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Abstract 

In this study, we report on the valence control of vanadium oxidation states 

towards stabilising VO2 thin films. X-ray diffraction measurements indicate that 

up to 300 kGy of gamma-ray radiation the VO2 phase remains monoclinic, with 

the crystallite size only varying slightly with the dose. X-ray photoemission 

spectroscopy indicates the presence of three oxide phases (VO2, V2O3 and V2O5) 

on the samples. A decrease in the oxidation states of V3+ and V5+ and an increase 

in the valence state V4+ are observed for irradiations up to 300 kGy, which 

favours the vanadium dioxide VO2 formation. 
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1 Introduction 

Vanadium dioxide (VO2) is classified as a smart material, ie a material that exhibits 

changes in properties (such as electrical, optical and magnetic properties) when 

subjected to external stimuli. Vanadium dioxide can be obtained in different forms: solid 

forms [1], thin films [2], [3], nanowires [4], nanoparticles [5], and other nanostructures 

[6], [7]. Vanadium dioxide exhibits exciting properties owing to its insulator-to-metal 

transition, accompanied by structural and optical changes at near room temperature 

(insulator-to-metal transition temperature ITMT ~ 341 K) [8], [9]. The transformation 

of its crystallographic structure from monoclinic at temperatures below TTIM to 

tetragonal at temperatures above TTIM is ultrafast (less than one picosecond) and 

reversible [10]. The magnitude of the electrical (electrical resistivity) and optical 

(optical transmission) transitions depends on the microstructure and electronic 

properties of the material [11], [12]. Many applications are possible for (VO2) such as 

electrical switches, smart windows, and gas detectors [10]. Owing to these properties 

and the vast potential of (VO2) for applications, including smart radiators and as a 

thermal protective coating to limit radiation on sensitive opt electrical devices in 

spacecraft [13], [14], it is useful to investigate different ways of stabilising VO2. 

Much heat exchange between an object in space and the environment is carried out by 

radiation. These radiations include charged particles such as electrons (beta particles β), 

protons (p), alphas (), ions from fission fragments, and neutral radiation, including 

photons (gamma and X-rays). The behaviour of charged particles (α, β, p) passing 

through matter is fundamentally different from that of neutral radiation (n, γ). Charged 

particles in particular interact strongly with the orbital electrons of the material through 

which the particles travel. When solids are bombarded by radiation, electrons can be 

removed from their orbits and atoms can be driven from their sites. In addition, 

impurities can be introduced by nuclear transmutation or bombarding ions implanted in 

the material. As a result, irradiated solids can have their properties modified either 

slightly or radically [15]–[20]. 

Studies on the irradiation of (VO2) thin films with heavy ions [20]–[24] have indicated 

that displacement cascades occur, which is the driving mechanism by which disordered 

regions and defects are homogeneously generated in thin films [25]. These studies have 

also indicated that irradiation-induced defects change the phase transition temperature 

of (VO2) by lowering both the phase transition temperature and most semiconductor 

phases. Recent studies on atom displacement by gamma rays report that measurable 

defects can be produced [26]. By subjecting the material to fast neutrons, the majority 

of the displaced atoms result from the collisions caused by the direct strikes during the 

quiescent deceleration. Bombardment of materials by fast neutrons has been reported to 

induce irregularities and alterations in the lattice structure, affecting the chemical and 

electrical properties [15], [27]–[29]. At high energy (± 1.5 MeV), Compton scattering 

and production of electron-hole pairs are believed to be likely the interaction processes 

leading to atomic displacement or collision damage in materials. 
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In this work, we propose to investigate the effects of gamma-ray irradiation on the 

crystal and electronic structure of (VO2) thin films. This study is relevant for 

determining the space applicability in CubeSats. 

