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ABSTRACT 

              Nanocrystalline TiO2 thin films were deposited on quartz and silicon substrates using PLD method. 

The pristine film was exposed to 120 MeV Au ions at three different fluences ranging from 1×1011 to 1×1013 

ions/cm². These films were analyzed with XRD, UV-Vis and AFM techniques to examine changes in their 

structural, optical, and surface morphological properties. The XRD results indicate that the pristine film is 

polycrystalline in nature and the irradiation process causes amorphization. The absorption spectra indicate 

that lower and middle fluence irradiation reduce the bandgap, while the highest fluence increases it. The 

pristine film has spherical nanostructures as revealed from the AFM image. The lowest and middle fluence 

irradiation increases the size and rms roughness of the surface nanostructures but the highest fluence 

irradiation makes the nanostructures vanish, resulting in lower surface roughness. The current-voltage (I-V) 

characteristics show that irradiation consistently decreases electrical conductivity. The changes in 

structural, optical, surface morphological, and electrical properties due to irradiation are correlated to the 

high energy deposited through electronic energy loss using thermal spike model. 
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1. Introduction 

               Titanium dioxide (TiO2) is a wide band gap n-type semiconductor material which belongs to the 

transition metal oxides family. It is found in three crystallographic forms in nature: rutile, anatase and 

brookite. Rutile and anatase have tetragonal while brookite has orthorhombic structure. At normal 

temperature and pressure, rutile is thermodynamically stable while anatase and brookite are metastable in 

the bulk form. Zhang and Banfield [1] have concluded that the thermodynamic stability of rutile and anatase 

reverses in nano regime i.e. anatase phase becomes more stable than rutile when particle size approaches at 

~14 nm. Nevertheless, particle size is not the sole determinant of the thermal stability of anatase and rutile 

phases. Post-deposition processes such as annealing and ion irradiation, specifically utilizing swift heavy 

ions (SHI), can be employed to alter the phases of metal oxide nanoscale thin films [2]. The phase 
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generation of titanium oxide mainly depends on the synthesis process. Typically, it has been observed that 

the primary crystalline phase in various deposition techniques is anatase. However, there is also a possibility 

of rutile phase formation under conditions close to room temperature [1-5].   

Thin films and nanostructures of titanium oxide have been deposited and studied by many 

researchers in its doped and undoped form over the last few decades because of its wide range of 

applications due to its unique optical, electronic and structural properties [6,7]. Photocatalysis, white 

pigmentation, dye sensitized solar cells (DSSCs), antimicrobial, anti-reflective and self- cleaning coatings, 

gas sensors, photoelectrochemical cells (PECs), air and water purification are some important applications 

of titanium oxide. In addition to these applications, nano-scale titanium oxide has gain significant attention 

because of its low cost, chemical stability and minimal toxicity [6-14]. Numerous reports indicate that 

distinct phases of titanium oxide exhibit varying properties that render them appropriate for specific 

categories of applications [1,3,4,15-17]. Considering the significant volume of applications, a variety of 

deposition methods have been utilized to enhance the properties and functionality of devices based on 

different phases, nano-scale particle sizes, shapes and morphology of titanium oxide. Each deposition route 

or method comes with its own set of advantages and disadvantages. Chemical route has the chance to 

produce residues and contaminants within the films which could have detrimental effects on the quality and 

functionality of the deposited films [18]. The technology of physical vapour deposition (PVD) remains a 

prevalent method for producing functional coatings. Various PVD techniques have been employed for the 

deposition of titanium oxide nano thin films in order to enhance their characteristics and optimize device 

functionality including thermal evaporation [19], RF magnetron sputtering [20,21], e-beam evaporation 

method [22,23], and pulsed laser deposition (PLD) [24-26]. The PLD technique offers numerous benefits, 

notably the ability to regulate stoichiometry, particularly in materials with intricate compositions. It also 

allows for the creation of adherent coatings, easily obtainable multi-layered thin films, flexible experimental 

design, and control over morphology and crystallinity. Additionally, adjusting the deposition conditions 

enables customization of the composition-structure-properties relationship of the films. The high-energy 

photons emitted by the laser do not induce any form of contamination in the films [27,28]. 

