illustrated in figure 1. It encompasses the secondary source, the primary
source (Am-241), the absorber, and the detecting apparatus. The secondary source beam strikes the Am target,
while the absorber collects the emitted beam from the Am target. A collimated Ultra-LEGe (Ortec) detector was
used to measure the transmitted gamma rays. The detector exhibits a relative yield 0of 25% at 1.33 MeV and a
resolution of 1.85 keV at the same energy level. The output preamplifier, capable of rejecting pulse pile-ups,
transmitted signals to a multichannel analyser linked to a personal computer equipped with appropriate
software for data collection and peak analysis. A peak fitting program conducted the fitting and deconvolution
procedures. Radiation absorption measurements at different energies were performed to determine the
shielding parameters of thin films.
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Figure 1. The schematic configuration of the measurement system.

2.4. Calculations
The attenuation coefficients were determined using the Lambert—Beer equation for Cerium dioxide thin films at
various molarity levels, employing prior analytical results [28];

[ =Ipe ™ = I(,e*(%)d 1)

Iy represents the incident beam directed towards the detector from the x-ray source in the absence of any sample.
The beam is conveyed from the sample to the detector. d represents the mass per unit area (g/cm?), whereas j1/p
denotes the mass attenuation coefficient (cm?/g) [29];

(%) = > Wi/ p); @

where Wirepresents the weight fraction and the mass attenuation coefficient of the ith constituent element,
respectively. The weight fraction of a chemical substance is expressed by equation (3) [30];
W = _midi 3)
YoiniAi

The atomic weight of the ith element is denoted as A;, while the quantity of formula units is denoted as n;.

Theoretical values of the MAC (cm) were acquired from the XCOM database [31].

The LAC (12 (cm ")) quantifies the rate of photon absorption per unit thickness. This is determined by
multiplying the mass attenuation coefficient by the specific gravity of the substance and is derived by multiplying
the MAC by the material’s specific gravity, as outlined below [32];

= by 4

where i, represents the mass attenuation coefficient of the material and p denotes the density of the substance.
The MFP (cm) is a crucial metric that indicates radiation attenuation. The MFP in physics refers to the average
distance a moving particle (such as an atom, molecule, or photon) travels before substantially changing its
direction, energy, or other attributes in a certain setting. This typically results from one or more subsequent
collisions with other particles. The mean free path values are determined using the subsequent equation: [33];

MFP = (1/p1) (©)

The substance retains residual energy following the establishment of atomic binding energy or secondary
photons. The thickness of a material, referred to as the HVL (cm), functions to diminish photon intensity and
assess its capacity to attenuate gamma rays. The half-value layer (HVL), or half-value thickness, is the thickness
at which the intensity of radiation passing through a material is reduced by fifty percent. The subsequent
calculation is employed to ascertain the HVL [33];

HVL =In2/p (6)
TVL, or the tenth-value layer, is a comparable concept. The entire amount of material necessary to attenuate

90% of the radiation, so reducing it to one-tenth of its original intensity, is referred to as the TVL, as indicated in
equation (5) [33];
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Figure 2. Ray-diagram representation.

TVL = In10/p (7

where (4 is the total LAC.

This technique facilitates the calculation of gamma-ray absorption parameters of CeO, thin films of six
different molarities by using narrow-beam x-ray transmission geometry to measure different gamma energies.
Figure 1 illustrates the experimental configuration, comprising the secondary source, primary source
americium-241 (Am-241), absorber, and detection system. The Am-241radioactive annular source was selected
because to its compatibility with secondary targets, ability to facilitate non-destructive excitation, independence
from a power source, and capacity to generate an adequate quantity of gamma rays. The secondary source beam
impacts the Am target, while the absorber captures the emitted beam from the Am-241 target.

Lead collimators around the detector to obstruct radiation from adjacent objects from accessing it. Three
collimators with apertures of 1.2, 1.2, and 1 mm were placed at distances of 30, 75, and 120 mm from the
secondary source, respectively. The width of each collimator measured 5 mm. The samples were placed on a
specimen holder, 70 mm from the secondary source. The separation between the secondary source and the
detector is 135 mm [34]. Figure 2 illustrates the total scatter acceptance angle (6,.,), defined as the sum of the
angle encompassed by the exit collimation (6,,,) and the angle represented by the incident beam divergence

(oin)'

3. Result and discussion

XRD measurements were carried out in the range of 25° to 50° to perform the structure analysis of thin films
produced at different molarities. As seen in figure 3(a), three peaks belonging to CeO, thin films were observed
and the main peak was determined to be in the (111) plane at 28.33°. It was observed that the peaks of CeO, thin
films were consistent with the literature and the peak intensity increased as the thin film thickness increased
[35, 36]. Considering that D is the crystal size, A is the x-ray wavelength, 6 is the Bragg angle, and s the half-
peak width, the average crystal size of thin films can be easily calculated by the Debye—Scherrer equation
(equation (8)) based on the x-ray diffraction patterns [37, 38].

