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A B S T R A C T

This paper presents the effects of low-dose γ-irradiation on the structural, morphological, and optical properties
of Fluorine-doped tin oxide (FTO) thin films for application as a passive thermal control coating in future
miniaturized lightweight spacecraft. Commercial-grade FTO films on glass substrate (Pilkington Ltd, UK) with a
bulk density of 2.5 g/cm3, sheet resistance of 12 Ω.sq-1, coating thickness of 450 nm, optical band-gap of 3.80
eV, a carrier concentration of 1.50×1020 cm−3 and a mobility of 15 cm2/Vs were irradiated at room tem-
perature and atmospheric pressure using a 60Co gamma source (with gamma energies of 1.17 MeV and 1.33
MeV) at iThemba Laboratory for Accelerator Based Sciences, Cape Town, South Africa. Each sample was exposed
to γ-rays for a different span of time to achieve a series of different integrated absorbed doses of 20, 30, and 50
Gy, at a dose rate of 0.207 Gy/min. Evolution in structural properties of the films was characterized using a
Bruker AXS D8 Advance XRD with Cu-Kα (λ = 1.54056 Å) scanned in the 2θ degree range of 20 – 80 degrees.
Surface properties were analyzed using a VEECO Dimension 1100 AFM machine. Meanwhile, variations in
optical transmittance of the films was investigated using a Cary 5000 UV-vis-NIR spectrophotometer of Varian,
Inc. model internal DRA- 2500 in the wavelength range of 200 – 2500 nm. XRD results indicate an enhancement
of crystallization after irradiation, slight peak shifts, and variations in crystallite sizes with increasing dose.
Surface roughness decreased with increasing dose and the grain structures also seen to vary with dose. No
significant variations in optical transmittance of the FTO films.

1. Introduction

Fluorine-doped tin oxide (FTO) is a transparent conducting oxide
(TCO) with widespread applications that include touch panel contacts
(Adjimi et al., 2018), gas sensors and electrodes in thin film solar cells
(Lavanya et al., 2016), transparent light emitting diodes (Zeng et al.,
2003), smart windows (Batzill and Diebold, 2005), thin film transistors
and catalyst (Sharma et al., 2013), and flat panel displays and optoe-
lectronic devices (Adjimi et al., 2018; Tuyen et al., 2019), among
others. These applications are owed to FTO's desirable broad qualities
such as high electrical conductivity combined with a high optical
transparency in the visible spectrum range (Banyamin et al., 2014;
Chowdhury et al., 2013; Zeng et al., 2003), high reflectivity in the in-
frared (IR) region despite being significantly transparent in the visible
region (Banyamin et al., 2014; Chowdhury et al., 2013), high melting

point, high mechanical strength and hardness, high electrochemical
stability, good adherence to substrates, relatively a large bandgap
(> 3 eV) (Sharma et al., 2013; Shi and Xu, 2017). Besides, FTO offers a
relatively better economic favor as compared to indium-based tin-oxide
(ITO) due to the relative abundancy and low cost of tin mineral
(Chowdhury et al., 2013). All these qualities combined make FTO a
potential candidate for heat management as a thermal control coating
(TCC) on future long mission and cost effective miniaturized spacecraft
such as the CubeSats.

A TCC is a passive thermal management system (PTMS) made of
single- or multi-layer thin coating of select materials with high re-
flectivity in the IR region designed to protect internal equipment. This
is achieved either by confining heat produced by the spacecraft elec-
tronic components within the spacecraft during extreme cold weather
or reflecting heat fluxes from the Sun into space (Gilmore, 2002;
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Madiba et al., 2019). The TCCs enjoy the advantages of simplicity, low
cost, energy saving, lightweight, and suitability for use in long-duration
unmanned missions without servicing (Meseguer et al., 2012). How-
ever, mindfully the space environment is known to be one of the most
extreme environments imaginable, where spacecraft are continuously
bombarded by various species of ionizing radiations (protons, electrons,
neutrons, γ-rays, and heavy charged particles) from galactic cosmic rays
(GCRs) (Takahashi et al., 2018), trapped particles in the Van Allen belts
(Pelton and Allahdadi, 2015), and the solar energetic particles (SEPs)
(Chancellor et al., 2018, 2014; Jiggens et al., 2014). Gamma rays found
in the space environment usually originate from the Sun, cosmic
sources, and SEP and GCR interactions with neutral gas particles
(Norberg, 2013; Pelton and Allahdadi, 2015).