     Swift heavy ion (SHI) has emerged as a preferred method for customizing the properties of thin films 

to achieve specific characteristics and optimize device functionality [2,29]. Energetic ions experience depth-

dependent energy depletions as they traverse through a material, resulting from elastic interactions with the 

nuclei of the target material and inelastic interactions with its electronic structure. These energy depletions 

are referred to as nuclear (Sn) and electronic energy losses (Se), respectively. The energy stored in the 

electron excitations becomes interconnected with the lattice, leading to the transmission of energy from 

electrons to lattice system. This process can result in the formation of a highly stimulated cylindrical region 

measuring a few nanometers in lateral dimensions along the path of the ion and material is modified [2, 29]. 

Ishikawa et al. [30] irradiated anatase titanium oxide thin films grown by PLD on STO substrates by 230 

MeV Xe and 200 MeV Au ions. The plane indexed as (004) decreased exponentially as a function of ion 

fluence. Thakurdesai et al. [31] studied nano-hillocks formation on the surface of titanium oxide thin films 
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due to the irradiation. They prepared amorphous thin films by PLD method and irradiated using 100 MeV 

Ag ions at different fluences and found irradiation induced phase transformation (amorphous to anatase) 

along with hillocks formation on the surface which was initially smooth.  Thakur et al. [32] report the 

modifications in structural and electronic properties of titanium oxide thin films deposited by R F magnetron 

sputtering method using 200 MeV Ag ions. They obtained structural phase transition from anatase to 

admixture of brookite and rutile phases of TiO2 with increasing fluence followed by a significant distortion 

in the TiO6 octahedra. O'Connell et al. [33] studied temperature dependence of SHI irradiation induced 

hillocks formation in TiO2. Irradiation was performed by 220 MeV Xe ions at different temperature ranges 

from 80 K to 1000 K and found that average hillock height increased with irradiation temperature. All 

hillocks were found to be crystalline and epitaxial with the original crystal surface. Zhai et al. [34] reported 

the first observation of fine structure of latent tracks in rutile TiO2, which changes from cylinder to 

dumbbell-shape and then to sandglass-shape as a function of the ion path length. Moreover, the cone length 

of the track was found to be dependent on electronic energy loss. The results indicate that outflow of the 

thermal spike-induced molten phase produces the hillocks on surface and the void-rich zone near surface 

after epitaxial recrystallization due to material deficit, while at a deep depth, the lack of efficient outflow 

and recrystallization result in the absence of tracks. They concluded that the various morphologies of tracks 

in rutile TiO2 are a consequence of the molten phase outflow and recrystallization during rapid cooling 

down. In the present study, the nanocrystalline titanium oxide (TiO2) thin films are prepared using PLD 

technique on both quartz and Si substrates and exposed to 120 MeV Au ions at different fluences to study 

the irradiation induced modifications.   

2. Experimental details 

               Nanocrystalline TiO2 thin films were fabricated on Si (1 0 0) and quartz substrates utilizing the 

PLD technique at UGC -DAE CSR Indore. Prior to the film deposition, the substrates underwent ultrasonic 

cleaning for a duration of three minutes. A pellet was prepared from commercially available TiO2 powder 

with a purity of 99.99% (Sigma Aldrich). The pellet had an approximate diameter and thickness of 1.6 

inches and 5 mm, respectively. The pellet was subjected to sintering at 1000 °C for eight hours before being 

utilized as the target material. The meticulously cleaned substrates were affixed onto substrate holders, and 

the deposition chamber was evacuated to a base pressure of 5×10–5 Torr. Oxygen gas was introduced into 

the deposition chamber to maintain a deposition pressure of 1×10–3 Torr. The deposition process involved 

utilizing KrF radiation (wavelength 248 nm) emitted by a Lambda Physik LPX excimer laser focused on a 

rotating target. The energy delivered by each laser pulse to the target amounted to 220 mJ, with a repetition 

rate of 10 Hz and a total deposition time of ~30 minutes. During the process, the substrate temperature was 

carefully regulated at 630 °C, while maintaining an approximate distance of ~5 cm between the target and 

substrate. The thickness of the film was subsequently measured using profilometry techniques, revealing it 

to be approximately 90 nm in magnitude. 