2 Experimental Details 

The (VO2) thin films were deposited using pulsed laser deposition on a soda glass 

substrate maintained at a temperature of 600 °C for a deposition time of 45 min. A 

krypton fluoride excimer laser with a wavelength of 248 nm at a fluence of 1.7 J/cm2 

and a repetition rate of 10 Hz was used to irradiate the vanadium metal target. The 

deposition was carried out in an oxygen atmosphere at 2.00 Pa. The resulting thickness 

of the film is equal to 80 nm. This sample was split into four samples subjected to 0, 50, 

100 and 300 kGy gamma-ray radiations, respectively. A cobalt-60 panoramic point 

source irradiator (ARC Infruitec Stellenbosch, Western Cape, South Africa) irradiated 

the samples. The samples were mounted on a turntable at 250 mm from the source for 

the irradiation experiments. The turntable, perpendicular to the source, rotates around 

the Z-axis at 2 rpm for the irradiation duration. 

Dose rate measurements were performed using standard Fricke G-value dosimeters for 

Fe3+ = 15.5/100 eV of absorbed radiation energy. The dosimeter response was verified 

using a cobalt-60 radiation field (6 mm accumulation and 50 mm backscatter in a 

300 mm × 300 mm collimated field). The output factor was determined using a tissue 

equivalent ionisation chamber calibrated in a standard NML field. During irradiation, 

the dose rate was 38.8 kGy/min, and the exposure times were calculated accordingly. 

The structural properties of the samples were examined by X-ray diffraction 

measurements using a Bruker D8 Advance diffractometer with a CuKα X-ray source of 

wavelength = 1.54 Å at 40 mA and 45 kV in the frequency range from 10° to 70°. The 

grazing incident θ;2θ method is used (Brentano Bragg configuration). The morphology 

of the films was characterised by scanning electron microscopy (SEM, Tescan Vega3 

LMH) with the elemental mapping operated at a voltage of 20 kV, and by atomic force 

microscopy (AFM, DI-EnviroScope, Veeco). The principle of AFM consists of 

detecting the variations of deflections of a cantilever scanning the surface of a sample. 

These variations linked to the surface topography are measured using a laser beam 

reflected at the end of the cantilever and detected using photodiodes. 

The chemical composition is characterised by X-ray photoelectron spectroscopy (XPS) 

using a VG Escalab 220I-XL system. The samples are placed in an ultra-high vacuum 

chamber of the spectrometer (vacuum of the order of 10-9 mbar) and irradiated by a 

monochromatic X-ray beam (Al Kα, 1.0 eV) with an energy hν of 1486.6 eV. Under 

this bombardment, core electrons are stripped off and collected by a 128-channel 

detector with a delay line system for spectroscopy and imaging and analysed by a 180° 

hemispherical analyser of 165 mm radius. A first measurement is performed, and then 

an ion etching is carried out (by Ar+ ions) with an acceleration voltage of 2 kV for 

3 minutes to avoid contamination of the analysed surface. The data are acquired using 
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Vision 2 Software and analysed using CasaXPS software to extract the components of 

the films. The energy correction of the spectra of the VO2 samples is made with respect 

to the C1s peak of carbon placed at 285 eV. 

3 Results and Discussions 

Fig. 1(a) shows the X-ray diffraction pattern of the (VO2) thin films deposited on a soda-

lime glass substrate and subjected to the different irradiation doses (0, 50, 100 and 

300 kGy). The patterns show peaks at 18.60, 27.83, 37.78, 40.07 and 57.8° [30]–[51] 

According to the Joint Committee on Powder Diffraction Standards (JCPDS No. 43-10-

51), these peaks can be indexed as reflections from the (100), (011), (200), (020) and 

(022) planes, respectively. The prominent diffraction peaks of the four samples are the 

same, the only difference being in their intensities. This is clearly seen in Fig. 1(b) where 

the intensity values of the peaks associated with the (100) and (011) planes are plotted 

as a function of the irradiation dose. 

The diffractograms shown in Fig. 1 indicate the exclusive presence of the monoclinic 

phase with the main orientation along the (100) plane, which corresponds closely to that 

of the monoclinic phase of (VO2) (JCPDS No. 00-043-1051), with space group P21/c, 

and lattice parameters a = 5.75 Å, b = 4.54 Å, c = 5.38 Å, α = 90° and β = 122.60° [32]. 

Ngom et al. [12] reported on the crystal structure of vanadium dioxide (VO2) 

nanostructures, showing a preferential orientation along the (100) direction. 