D =0.9)\/0 cos 6 8)

The crystal size results calculated by taking into account the (111) plane, which is the main peak of CeO, thin
films, are given in figure 3(b). According to the results obtained, the average crystal size increases with increasing
molarity [39].

In figure 3(b), the average crystal size values of thin films prepared at five different molarities are presented.
Since no CeO, peak was observed in the 0.05 M solution, the crystal size could not be calculated. However, the
crystal size of the thin film obtained from the 0.1 M solution was calculated as 5.80 nm. For the 0.2 M, 0.3 M,

0.4 M, and 0.5 M solutions, the crystal sizes were determined to be 7.40 nm, 9.10 nm, 10.40 nm, and 10.10 nm,

4
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Figure 3. XRD patterns (a) And crystal size (b) of different molarities CeO, thin films.
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Figure 4. FESEM images of 0.3 M CeO, thin films captured at various magnifications.

respectively. The average crystal size for the (111) plane of the thin films prepared at these five molarities was
calculated as 8.56 nm, which is consistent with the literature [40]. Figure 4 shows the results of FESEM
investigations at various magnifications to investigate the surface morphology of 0.3M CeO, thin films. The
obtained results show that the CeO, thin film has a granular structure and is uniformly dispersed over the
surface of the crystalline silicon. FESEM pictures, in addition to XRD investigations, verify the homogenous film
production and the structure of CeO, thin films. The particle size was determined from image analysis of FE-
SEM observations in conjunction with Image]J software. Histogram plot of the samples prepared at 0.3 M CeO,
thin films is shown figure 4(d). The particle sizes of CeO, thin films were calculated as 8.93 nm, which is seen to
be in good agreement with the value obtained from XRD measurements.

Also, The thickness values corresponding to each molarity for thin films prepared at different molarities are
presented in figure 5. The thickness values were calculated theoretically by fitting the reflectance curves in
previous study [41] and using the Fresnel equations in equation (9).

)
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Figure 5. The molarity and thickness values of the CeO, thin films.
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Figure 6. LAC and MAC of CeO, thin films at various molarities as a function of energy.

2+ r} + 211, cos 20
1 + r2r} + 217, cos 26

R=|r’| = €

ng — n nm—n 27 d,
where, n, = 0 1,1’2: ! 2,9: 17
ng + m n+ 1
the air refractive index, n, is substrate refractive index, and 6 is light incidence angle [42, 43].

As can be seen from the figure 5, increasing molarity caused an increase in thin film thickness. For example,
while the 0.05 M CeO, thin films with the lowest molarity had a thickness of 7 nm, a thickness value of around
115 nm was obtained for 0.5M CeOQ, thin films. In the following stages of the study, the thickness values
corresponding to each molarity were used to calculate the density of the thin films and experimental calculations
were carried out accordingly.

Determination of shielding parameters of thin films is very important in terms of determining the usage
areas of the material. In this study, LAC, MAC, TLV, MFP and HVL parameters were determined experimentally
as shielding parameters, respectively. Figure 6 and table 1 show the LAC (1) and MAC (u1/ p) values of samples
with different CeO, concentrations at specific energy levels such as 14.957 keV, 22.162 keV, 32.191 keV,

41.529 keV and 59.543 keV. The results in the table reveal that both LAC and MAC values decrease as the energy
level increases, but the increase in CeO, molarity leads to a strong increase on these coefficients. For example, at
14.957 keV energy, LAC s 2.685 for 0.05 M CeO,, while this value increases to 7.239 at 0.5 M CeO,. Similarly, at
0.05M CeO,, MACis0.213,and at 0.5 M CeO,, it rises to 0.574. The efficiency of CeO, as a radiation attenuating
material is demonstrated by the fact that an increase in CeO, concentration raises the absorption capacity at

,d, is thin film thickness, n, is thin film refractive index, n, is

6
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Table 1. Experimental values of LAC and MAC for cerium dioxide thin films at different molarity rate for the different K alpha energies.