It's well known that irradiating a metal oxide such as FTO with io-
nizing radiations lead to ionization damage and atomic displacement,
leaving behind lattice defects in the form of vacancies (color centres or
oxygen vacancies in oxides) (Abhirami et al., 2013; Tuǧluoǧlu, 2007),
defect clusters, dislocations (Khamari et al., 2011; Lavanya et al., 2016;
Sen et al., 2019b), grain growth, fragmentation, and swelling (Madiba
et al., 2017). Additional defects such as phase transformations, amor-
phization and chemical effects (cation reduction, anion loss) can also
occur in materials that are highly susceptibility to damage accumula-
tion (Lavanya et al., 2016; Madiba et al., 2017). The type and degree of
defects that a material undergoes strongly depend on the type, dose and
energy of the radiation, and on several parameters of the material in-
volved like atomic mass, thickness, density of the host atoms and
temperature of the material during irradiation (Khamari et al., 2011;
Kumari et al., 2014; Sen et al., 2019b; Tuǧluoǧlu, 2007). Gamma-rays
cause defects as it interacts with matter through three distinct pro-
cesses, namely Compton scattering, the photoelectric effect and pair
production (Lavanya et al., 2016; Souli et al., 2019). Ionization damage
occurs when a γ-ray photon traversing a material interacts with and
knocks-out an electron(s) from its shell, creating electron-hole pairs.
The primary knock-out electrons gain sufficient amount of energy to
subsequently displace other target atoms through secondary and
higher-order collision processes. This can cause a sequence of energy
sharing collisions and displacement cascades, which could lead to a
large variety of structural modifications (Arshak and Korostynska,
2006). These defects can degrade the structural, physical, chemical,
optical, and electrical properties of the irradiated material, which may
in turn strongly affect its performance (Arshak et al., 2004; El-Nahass
et al., 2018; Lavanya et al., 2016; Maity and Sharma, 2011; Sen et al.,
2019b). However, positive effects such as improvement in electrical
conductivity, crystallinity and increase in electron density have also
been reported (Kumari et al., 2014).

Thus, proper understanding of evolutions in structural, morpholo-
gical, and optical properties of FTO is vital for qualifying it for passive
thermal control coating in future spacecraft. Currently, only a few
studies have reported modifications in the properties of tin oxide-based
thin films under irradiation. Kaya et al., studied γ-irradiation induced
modifications on the structural, morphological, electrical, and electro-
chemical properties of n-SnO2/p-Si heterojunction diodes. Their study
revealed improved crystallographic structure, smoother surface
roughness, reduced capacitance, and reduced interface state density of
SnO2 following γ-irradiation exposure (Kaya et al., 2019). Kondkar and
Rukade investigated phase transitions and morphological modifications
in SnO2 thin films irradiated with 75 MeV Au7+ ions. Their study also
showed enhanced crystallinity of the films, increased grain size, and
nanocluster formation with increase in the ion fluence (Kondkar and
Rukade, 2017). Singh et al., investigated the effects of swift heavy ion
(Ag+9) irradiation on the structural, morphological, optical and elec-
trical properties of FTO. They observed decreased crystalline sizes, in-
creased sheet resistivity, and reduced optical transmittance of the films
with increasing ion fluences (Singh et al., 2015). Rani et al., in-
vestigated the effects of swift heavy ion (Ni+) irradiation on the
structural, optical, and gas sensing properties of un-doped SnO2 thin