Irradiation was conducted using 120 MeV Au ions at various fluences ranging from 1×1011 to 1×1013 

ions/cm2 utilizing the 15 UD tandem pelletron accelerator at the Inter University Accelerator Centre 
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(IUAC), New Delhi. The irradiation chamber was evacuated to a base pressure of 10–6 Torr. Irradiations 

were carried out at room temperature and perpendicular to the surface of the films. The ion flux was 

maintained at a low level to minimize charging effects and sample heating. The electronic energy loss (Se) 

and nuclear energy loss (Sn) in TiO2 for 120 MeV Au ions were determined as 22.95 keV/nm and 0.32 

keV/nm, respectively, using Stopping and Range of Ions in Matter (SRIM) software [35]. The projected 

range was calculated to be 10.40 μm. It is evident that Se outweighs Sn multiple times, indicating that any 

modifications or defects in the film are likely due to Se-related mechanisms exclusively. Furthermore, since 

the projected range exceeds the film thickness of 90 nm, the possibility of ion implantation can be ruled out. 

Consequently, any modifications or defects are anticipated to arise solely from the Se-induced process 

during ion passage through the film. 

The pristine and irradiated films were analyzed utilizing X-ray diffraction (XRD), UV-Vis 

spectroscopy, and atomic force microscopy (AFM) techniques to investigate their structural, optical, and 

surface morphological properties. XRD patterns were obtained using a Brooker-D8 advanced AXS 

diffractometer (Cu Kα1, 1.54 Å) at a grazing angle of 2° with a scanning rate of 0.5° min–1. The UV-Vis 

absorption spectra were recorded with a Hitachi U-3300 spectrophotometer in the wavelength range of 200 

to 800 nm. AFM images were taken using Nanoscope IIIA scanning probe microscope operating in tapping 

mode. Current -Voltage (I-V) characteristics were recorded at room temperature using Keithley source meter 

(2400). These analyses were carried out at IUAC New Delhi and R.B.S. College, Agra. 

3. Results and discussion  

3.1  XRD Results 

Figure -1 illustrates the XRD pattern of both pristine and irradiated TiO2 thin films deposited on Si (100) 

substrate.  

Figure-1: XRD Pattern of Pristine and Irradiated films on Si substrate 
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The pristine film is identified as a polycrystalline film and displaying the tetragonal anatase phase with peak 

positions consistent with the anatase structure. This film demonstrates a preferred orientation along the (101) 

plane, which is recognized as the most thermodynamically stable plane. The average crystallite size (CS) 

was determined using Scherrer's formula [36] yielding a value of 9.89 nm. Upon irradiation at varying 

fluences, a continuous decrease in crystallinity is observed, as indicated by the XRD pattern. At the lowest 

fluence of 1×1011 ions/cm², the average crystallite size (CS) is measured at 6.69 nm, while at the 

intermediate fluence of 1×1012 ions/cm², it further reduces to 2.16 nm. Notably, no diffraction peaks are 

detected at the highest fluence of 1×1013 ions/cm², suggesting a transition to amorphization.  

The possible explanation of this kind of structural modification induced by 120 MeV Au ions can be 

given using thermal spike model [29-34]. When energetic heavy ion passes through the material, it deposits 

large amount of energy into the material. This energy is deposited by the projectile ions in the electronic 

subsystem of the material. This energy is shared among the electrons and then transferred subsequently to 

the lattice via electron-lattice interactions, leading to a large increase in the temperature along and in the 

vicinity of the ion path. Pressure waves develop due to the temperature spike and cause strain in the 

nanosized structure. The process of energy transfer from energetic ions to material takes place in ~10–14 s. 

Such extremely short and intense solid -state excitations, localized in a nano-scale volume, generate non-

equilibrium phases. This non-equilibrium phase results modifications in the material. At low fluence (1×1011 

ions/cm2) irradiation, energetic Au ion can create the latent track along its trajectory because its Se (=22.95 

keV/nm) is much greater than the reported value of threshold of latent rack formation Seth (=6.2 keV/nm) 

[31,32]. At this fluence, the material may not be disturbed too much and maintain some crystallinity. At 

middle fluence irradiation (1×1012 ions/cm2), the multiple ion tracks begin to overlap, increasing the lattice 

disorder and pushing the material into amorphous state. At the highest fluence (1×1013 ions/cm2) irradiation, 

the progressive disordering process takes place causing the destruction of long-range crystalline order and 

making the film amorphous. 