Energy (keV)
Samples 14.957 22.162 32.191 41.529 59.543
0.05 M CeO, 1.627 +0.131 0.622 4+ 0.050 0.226 +0.018 0.070 4= 0.006 0.069 4+ 0.006
LAC (cm™) 0.1 M CeO, 1.635+0.131 0.625 £ 0.050 0.261 £0.021 0.080 £ 0.006 0.078 £ 0.006
0.2 M CeO, 1.637 £0.134 0.675 £ 0.054 0.267 £0.021 0.087 £ 0.007 0.086 £ 0.007
0.3 M CeO, 1.677 +0.137 0.688 +0.055 0.282 +0.023 0.090 4 0.007 0.088 +0.007
0.4 M CeO, 1.713 £0.140 0.700 £ 0.056 0.308 £ 0.025 0.105 £ 0.008 0.097 £ 0.008
0.5 M CeO, 1.747 £0.141 0.720 £ 0.058 0.351 +£0.028 0.126 £0.010 0.099 £ 0.008
0.05 M CeO, 10.260 £ 0.821 3.902£0.312 1.417 £0.113 0.442 £0.035 0.432 +0.035
MAC (cm?/g) 0.1 M CeO, 10.415+0.833 3.974+£0.318 1.663 £0.133 0.512 £ 0.041 0.493 +0.039
0.2 M CeO, 10.699 £ 0.856 4.309 +0.345 1.703 +0.136 0.555 4 0.044 0.547 +0.044
0.3 M CeO, 10.750 £ 0.860 4.31540.345 1.770 £ 0.142 0.567 £ 0.045 0.555 £ 0.044
0.4 M CeO, 10.942 +0.875 4.385+0.351 1.927 +0.154 0.656 4 0.052 0.609 + 0.049
0.5M CeO, 11.200 £ 0.896 4.585+0.367 2.2374+0.179 0.801 4-0.064 0.632 +0.051

every energy level [44, 45]. Furthermore, studies have demonstrated that a larger mass attenuation coefficient
value is necessary for improved x-ray and gamma-ray shielding efficacy [46].

HVL, MFP and TVL values, which are another important radiation shielding parameters, were obtained for
five different radiation energy levels from 14.957 KeV to 59.543 KeV for six different molarities and are
presented in table 2. Additionally, graphs of these values are given in figures 7(a)—(c). HVL is defined as the
thickness of the material at which the intensity of the incoming radiation is reduced by half and TVL is defined as
the thickness of the material at which the intensity of the incoming radiation is reduced by one-tenth. MFP is the
average distance that radiation can travel in a substance before any two successive collisions [47]. When
figure 7(a) was examined, it was seen that the HVL values increased significantly with increasing energy. For
example, for 0.05 M, the HVL value was 0.42 cm at the lowest energy of 14.957 keV, while it reached
approximately 10 cm at the highest energy of 59.543 keV. This shows that higher energy radiation can penetrate
deeper into the material [48, 49]. In addition, as can be seen from table 2, it was determined that there was a
decrease in HVL values with the increase in molarity in each energy. It was observed that with the increase in
molarity at 14.957 keV energy, the HVL value decreased from 0.424 cm to 0.394 cm, while at 22.162 keV energy,
from 1.11 cm t0 0.96 cm, at 32.191 keV energy, from 3.07 cm to 1.97 cm, at 41.539 keV energy, from 9.85 cm to
5.51 cm and finally at 59.543 keV energy it decreased from 10.06 cm to 6.98 cm. These results clearly show that
higher concentrations of CeO, increase the absorption of radiation [44]. However, the results indicate that high-
energy radiation penetrates less dependent on material thickness [50]. Similarly, when the MFP values given in
figure 7(b) were examined depending on the radiation energy and CeO, molarity, distinct trends affecting the
material-radiation interactions were observed. When the radiation energy sent to the material was increased
from 14.957 keV to 59.543 keV, it was observed that the MFP values increased steadily from 0.61 cm to 14.51 cm
(0.05 M CeO,) This is attributed to the higher energy radiation traveling longer distances [51]. However, with
the increase in CeO, molarity, more radiation was absorbed or scattered for all energies, and thus a decrease in
MEFP values was observed.