films. Their study showed an enhancement of crystallinity and sys-
tematic change of stress in the SnO2 lattice at low fluence, but decrease
in crystallinity at high fluence (Rani et al., 2008). Sharma et al., studied
structural and surface microstructure evolutions in SnO thin films under
150 MeV Au beam irradiation (Sharma et al., 2013). Lavanya et al.,
reported notable modifications of the properties of SnO2 nanoparticles
following exposure to γ-radiation at different doses. They also observed
decreased crystallinity of the samples irradiated with 50 kGy and
100 kGy, and increased crystallinity in sample irradiation with 150 kGy
of γ-rays (Lavanya et al., 2016). Abhirami et al., reported pronounced
variations in crystallinity, reductions in optical transmittance and
electrical resistance of SnO thin films under various doses of γ-irra-
diation (Abhirami et al., 2013). To the best of our knowledge, no study
has reported the effects of γ-irradiation on the properties of FTO.
Hence, the present study investigates the evolutions in structural,
morphological and optical properties of FTO thin films irradiated at
room temperature and atmospheric pressure using γ-rays from a60Co
source.

2. Materials and methods

2.1. Sample irradiation

The material experimentally investigated in this study was com-
mercial-grade FTO thin film on glass substrate (Pilkington Ltd, UK) with
a bulk density of 2.5 g/cm3, sheet resistance of 12 Ω.sq−1, coating
thickness of 450 nm, optical band-gap of 3.80 eV, a carrier con-
centration of 1.50 × 1020 cm−3 and a mobility of 15 cm2/Vs. Four
samples of uniform sizes (1 cm × 1 cm) were cut from the main sample
and cleaned in a sonicator for 30 min using acetone and distilled water.
One set was used as a control sample or as-deposited sample and the
other three were irradiated at room temperature and atmospheric
pressure using a 60Co gamma source (with gamma energies of 1.17 MeV
and 1.33 MeV). The irradiation experiment was conducted at iThemba
Laboratory for Accelerator Based Sciences, Cape Town, South Africa.
Each sample was exposed to γ-rays for a different span of time to
achieve a series of different integrated absorbed doses of 20, 30, and
50 Gy, at a dose rate of 0.207 Gy/min.

2.2. Characterization techniques

Structural analysis of both the irradiated and un-irradiated films
was performed at room temperature using a Bruker AXS D8 Advance X-
ray diffractometer (XRD) with Cu-Kα (λ = 1.54056 Å) radiation in the
2θ degree range of 20–80°. A VEECO Dimension 1100 Atomic Force
Microscopy (AFM) operated in tapping mode was used to provide in-
formation about the surface properties of the samples. Evolution in
optical property of the samples was investigated by measuring optical
transmittance of the irradiated and un-irradiated films using a Cary
5000 ultraviolet–visible–near infrared (UV–vis–NIR) spectro-
photometer of Varian, Inc. model internal DRA- 2500 operated in the
wavelength range of 200–2500 nm.

3. Results and discussion

3.1. Structural evolution of FTO under γ-ray exposure

3.1.1. General diffraction peak observations
The XRD patterns for both the irradiated and original un-irradiated

samples are shown in Fig. 1. It can be observed from Fig. 1 that both
samples exhibited similar XRD spectral patterns with diffraction peaks
corresponding to the (110), (101), (200), (211), (220), (310), (301),
and (321) planes at 2θ diffraction angles of 26.5°, 33.7°, 37.7°, 51.5°,
54.5°, 61.5°, 65.5°, and 78.3° respectively. When compared with pat-
terns from the standard powder diffraction card JCP2 No. 41–1445,
these diffraction patterns are found to be polycrystalline tetragonal
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rutile phase of the cassiterite SnO2 (Adjimi et al., 2018). Fig. 1 also
shows that the most preferred diffraction spectra of both the irradiated
and un-irradiated films are the (200) and (211) planes. This indicates
that a large proportion of crystals in the samples are textured within the
(200) and (211) crystallographic orientations.