Reports indicate that materials undergo amorphization when subjected to irradiation. Ishikawa et al. 

[30] has observed the exponential decrement of XRD peak of (004) plane of anatase TiO2 after irradiation 

with 230 MeV Xe ions and 200 MeV Au ions at different fluences. Hazem et al. [37] prepared anatase TiO2 

thin films using the sol-gel method and subsequently irradiated these films with 25.8 MeV Cu ions (Se = 

10.3 keV/nm) and 90 MeV Xe ions (Se = 20.3 keV/nm) at varying fluences, demonstrating a loss of 

crystallinity due to irradiation. Additionally, Abushad et al. [38] recently reported partial amorphization in 

anatase TiO2 thin films grown by PLD following irradiation with 100 MeV Ag ions. In our previous work 

[39], we observed the occurrence of amorphization in tin oxide thin films grown by PLD when subjected to 

irradiation with 100 MeV Ag ions at liquid nitrogen temperature. 

3.2 AFM Results 

Surface morphologies of the pristine and irradiated films by 120 MeV Au ions are shown in Figure-

2. The morphology of the pristine film is showcasing nanostructures of TiO2 with predominantly spherical 

shapes and size distribution ranging from 60 to 140 nm, with an average size of surface nanostructures 
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(nanospheres) ~100 nm. The root mean square (rms) surface roughness measures at 1.6 nm. Exposure to ion 

doses of 1×1011 and 1×1012 ions cm–2 resulted in an increase in the size of the nanostructures, with rms 

surface roughness rising to 4.31 and 6.30 nm respectively. Despite this growth, the spherical shape remained 

unaltered, yet the average grain size expanded to 186 and 203 nm correspondingly. 

Figure-2: The AFM micrographs of Pristine and irradiated films 

Irradiation at the highest fluence 1×1013 ions cm–2, the spherical nanostructures have ceased to exist, and 

only large clusters are observable, exhibiting a surface roughness of 5.09 nm. The size distributions of the 

synthesized nanostructures are presented in Figure - 3.  The low rms surface roughness (1.6 nm) observed in 

the as-deposited film may be attributed to the slower sputtering rate during deposition, leading to a more 

uniform distribution of small grains on the surface and consequently lower roughness. Irradiation triggers 

the agglomeration of smaller nanostructures into large structures, causing an increase in surface roughness. 

This outcome also indicates that the irradiation does not alter the shape of the grains. This phenomenon is 

likely attributed to the fragmentation of the TiO2 crystallites and their subsequent agglomeration during the 

transit of ions through the film. Upon exposure to the highest fluence irradiation, the film has transitioned 

into an amorphous state, resulting in the random agglomeration of material on its surface. 

Figure-3: The size distribution of surface nanostructures 
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RMS roughness is a widely used metric for characterizing surface morphology, reflecting the 

average height deviations of a surface from its mean value. Surface roughness is a crucial factor that affects 

the durability and performance of materials. In the context of thin films and semiconductor devices, surface 

roughness plays a key role in enhancing electrical properties, adhesion, and particle capture capabilities, 

among other features [40]. The roughness of surfaces can significantly alter the properties of devices based 

on thin films. Consequently, evaluating and controlling surface roughness is essential to ensure that these 

devices meet their intended electrical, thermal, optical, mechanical, and chemical function. Roughness 

measurements obtained through AFM are represented by basic statistical parameters such as average 

roughness and RMS roughness, which are conveyed as single values. However, this can lead to identical 

roughness measurements for surfaces with vastly different morphologies. This overlap in roughness values 

across diverse surface structures occurs because these roughness algorithms are not sensitive to lateral 

features. Research has shown that roughness values derived from statistical theories are highly dependent on 

factors such as sampling interval, scanning scale, randomness of the measured areas, and the specifics of 

each measurement technique [41,42]. 