Synthesising (VO2) thin films by pulsed laser ablation on a soda glass substrate under a 

pressure of 2.00 Pa, with a substrate cooling rate of 5 °C/min to 25 °C/min after vacuum 

deposition, they conclude that this main orientation along the (100) direction is due to 

the presence of a buffer layer of SiO2 between the substrate and the (VO2) thin films. 

Fig. 2 shows a decrease in the peak intensity for the (100) reflection plane when the 

gamma-ray irradiation dose increases from 0 to 50 kGy, followed by a monotonous 

increase from 100 to 300 kGy. A monotonous intensity decrease is observed for the 

(011) reflection plane. Fig. 3 shows the evolution of the crystallite size along the (100) 

and (011) reflection planes as a function of the irradiation dose. The crystallite size is 

determined from the diffraction D patterns (Fig. 1) on the surface of a sample using 

Debye Scherrer’s equation: 

𝐷 =
0.94λ

Wcos𝜃
 (1) 

Where D is the crystallite size, λ is the wavelength of the X-ray beam, W is the half-

height width of the diffraction line (in radians) and θ is the diffraction angle [33]–[35]. 
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Fig. 1. XRD of the (VO2) samples subjected to different radiation doses (0, 50, 

100 and 300 kGy). 

 

Fig. 2. Peak intensities of the (100) and (011 planes as function of the different 

radiation doses (0, 50, 100 and 300 kGy). 
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The corresponding interplanar distances are also shown in Fig. 4 along the (100) and 

(011) reflection planes, respectively. The interplanar distances are determined by 

Bragg’s law: 

2d sin θ = nλ (2) 

Where d is the interplanar distance, ie the distance between two crystallographic planes, 

θ is the half angle of deflection (half the angle between the incident and diffracted 

beam), n is the order of reflection (integer) and λ is the X-ray wavelength. 

 

 

 

 

 

 

 

Fig. 3. Evolution of the crystallite size along the (100) and (011) reflection planes 

as a function of the irradiation dose. 
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Along the (100) reflection plane, the crystallite size does not show any regular trend. It 

first decreases at 50 kGy as compared to the plain sample, then it increases at 100 kGy 

and, finally, it decreases at 300 kGy. Along the (011) plane, a sharp decrease occurs at 

50 kGy, followed by an almost constant value of the crystallite size beyond. The 

interplanar spacing of the plain sample corresponds to the (VO2) monoclinic structure 

(JCPDS No. 43-1051). Along the (100) plane, it decreases as the dose increases from 0 

to 100 kGy and it increases beyond 100 kGy. Along the (011) plane an increase is 

observed at 50 kGy as compared to the plain sample and then a plateau occurs. The 

proportion of vanadium valence states in deposited (VO2) thin films subjected to 

different doses of gamma radiation was determined from XPS spectra. For this purpose, 

the sample was etched for 3 minutes before the measurements to remove contaminants 

from the vanadium oxide surface. The stripping time was established by monitoring the 

intensity decrease of the C1s peak of carbon, which is the main surface contaminant. 

Considering that the binding energy (BE) of the V2p3/2 level depends on the oxidation 

state of the vanadium cation, the peak corresponding to this energy level was used to 

determine the proportion of valence states in the energy range from 512 ± 1 to 

520 ± 1 eV, using the CasaXPS software and a Shirley-type function as a baseline. 

Fig. 5, 6, 7 and 8 show the vanadium (V2p3/2 (515.5 – 515.7) ± 0.1 eV and 

V2p1/2 (522.8 – 523.1) ± 0.1 eV) and oxygen ((530.1 – 530.4) ± 0.1 eV) peaks which 

confirm the configurations of oxygen and the different vanadium ions (V3+, V4+ and V5+) 

of the (VO2) thin films. 