Comparing XRD measurements of the original un-irradiated sample
with those of irradiated samples depicts no evident complex crystal-
lographic changes such as amorphous phase transformations in the ir-
radiated samples. Furthermore, there were no observed new peaks of
SnO2, and no diffraction patterns corresponding to fluoride phases such
as SnF2 despite the presence of fluorine dopant in the films. The absence
of any unwanted peaks confirms the high purity of the product as well
as no interfacial diffusion of fluorine from the FTO towards the sub-
strate. The nonexistence of fluoride phases could have been either be-
cause they were overlapped with SnO2 peaks, or the γ-ray doses used
were not adequately high to generate or enhance crystallinity of
fluorine phases to visible levels (Samad et al., 2011). It can also be
speculated that during the FTO film preparation and doping processes,
the fluorine dopant atoms could have replaced oxygen atoms in the
SnO2 films without necessarily forming secondary crystalline fluoride
phases (Banyamin et al., 2014; Deyu et al., 2019; Samad et al., 2011).

It's also observed from Fig. 1 that increasing the γ-ray dose caused
significant structural modifications of the FTO films, manifested as
enhancement in spectral line intensities of the films with increasing
dose. This is confirmed further by comparing variations in peak areas
for the two most preferred planes of the irradiated and un-irradiated
samples as shown in Fig. 2. As observed from Fig. 2, peak area increased
with increasing γ-ray dose, and since peak area is synonymous with
peak intensity (Baccini, 2019), the observed increase in peak area im-
plies enhancement in crystallinity of the films. Enhancement in crys-
tallinity of tin oxide films following γ-irradiation have been reported in
previous studies such as (Abhirami et al., 2013; Kaya et al., 2019;
Lavanya et al., 2016). Also, previous studies (Kondkar and Rukade,
2017; Rani et al., 2008) reported improvement in spectral line in-
tensities of tin oxide films irradiated with swift heavy ions.

The observed enhancement in spectral line intensity is attributed to
the energy transferred to SnO2 lattice by γ-ray photons (Rani et al.,
2008). Depending on its energy, a γ-ray photon interacts with matter
and transfers part or whole of its kinetic energy to the target atoms
causing trails of ionizations along its paths (Adrovic, 2012). The re-
sultant primary and secondary electrons transfer their energies to
atomic lattices through the electron–phonon coupling, triggering lattice
vibrations and thus local temperature rise within the samples (Mirzayev
et al., 2018; Sen et al., 2019b). This local rise in temperature releases
local stress/strain between the grains and cause atom rearrangements,

grain aggregation, and increased crystal densification (Duinong et al.,
2019; Kaya and Yilmaz, 2018; Narula and Chauhan, 2018). The end
result is increased number of diffracting particles and thus, enhanced
probability of the film crystals to interact with the XRD beams (El-
Nahass et al., 2018; Kadziołka-Gaweł et al., 2018; Kaya and Yilmaz,
2018; Lavanya et al., 2016). This could have contributed to the en-
hancement in crystallinity observed in this study. Since the total
amount of energy deposited in the lattice increases with dose, the XRD
peak intensities of the FTO films also increased with increasing γ-ray
dose as observed in Fig. 2.

3.1.2. XRD peak shifts
In order to investigate possible shifts in diffraction peak positons of

FTO film following γ-irradiation, magnified XRD pattern of the most
preferred planes (200) and (211) were used as representatives. Fig. 3
shows the variations in diffraction peak intensity of FTO film with γ-ray
dose. For the (200) plane, slight peak shift towards higher 2θ angles
was observed for the 20 Gy and 30 Gy irradiated samples. However, at
50 Gy, the peak is seen to shift towards lower 2θ angles. The same
observations apply to the (211) plane, except that no peak shift was
observed for the 20 Gy irradiated sample. These shifts in peak positions

Fig. 1. XRD patterns of un-irradiated and of the γ-irradiated FTO samples at
different doses.

Fig. 2. Variations in peak area of the film before irradiation (0 Gy) and after
irradiation with 20, 30, & 50 Gy of γ-rays.