A more detailed characterization of surface is attained through the power spectral density (PSD) of 

the surface topography. Unlike traditional statistical analyses, the PSD algorithm has demonstrated 

effectiveness in describing various intricate surface geometries and in elucidating the influence of surface 

morphology on the properties of material systems. The PSD breaks down the surface profile into its spatial 

wavelengths, enabling the comparison of roughness measurements across different spatial frequency ranges. 

This function is particularly important for optical surfaces and is widely used for evaluating surface quality. 

It has its direct relationship with the quantity and angular distribution of scattered light. The scattering 

theories indicate that for smooth surfaces, the angular distribution of scattered light from a surface 

corresponds with the PSD of the surface topography [40-42]. The PSD analysis was undertaken in order to 

get information about the roughness exponent and the processes which are responsible for the surface 

evolution under 120 MeV Au irradiation. The 2D-PSD function is a Fourier transform of the surface which 

is defined as below [43,44] 

PSD = 
1

𝐴
[∬

𝑑2 𝑟

2𝜋
exp(– 𝑖𝑞𝑟)〈ℎ(𝑟)〉]

2

 (1) 

Where A represents the scanned area, q is the spatial frequency (here in μm–1) and h(r) represents the surface 

height at the point r (x,y).  

                          PSD = 𝐾𝑞−𝑚                (2) 

K represents the constant of proportionality, while m denotes the power law exponent. The exponent m 

characterizes the mechanism that governs surface evaluation. To determine the value of m, a linear fit is 

applied to the straight-line segment (high-frequency region) of the PSD curves. The slope derived from this 

linear fit corresponds to the value of m. Following the determination of m, the roughness exponent (α) is 

calculated using the formula α = (m–d)/2, where d equals 2 for 2D-PSD.  
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The values of slope (m) and roughness exponent (α) of the pristine and irradiated films are given in 

Table-1 and PSD curves are shown in Figure-4. Since the value of m lies between 3.72 to 3.86, the observed 

surface evaluation in this case is due to volume and surface diffusion. The value of α is less than 1, which is 

the condition for the self-affine nature of the structures induced by SHI irradiation [43]. 

Table-1 Value of Roughness exponent 

S.No. Ion Fluence (ion/cm2) Slope (m) Roughness Exponent (α) 

1. Pristine 3.72 0.86 

2. 1×1011 3.78 0.89 

3. 1×1012 3.85 0.92 

4. 1×1013 3.86 0.93 

 

Figure-4: 2D-PSD curves of pristine and irradiated films 

The extremely short and intense solid-state excitations induced by irradiation, which are localized 

within a nanoscale volume, give rise to non-equilibrium phases characterized by unique structural and 

physical properties at the nanometer scale. These properties can serve as a foundation for the development 

of functional nanostructures. Increasing the ion fluence and the number of modified zones, the interaction 

and finally the overlap of these zones give rise to surface instabilities and self-organization effects. In ‘self-

organization’ a system develops some kind of structuring by itself, that is, without selective intervention 

from outside. Such instabilities in thin film systems can be triggered by energetic ion bombardment and the 

subsequent self-assembly of the surface can be controlled by fine-tuning of the irradiation conditions 

[31,43,44]. 

In the present study, the value of Se is 22.95 keV/nm which is much greater than Se threshold (Seth = 

6.2 keV/nm) for TiO2 [31,32]. This value of Se will create amorphized zone along the ion track in the film 

and in the very short period of time (~10–14 s) the melting of material and fusion will take place. Due to the 

fusion, bigger nanostructures are developed. This destabilizes the crystal structure and make the material 

amorphous.  Increasing the ion fluence, the material becomes completely amorphized and randomly 

distributed big clusters are obtained. The XRD results also supports the AFM results. 
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3.3 UV-Vis Results 

Figure-5 shows the absorption spectra of pristine and irradiated films deposited on quartz substrates and 

figure-6 shows the variation of band gap Eg with ion fluence.  The band gap has been estimated using Tauc’s 

procedure [43]. 