Fig. 4. Evolution of interplanar distance as a function of gamma radiation dose 

for the (100) and (011) plane. 
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The XPS spectrum associated with the V2p3/2 core level of the (VO2) thin films was 

deconvolved in a combination of Gaussian/Lorentzian functions corresponding to the 

valence states V5+, V4+ and V3+. For the pristine sample, the peaks are positioned at 

BE = 516.4 ± 0.1 eV, 515.4 ± 0.1 eV and 514.4 ± 0.1 eV respectively (Fig. 5) [32]. BE 

shifts to 516.4 ± 0.1 eV, 515.4 ± 0.1 eV and 514.4 ± 0.1 eV (Fig. 6) [36] for an 

irradiation dose of 50 kGy, to BE = 516.4 ± 0.1 eV, 515.4 ± 0.1 eV and 514.3 ± 0.1 eV 

(Fig. 7) for the irradiation dose of 100 kGy and to BE = 516.5 ± 0.1 eV, 515.5 ± 0.1 eV 

and 514.5 ± 0.1 eV (Fig. 8) [37] for a dose of 300 kGy. 

 

 

 

 

 

Fig. 5. XPS spectra of the V2p3/2 decayed peak in three Gaussian/Lorentzian 

functions (V5+, V4+ and V3+) of the thin film deposited on the soda glass substrate 

subjected to a gamma radiation dose of 0 kGy. 
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Fig. 7. XPS spectra of the V2p3/2 decayed peak in three Gaussian/Lorentzian 

functions (V5+, V4+ and V3+) of the thin film deposited on the soda glass substrate 

subjected to a gamma radiation dose of 100 kGy. 

 

Fig. 6. XPS spectra of the V2p3/2 decayed peak in three Gaussian/Lorentzian 

functions (V5+, V4+ and V3+) of the thin film deposited on the soda glass substrate 

subjected to a gamma radiation dose of 50 kGy. 
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The proportion of the various valence states of vanadium was calculated from the ratio 

of the areas under each of these three peaks. The four samples are mostly dominated by 

the V4+ valence state, which is characteristic of VO2 (Fig. 9). In addition, the V5+ content 

increases when the dose varies from 0 to 50 kGy while the fraction of V3+ decreases. 

When thin films are bombarded by radiation, electrons can be removed from their orbit, 

causing oxidation of V3+ ions in (V2O3) because its electrons are less bound to the 

nucleus [38]. The variation of the irradiation dose from 50 to 100 kGy leads to an 

increase in the concentration of V3+ (V2O3) ions and a decrease in the concentration of 

V5+ (V2O5) ions. The effects of radiation on resistant materials generally consist of 

defect production, disorder and clustering, cluster growth, fragmentation, swelling and 

polygonisation [39], [40]. On the other hand, in materials that are more sensitive to 

damage accumulation, crystalline to crystalline phase transformations [41], [42], 

amorphisation [42], [43] and chemical effects (reduction of cations, loss of anions) [44], 

[45] are observed. For a thin film heated locally by gamma radiation, there is a deficit 

in oxygen and an increase in the concentration of V3+ ions [37]. A decrease in the density 

of the oxidation states V3+ and V5+, and consequently an increase in the density of the 

valence state V4+ is observed for irradiation doses between 100 and 300 kGy, which 

favours the stability of vanadium dioxide (VO2). 

 

Fig. 8. XPS spectra of the V2p3/2 decayed peak in three Gaussian/Lorentzian 

functions (V5+, V4+ and V3+) of the thin film deposited on the soda glass substrate 

subjected to a gamma radiation dose of 300 kGy. 
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It has been reported that metal oxides undergoing irradiation undergo complex structural 

changes depending on the nature of the material, the energy of the radiation and the dose 

[46]. As (VO2) is known to be thermodynamically stable and resistant to radiation, 

radiation doses up to 100 kGy are likely to induce defects, clustering, disorder and 

atomic displacements. However, some weakening of the crystal structure occurs at 

doses above 80 kGy [47]. Some XPS studies suggest that irradiation also affects the 

electronic structure of VO2 with the reduction of the 3d band and a shift of the 2p band 

towards higher energies (higher valence cation state). This is the consequence of defects, 

gaps and atomic displacements. However, the stoichiometry of VO2 is maintained [43]. 

Nevertheless, our results indicate a certain weakening of the crystallographic structure 

(XRD) at 50 kGy in the (100) plane as the main orientation. The XPS results indicate 

the presence of the 3 degrees of oxidation (V3+, V4+ and V5+) with an increase in 

irradiation up to 300 kGy favouring the formation of V4+. Fig. 10(a–d) shows the AFM 

micrographs of the (VO2) samples subjected to the different doses. There is a significant 

resemblance between the images. 