Fig. 3. Shifts in diffraction peak positions of the preferred lattice planes (200)
and (211).
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are attributed to atomic displacement and to the presence of strain in
the lattice structure of FTO under irradiation exposure (Kaya et al.,
2019; Sen et al., 2019a, 2019b). Atomic displacement is the re-
arrangement in lattice structure attributed to temperature rise within a
material. It causes lattice imperfections and distortions such as dis-
locations, vacancies, self-interstitial atoms, and point defect migration
within the material (Alekperov et al., 2019; Madiba et al., 2017; Narula
and Chauhan, 2018). The presence of these defects could have led to
variations of peak positions observed in Fig. 3. Much as the γ-ray energy
used in this study was able to slightly dislocate or shift the FTO atoms
from their original positions, it is not sufficient to cause phase trans-
formation in the film.

3.1.3. Lattice spacing
The current study also investigated the effects of γ-irradiation on

structural parameters such as lattice spacing, grain size, lattice strain,
dislocation density, and lattice constants. The calculated values of these
structural parameters are listed in Table 1. The lattice spacing (d) of the
(200) and (211) planes before and after irradiation were calculated
using the Bragg's formula, nλ = 2dsinθ and presented against γ-ray
dose as shown in Fig. 4. It's clearly seen from Fig. 4 that lattice spacing
for both the (200) and (211) planes decreased with increasing γ-ray
dose up to 30 Gy, and then sharply rose when the dose was increased to
50 Gy. The observed decrease in d is indicative of the existence of ir-
radiation induced compressive stress defects which icepacks the crystals
and shrinkages the spacing between lattice points (Banyamin et al.,
2014; Madiba et al., 2019). The presence of compressive stress and
reduction in lattice spacing account for the observed shift in diffraction
peak positions of the 20 Gy and 30 Gy irradiated films towards higher
2θ values (Wang et al., 2019) as shown in Fig. 3. Conversely, increase in
lattice spacing indicates expansion (tensile stress) rather than com-
pressive stress (Madiba et al., 2019; Wang et al., 2019).

3.1.4. Grain size
Grain size or crystallite size is the measure of the size of a coherently

diffracting domain in the sample (Bindu and Thomas, 2014). The
average grain size (D) for the preferred diffraction planes (200) and
(211) were calculated using Scherrer equation (Bindu and Thomas,
2014);

=D kλ
β θcos

,

where, λ is the wavelength of the diffracted X-ray (λ = 1.5406 Å), θ is
the Bragg angle, β is the full width at half maximum (FWHM) of the
diffraction peaks in radians, and k is the constant of proportionality
(also known as the Scherrer constant). The value of k varies from 0.62
to 2.08 depending on the shape and size distribution of the crystallites.
The most commonly used value of k is 0.94 (Langford and Wilson,
1978). Thus, in this study, 0.94 was used as the Scherrer constant to
determine the crystallite sizes of both un-irradiated and γ-irradiated
FTO films. The calculated D values are shown in column 6 of Table 1.
Variations in grain size and FWHM with γ-ray dose are shown in Fig. 5.
Generally it's observed that for the (200) peak, grain size increased for
samples exposed to 20 Gy and 30 Gy, and later swiftly dropped when γ-
ray dose was increased to 50 Gy. On the other hand, for the (211) plane,
the grain size increased for samples exposed to 20 Gy and gradually
reduced when the doses were increased to 30 Gy and 50 Gy. FWHM
exhibited inverse proportionality to grain sizes. The observed increase
in grain size is associated with alterations in the lattice volume and
lattice parameters due to the γ-irradiation induced local heating of the
FTO nanoscale particles through lattice-phonon scattering (Sen et al.,
2019a). The local heating crumbles the grain boundaries and releases
pre-existing strain between grains and leads to migration of defects and
atoms and thus consequently, formation of larger grain clusters due to
coalition or agglomeration of smaller grains (Kaya et al., 2019; Kumar
et al., 2016). On the other hand, the reduction in grain size can be
attributed to irradiation induced voids due to fragmentation or splitting
of large size grains (Alyamani and Mustapha, 2016). Grain fragmenta-
tion occurs as a result of vast temperature increase as well as rapid
buildup of pressure waves and thermal spikes above the melting point
of the host material (Kumar et al., 2016). Generally, the results suggest
that at lower doses, γ-irradiation does constrictive work towards crys-
tallization and then destructive work (fragmentation or creation of
defects) at higher doses.