Herein, the lowest MFP values were observed at the low energy level of 14.957 keV and the highest
molarity value (0.5 M), revealing the dominance of absorption mechanisms in a dense environment. In
contrast, the highest MFP values were obtained in high energy (59.543 keV) and low molarity (0.05 M)
samples because radiation-material interactions were determined to be ata minimum level in these
conditions. In figure 7(c), TVL values are presented depending on the radiation energy and CeO, molarity.
The increase in the energy level from 14.957 keV to 59.543 keV decreased the possibility of radiation
interacting with the material, which caused the TVL values to increase. This shows that high energy photons
travel longer distances in the material without being weakened. On the other hand, the increase in CeO,
molarity increased the density of the material, causing the radiation to interact more frequently and
decreasing the TVL values. The lowest TVL values indicate that low energy radiation (14.957 keV) is rapidly
absorbed in a high density (0.5 M) medium and an effective attenuation occurs. In contrast, a high energy
(59.543 keV) and low density (0.05 M) medium produced the highest TVL values 0f 33.423 cm, allowing the
radiation to pass through the material with minimal interaction.

Calculations and measurements were carried out by considering the margins of error given in table 3. From
the results, it can be concluded that CeO, thin films at higher molarities provide better radiation absorption
properties and thus may be potential candidates for radiation shielding applications.
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Table 2. Experimental values of MFP, HVL, TVL for cerium dioxide thin films at different molarity rate for different K alpha energies.

Energy (keV)
Samples
14.957 22.162 32.191
MFP HVL TVL MEFP HVL TVL MFP HVL TVL
0.05M CeO, 0.612 +0.049 0.424 +0.034 1.408 0.113 1.608 +0.129 1.114 +0.089 3.702 £0.296 4.429 +0.354 3.070 £0.246 10.197 £0.816
0.1 M CeO, 0.611£0.049 0.423 +0.034 1.407 £0.113 1.601 +0.128 1.110 +0.089 3.687 £0.295 3.82540.306 2.6514+0.212 8.808 £0.705
0.2 M CeO, 0.596 +0.048 0.4134+0.033 1.3734+0.110 1.4814+0.118 1.026 +0.082 3.4094+0.273 3.746 +0.300 2.596 +0.208 8.625 £+ 0.690
0.3 M CeO, 0.584 +0.047 0.405 +0.032 1.344 +0.108 1.4544+0.116 1.008 +0.081 3.348 +0.268 3.5454+0.284 2.457 £0.197 8.163 £ 0.653
0.4 M CeO, 0.572 £ 0.046 0.397 +0.032 1.318 = 0.105 1.428 0.114 0.990 +0.079 3.2894+0.263 3.250 £ 0.260 2.253 £0.180 7.484 £+ 0.599
0.5M CeO, 0.569 4+ 0.045 0.394 +0.032 1.309 +0.105 1.389+0.111 0.963 +0.077 3.198 +0.256 2.847 +0.228 1.973+0.158 6.554 +0.524
Samples Energy (keV)
41.529 59.543
MFP HVL TVL MEFP HVL TVL
0.05 M CeO, 14.211 £1.137 9.850 +0.788 32.721+£2.618 14.515 £ 1.161 10.061 £ 0.805 33.423+2.674
0.1 M CeO, 12.4324+0.995 8.617 +0.689 28.626 +2.290 12.902 +1.032 8.943 +£0.715 29.709 +2.377
0.2 M CeO, 11.488 £0.919 7.963 +0.637 26.453 +2.116 11.654 £0.932 8.078 £0.646 26.835+2.147
0.3M CeO, 11.065 £ 0.885 7.669 +0.614 25.477 +£2.038 11.311 £0.905 7.840 £0.627 26.045+2.084
0.4 M CeO, 9.5524+0.764 6.621 +0.530 21.994 + 1.760 10.289+0.823 7.1324+0.571 23.692 +1.895
0.5M CeO, 7.953 £ 0.636 5.5124+0.441 18.312 £ 1.465 10.077 £0.806 6.985 4+ 0.559 23.204 £+ 1.856
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Figure 7. HVL, MFP and TVL of CeO, thin films at various molarities as a function of energy.

Table 3. Margins of error in calculating parameters.

Nature of uncertainty Uncertainty [%]
The original and attenuated photon intensity <5
Photon detection statistics <3
Specimen thickness <2

4. Conclusions

In this study, the structural, morphological and radiation shielding properties of CeO, thin films prepared at
different molarities were investigated. XRD pattern analyses showed that the crystal structure of the films was
consistent with the literature and that the crystal sizes increased with the increase in molarity. FESEM images
revealed that the films were spread homogeneously on the surface and had a granular structure. The thickness of
the thin films increased with molarity and this increase contributed positively to the radiation shielding
parameters of the films. In particular, it was observed that LAC and MAC values increased with molarity, while
HVL, MFP and TVL values decreased. This has proved that CeO, thin films can effectively absorb low-energy
radiation and exhibit better radiation shielding performance at high molarities. As a result, CeO, thin films can
be considered as a potential material for radiation protection applications.
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