 

Fig. 9. Proportion of the valence states of vanadium valence state content in the 

thin films deposited on the soda glass substrates subjected to different gamma 

radiation doses from 0 to 300 kGy. 
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All the samples are made of a mixture of grains of different sizes. The morphology is 

characterised by the presence of small grain sizes for the 50 and 100 kGy samples and 

large grain sizes for the 0 and 300 kGy samples. A statistical analysis of the results 

yields a mean grain size (dg) of 59.9 nm and RMS surface roughness (Rq) of 21.5 nm 

for pristine (VO2) while dg = 95.4 nm and Rq = 28.3 nm for (VO2) subjected to 50 kGy, 

dg = 108.4 nm and Rq = 26.4 nm at 100 kGy and finally dg = 94.1 nm and 

Rq = 21.4 nm at 300 kGy. In addition, the surface morphology of these thin layers 

differs significantly, as can be seen in the SEM images in Fig. 11. At the same time, 

small grains with a non-uniform distribution are present for samples subjected to 

gamma-ray irradiation of 0 and 300 kGy, larger grains with a much wider size 

distribution are present at 50 and 100 kGy. A correlation between the results obtained 

from the DRX, SEM and AFM analyses suggests that increasing gamma-ray irradiation 

first leads to an increase followed by a decrease in the crystallite size and surface 

roughness. The latter tends to return to its initial value as supported by SEM and AFM 

results, which means that the material regains its original morphology. 

 

Fig. 10. (a)–(d) AFM images of the surface morphology of (VO2) thin films 

subjected to 0 kGy, 50 kGy, 100 kGy and 300 kGy of gamma-ray irradiation 

doses, respectively. 
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The resistivity variation during the heating and cooling cycles of the (VO2) thin films 

subjected to different doses is shown in Fig. 12. The films show a first-order transition 

from the semiconducting to the metallic state, with an order of magnitude change in 

resistivity. Notable changes are observed in the transition temperature as the dose 

increases. The transition temperature (Fig. 13) increases linearly from 76.07 °C to 

86.84 °C when the gamma ray dose increases from 0 kGy to 100 kGy. This increase in 

transition temperature can be induced by the grain size [48] and by the substrate 

temperature (600 °C) during deposition [49]. On the other hand, the transition 

temperature decreases from 86.84 °C to 75.03 °C, close to its initial value (76.07 °C) 

for doses ranging from 100 kGy to 300 kGy. In contrast, the hysteresis width (Fig. 14) 

follows the opposite trend. Overall, the electrical properties of the gamma-irradiated 

films show relatively modest changes that can be attributed to the creation of localised 

defect sites and some imperfections in the overall structure of the VO2, leading to the 

observed broadening of the hysteresis width at higher dose [50]. 

 

 

Fig. 11. SEM images (top view) of the VO2 thin films subjected to 0 kGy, 

50 kGy, 100 kGy and 300 kGy of gamma-ray radiation, respectively. 
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Fig. 13. Transition temperature as a function of gamma radiation dose. 

 

Fig. 12. Resistivity of VO2 thin films deposited on soda glass substrates subjected 

to different gamma radiation dose as a function of temperature for heating and 

cooling. 
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4 Conclusions 

We have shown that the crystal phase structure of VO2 remains virtually intact during 

irradiation up to doses of 300 kGy. However, some weakening of the crystal structure 

occurs at doses of 50 kGy and 100 kGy. This is confirmed by XRD, which reveals that 

the crystallographic structure of VO2 remains the same after gamma irradiation and still 

retains the same primary orientation (100). Irradiation also affects the electronic 

structure of VO2 because studies (XPS) indicate that irradiation favours the formation 

of the V4+ (VO2) state to the detriment of the V3+ (V2O3) and V5+ (V2O5) valence states. 

This is well supported by the study of morphological and electrical properties, which 

indicate that the electrical resistivity through the MIT is practically unaffected by 

gamma irradiation. We therefore believe that VO2 films could be used advantageously 

for the thermal shielding of small spacecraft since their properties remain unchanged 

when subjected to gamma-ray doses such as those encountered during space missions. 

Fig. 14. Hysteresis as a function of gamma radiation dose. 
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