3.1.5. Lattice strain and dislocation density
Lattice strain is responsible for XRD line broadening which are

caused by formation of crystal defects such as imperfections and dis-
tortions. Its presence in a sample strongly affects the sample's Bragg
peak distribution, intensity, and position (Baccini, 2019). The average
lattice strain (ϵ) can be calculated using the Stokes–Wilson equation
(Sen et al., 2019b) as;

=ε
β

θ4tan
,

On the other hand, dislocation density provides information about

Table 1
Structural parameters of preferred FTO peaks with different absorbed γ-ray doses.

Absorbed dose (Gy) 2θ (°) (hkl) d-spacing (nm) β (x10−3) in rad D (nm) δ (x10−4 lines/nm−2) ε (x10−3) Lattice constants (Å)

a c
un-irradiated 37.746 200 0.23814 4.765 32.13 9.6946 3.485 4.7567 3.2075

51.509 211 0.17728 5.158 31.19 10.291 2.673
20 37.750 200 0.23811 4.741 32.29 9.5974 3.467 4.7544 3.2108

51.509 211 0.17728 5.125 31.38 10.161 2.656
30 37.759 200 0.23805 4.706 32.54 9.4539 3.440 4.7526 3.2125

51.518 211 0.17725 5.147 31.25 10.246 2.667
50 37.717 200 0.23831 4.905 31.21 10.273 3.590 4.7602 3.2075

51.483 211 0.17736 5.300 30.34 10.869 2.748

Fig. 4. Variations in lattice spacing of FTO films with γ-ray doses.

B. Oryema, et al. Radiation Physics and Chemistry 176 (2020) 109077

4



perfection of a crystal structure in terms of length of dislocation lines
per unit volume of the crystal, and it represents the amount of defects in
the sample (Bindu and Thomas, 2014; Kumar et al., 2016). The pre-
sence of dislocation defects in the structures of a crystalline material
can strongly affect the properties of the material by interrupting the
regular and periodic arrangement of atoms or molecules in the material
(Sen et al., 2019b). The average dislocation density (δ) can be eval-
uated from the grain size (D) using the relation (Bindu and Thomas,
2014);

=δ
D
1 ,2

where D is the grain size.
It is noticed from Table 1 that both lattice strain and dislocation

density exhibited similar behavior with increasing γ-ray dose. For the
(200) plane, lattice strain and dislocation density decreased in samples
irradiated with 20 Gy and 30 Gy before increasing when γ-dose was
increased to 50 Gy. Whereas for the (211) plane, lattice strain and
dislocation density decreased in the sample irradiated with 20 Gy and
increased in samples exposed to 30 and 50 Gy. These observations
imply reduction followed by increase in crystallographic defects in the
films due to γ-irradiation. The observed decrease in lattice strain and
dislocation density is attributed to γ-irradiation induced coalescence of
small crystallites by grain boundary collapse which could have led to
formation of large-sized crystallites that enhances the average grain size
(Ahmed Ali et al., 2019; Choudhary and Chauhan, 2016; Sen et al.,
2019b). This corresponds to the increase in spectral line intensity of the
sample shown in Fig. 2. When the dose was further increased, the FTO
crystallites seem to have broken down into comparatively smaller
crystallites, and led to net decrease in the average grain size as observed
in Fig. 5. This is responsible for the production and enhancement of
crystal defects such as distortion and strain, and thus the low crystal-
linity enhancement rate at 50 Gy absorbed dose (Choudhary and
Chauhan, 2016; Sudha et al., 2016). Thus, decreasing values of dis-
location density and lattice strain ensure the improvement of crystal-
linity in the region of low γ-irradiation dose by decreasing the number
of defects or imperfection in the crystal structures (Sen et al., 2019b). It
is also clearly observed from Table 1 that dislocation density and strain
are inversely proportional to grain size.