Figure-5: Absorption spectra of pristine and irradiated films on quartz substrate 

Figure-6: Variation of bandgap with fluence 

The bandgap of pristine film is estimated to be ~3.44 eV which is a little greater than its generally accepted 

values 3.2 eV (anatase) and 3.0 eV(rutile) at room temperature [7,12]. The optical band gap is affected by 

many parameters such as deposition methods, crystallinity, surface roughness, morphology and films 

thickness etc. In nano regime, surface to volume ratio increases which causes self-equilibrium state of 

nanostructures and the excess energy of surface atoms influences the band structure. This excess surface 

energy can significantly influence the band structure of the nanomaterials. Essentially, the band gap can 

become wider in nanoscale materials compared to their bulk counterparts because the electrons are more 

confined in a smaller volume, leading to higher energy states. The value of band gap decreases to ~3.39 eV 

from ~3.44 eV on the lowest fluence (1×1011 ions/cm2) which further drops to ~3.26 eV at the middle 

fluence (1×1012 ions/cm2) irradiation. However, at the highest fluence (1×1013 ions/cm2) irradiation, 

bandgap shows an increase (~3.54 eV) close to pristine film value. Decrease of bandgap (Eg) at the lowest 
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and middle fluence regime is possibly due to lattice distortion resulting in the generation of a number of 

shallow energy levels in TiO2. One of the reasons of SHI induced lattice distortion is oxygen loss [45]. The 

oxygen loss may occur within and around the ion tracks with varying degrees upto the middle fluence 

(1×1012 ions/cm2) irradiation. The increase of bandgap is observed at the highest fluence (1×1013 ions/cm2), 

where the ion tracks are expected to overlap and drive the TiO2 towards an amorphous state beyond a critical 

defect concentration. Such a disordered state can contribute to the increase of bandgap at high ion fluences 

[46-51]. 

3.4 I-V Characteristics Study 

The electrical properties of both pristine and irradiated films are examined through a systematic 

measurement of current as the function of voltage. The I-V characteristics of pristine and irradiated films are 

shown in Figure-7. The pristine film shows good electrical conductivity, as evidenced by the I-V plots, 

which indicate a linear relationship between current and voltage. This conductivity can be attributed to the 

efficient movement of charge carriers within the material, facilitated by a well-ordered crystalline structure 

that minimizes scattering events of charge carriers. Since the film is deposited in oxygen-rich environment, 

the charge carrier concentration will be relatively low in pristine film. Presence of the oxygen can act as a 

trap for charge carriers, effectively reducing their concentration within the film. As a result, the electrical 

conductivity observed in the pristine film may primarily be attributed to the high mobility of the existing 

charge carriers [39,52]. 

When the film undergoes irradiation at different fluences, a monotonic transformation (from 

crystalline to amorphous) is seen that has profound implications for the behavior of charge carriers within 

the material in thin film. In the amorphous structure, there is lack of long-range order that disrupts the path 

ways of charge carriers and thus reduction in the current is obtained. Irradiation generated various types of 

defects, including vacancies, interstitials, and dislocations can increase the carrier concentration by 

providing additional states for electrons to occupy. This increase in carrier concentration can enhance the 

material's conductivity. However, the same defects can also scatter charge carriers, which leads to a 

reduction in their mobility. The interplay between increased carrier concentration and decreased mobility is 

crucial in determining the overall electrical properties of the material. 

Figure-7: variation of electric current with dc voltage  
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In the present case, it is believed that the amorphous state has disrupts the charge carriers and irradiation 

induced various defects has scattered them leading to reduction in conductivity [52-55].  

4. Conclusions 

The present study demonstrates that 120 MeV Au ions significantly alter the structural, optical, 

morphological, and electrical properties of PLD grown nanocrystalline TiO2 thin films. XRD analysis 

confirms a systematic transition from a polycrystalline to an amorphous phase with increasing ion fluence. 

Optical studies reveal a non-linear trend in bandgap modification, with decrease up to middle fluence 

followed by an increase at the highest fluence irradiation. AFM analysis highlights the evolution of surface 

morphology, showing increased nanostructure size and surface roughness upto middle fluence irradiation, 

while the highest fluence leads to the disappearance of spherical nanostructures and the formation of large 

clusters having decreased roughness. Electrical measurements indicate a linear trend showing decrease in 

conductivity with irradiation fluences. 
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