3.1.6. Lattice parameters
The variations in lattice constants “a” and “c” of the tetragonal FTO

as a result of γ-irradiation were determined using the equation (Deyu
et al., 2019);

=
+

+

d
h k

a
l
c

1 ,
hkl
2

2 2

2

2

2

where dhkl is the lattice spacing and h, k, and l are Miller indices.
The calculated results for lattice constants indicate that the lattice

constants “a” and “c” exhibited opposite behaviors as seen in Table 1.
For instance, the lattice constant “a” before irradiation was 4.7567 Å.
But when the dose was increased to 20 Gy and 30 Gy, it decreased to
4.7544 Å and 4.7526 Å respectively. However, at 50 Gy, the lattice
constant “a” increased to 4.7602 Å. For the case of lattice constant “c”,
it increased from 3.2075 before irradiation to 3.2108 Å and 3.2125 Å at
20 Gy and 30 Gy respectively, and later reduced to 3.2075 Å at 50 Gy
dose. The obtained values of lattice constants are in same range with
those obtained from the standard XRD card where a = 4.7382 Å and c
= 3.1871 Å. The observed variations in lattice constants indicate that
the material is experiencing stress and strain under irradiation
(Mirzayev et al., 2019). Generally, these results reveal that the ab-
sorbed γ-ray doses used in this study remarkably modified the structural
parameters of FTO without altering the basic crystal structure and that
the 50 Gy γ-irradiation dose created point defects and active centres in
the sample.

3.2. Morphological evolution of FTO under γ-irradiation

Atomic Force Microscope (AFM) was used to characterize the evo-
lution in surface morphology of FTO film under γ-irradiation. Surface
properties are important parameters to consider when choosing a ma-
terial for a specialized application such as spacecraft thermal control
coating. Fig. 6(a)-(d) shows the 2D micrographs and Fig. 7(a)-(d) shows
the 3D micrographs of the original un-irradiated and γ-ray irradiated
FTO films. Generally, notable changes in surface properties of the films
in the form of overlapping hillocks are observed in samples exposed to
20 Gy and 30 Gy. Hillocks are formed when the incident γ-rays interact
with target material and displace some of the sample's atoms, creating
vacancies (Ahmed Ali et al., 2019). It's also clearly seen from Figs. 6 and
7(b)–(c) that there was reasonable increase in grain dimensions of films
irradiated with 20 Gy and 30 Gy γ-ray doses. However, when the dose
was further increased to 50 Gy, the film exhibited fine homogeneous
grain structure with smooth and uniform surface structure evident from
the observed decrease in porosity and disappearance of contrast peaks
as seen in Fig. 6(d).

The morphological changes occurred when γ-rays bombarded FTO
films and caused the well-shaped particles (grains) seen in the un-ir-
radiated sample agglomerate into elongated type of structures with

Fig. 5. Variations in grain size and FWHM of FTO films before irradiation (0 Gy) and after irradiation with 20, 30, and 50 Gy of γ-rays.
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bigger grain clusters and sizes as seen in Figs. 6 and 7(b)–(c). As already
mentioned in the previous sub-section, interaction of γ-rays with matter
results in irradiation induced lattice vibration, atomic displacement and
local heating effects that can generate macro and micro repulsive or
compressive stresses within the material (Kaya and Yilmaz, 2018).
Presence of compressive stress causes swelling and reduction in grain
boundary area (Adrovic, 2012; Kaya and Yilmaz, 2018). This could
have resulted in the observed elongated grain structures of samples
irradiated with 20 Gy and 30 Gy. Much as irradiation always lead to the
creation of structural defects in materials, the healing effect of irra-
diation is also well known and reported (Arshak et al., 2004). In this
study, irradiation healing effect was observed when γ-ray dose was
increased to 50 Gy with a notable decrease in grain size and clear im-
provement in grain refinement of the FTO films as seen in Fig. 6(d).
Such a material healing can be attributed to crumbling of particle
structures as a result of irradiation induced repulsive stress which
causes intrinsic defect recombination or reordering of initially dis-
ordered phase and aids the particles to regain their shapes (Adrovic,
2012; Arshak et al., 2004; Sen et al., 2019b). Healing effects normally
occur at doses where the concentration of the induced defects do not
exceed the concentration of intrinsic defects (Arshak et al., 2004). The
observed refinement in grain sizes and shapes tend to suggest that for
the current study maximum size is reached at 30 Gy. Further increase in

dose beyond this resulted in the splitting of cluster due to energy
transferred from the incoming radiation (Adrovic, 2012). Generally, the
observed variations in grain properties suggest that grain sizes in-
creased with dose up to 30 Gy and then decreased when dose was
further increased to 50 Gy. This is in good agreement with the XRD
results in Fig. 5.

Conversely, the average surface roughness (RMS) was found to de-
crease with increasing dose as shown in Fig. 7(a)–(d). The obtained
results demonstrate that irradiation improved the surface roughness of
the FTO thin films. The improvements in RMS values are attributed to
the presence of irradiation induced repulsive stress in the films, which
creates defects through atomic displacements and causes the surface
atoms gain enough mobility to migrate towards the substrate, thereby
decreasing the surface swelling (Adrovic, 2012; Ahmed Ali et al., 2019;
Kaya and Yilmaz, 2018). Generally, it is worth concluding that the
observed increase in grain size and decrease in surface roughness de-
monstrate that radiation exposure improves the film uniformity and
density (Kaya and Yilmaz, 2018). It's on this basis that ionizing radia-
tion is widely used for modifying the structure and properties of ma-
terials in order to enhance their performances either at bulk or surface
levels (Lavanya et al., 2016).

Fig. 6. 2D AFM images of un-irradiated and γ-irradiated FTO films at different doses.
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3.3. Evolution in optical properties of FTO under γ-irradiation

Since the main goal of a spacecraft thermal control coating is either
to confine heat within the spacecraft or reject heat back into space
while keeping the temperatures of internal subsystems and components
at optimal operation levels, it's imperative that evolutions in optical
properties of FTO under irradiation be investigated in order to qualify it
for such an application in future spacecraft. Ionizing radiations are
known to degrade the optical properties of materials through formation
and accumulation of irradiation induced color center defects (Abhirami
et al., 2013). Formation of color centres is associated with an increase
in electrical conductivity in which free electrons are produced as a
result of band-to-band transitions and trapping of these electrons in
oxygen ion vacancies (Duinong et al., 2019). The presence of color
centres lead to increase in absorption or decrease in transmission of
light through a matter. It's also associated with increase in carrier
density in a material (Adrovic, 2012; Ahmed Ali et al., 2019). As seen in
Fig. 8, the current study reports very slight distortion in optical trans-
mittance of FTO thin films in the visible region (~400–1250 nm) and
no variations in the infrared region (~1250–2500 nm) when exposed to
low doses of γ-rays. Thus, the observed slight changes in transmittance
in the visible region are due to irradiation induced formation and mi-
gration of color centres or vacancy defects within the FTO films. Gen-
erally, the result of this study indicate that the low γ-rays doses used did
not cause reasonable damages to the optical properties of the FTO films.

4. Conclusion

The effects of low-dose gamma irradiation on crystalline structure,
surface morphology, and optical transmittance properties of FTO have
been studied. The investigation showed no amorphous phase transfor-
mations in the irradiated samples, and no new peaks of SnO2 or dif-
fraction patterns corresponding to fluoride phases such as SnF2 were
observed. Spectral line intensities of the irradiated films were sig-
nificantly modified, with slight shifts in diffraction peak positons of the
irradiated films. Also, there were clear variations in lattice parameters
such as lattice spacing, grain size, lattice strain, and dislocation density
of the irradiated films. The surface morphology of the samples were
also modified as the surface roughness generally decreased with in-
creasing dose and the grain structures of the samples varied sig-
nificantly with dose. There were no significant impact on optical
property, except that slight variations in transmittance were observed
in the visible range of the spectrum. Generally, the above observations
show that low-dose γ-irradiation caused significant changes in the
structural and morphological properties, and insignificant changes in
optical properties of FTO thin films.
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