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 ABSTRACT  

The present research work entitled “Synthesis, Characterization and Irradiation of 

Fullerene Based Metal Nanocomposites” envisages the study on the feasibility of 

using fullerenes, one of the most emerging functional materials as a matrix for the 

reinforcement of metal nanoparticles. Fullerene matrix nanoparticles embedded 

composites are found to exhibit surface plasmon resonance (SPR) by virtue of which 

a significant enhancement of absorbance of the material become possible; the bi-

functional property of matrix and metal nanoparticles in a single material makes it 

highly beneficial and applicable for different optical devices, thereby making it poised 

for emergence as a lucrative energy material.  

Understanding that the performance of optical absorbance of nanocomposites is 

highly influenced by the host microstructure, it has appeared important to monitor the 

structural conditions of fullerene as matrix material when subjected to such treatments 

as considered useful for enhancement of SPR due to noble metal particles in 

nanocomposites. It is further known that ion beam irradiation is most effective in 

alteration of SPR behavior of nanoparticles of noble metals like Au and Ag. So the 

present study in chapter 4.1 has contemplated to explore the effect of heavy ion beam 

irradiation (90 MeV Ni ion) on fullerene C60 thin film. As expected the damage of 

fullerenes has been fluence dependent and that ion tracks of determinable diameter 

could be formed by such irradiation.  

In view of the fact that elaborate studies on fullerene C70 is till due to be reported in 

literature, the present research work in chapter 4.2 has investigated and reported the 

effect of irradiation by different ions viz. 90 MeV Si, 55 MeV Si, 90 MeV Ni and 125 

MeV Au on fullerene C70 thin films. Based on the results of the above ion beams of 

different electronic energy loss (Se), the damage cross section has been calculated for 

each ion beam, compiled and a relationship between damage cross section and 

electronic energy loss is developed which is supposed to be beneficial in estimating 

the value of damage cross section for any unknown situation of electronic energy loss 

within the range of present study. 

Although the potential of nanoparticles of gold and silver as reinforcement in 

fullerene C60 and C70 has been amply researched, the potential of copper is yet to 
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receive due research attention in spite of its advantage of interesting mechanical 

properties, high electrical conductivity, favorable catalytic properties, appropriate 

melting point, high stability and high natural abundance in nature. Hence, the present 

thesis work has reported (chapter 5.1) the results of investigation on the incorporation 

of copper nanoparticles in fullerene C60 matrix subjected to irradiation by low energy 

ion beams (100 keV Ag ion, 350 keV Ar ion). As a corollary of low energy 100 keV 

Ag ion irradiation study the widening of absorption range could be observed due to 

hybridization of copper nanoparticles induced SPR and that due to Ag ions getting 

implanted within in the silicon substrate.  The low cost of Cu over Ag and Au makes 

it more attractive for applications in various fields of optics, electronics, solar energy 

conservation, sensors, lubricants and sliding electrical contacts. Effect of high energy 

(120 MeV Ag) ion irradiation on Cu (18 at. %)-C60 has implicitly demonstrated 

(chapter 5.2 ) the enhancement of SPR band intensity due to copper nanoparticles; the 

concurrent growth of copper nanoparticles at increasing fluences has caused a shift in 

the position of SPR band. 

The chapter 6 of present study has addressed the research questions related to Cu-C70 

nanocomposite thin films under ion irradiation of various energies. The low energy 

ion beam irradiation (350 keV Ar ion) of Cu (10 at.%)-C70 nanocomposite thin films 

have been able to exhibit SPR band due to copper only after irradiation at fluence of 

1×10
15

 ions/cm
2
. The SPR band increases its intensity with increasing fluence and got 

shifted towards lower wavelength side. This is in contrast with the pristine which has 

not exhibited any SPR due to copper presumably due to its low concentration. The 

similar behavior was also exhibited by this composite subjected to high energy ion 

beam irradiation (120 MeV Ag ion) with the exception that SPR could be obtained 

only at a higher fluence like 3×10
13

 ions/cm
2
. Since any fluence higher than 3×10

13
 

ions/cm
2 

has not been employed in the present study it is not possible to be conclusive 

if it would also exhibit a blue shift with still increasing fluence, which, it seems would 

occur most likely. However, the studies in chapter 6 clearly authenticates that both the 

concentration of embedded nanoparticles and the change in optical properties of 

irradiated fullerenes are responsible for determining the intensity and the position of 

SPR due to copper in fullerene C70 matrix.  
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1.1 Third allotropic form of carbon-Fullerenes: 

The existence of polyhedral carbon cluster and its properties was first predicted as 

early as 1970’s. Finally the fullerene, the closed hollow cage was discovered in 1985 

by Richard Smalley, Robert Curl, James Heath, Sean O'Brien, and Harold Kroto at 

Rice University; while studying the mass spectrograph of graphite vapour, the group 

observed some distinctive peaks analogous to mass 720 with a clue to the existence of 

a unique molecule of 60 carbon atoms [1].  

 

Figure 1.1 Geometric structures of different order of fullerenes. 

Kroto et al. [1] have reported that this molecule of 60 carbon atoms could readily be 

formed with extraordinary stability. Its structure was visualized from the design of 

geodesic domes due to the architect, Buckminster Fuller; accordingly this unique 

molecule was named as Buckminster fullerene C60. Owing to this remarkable 

discovery, Richard Smalley, Robert Curl and Harold Kroto were awarded Nobel Prize 

in 1996. It was further observed that there was a less intense peak corresponding to 

mass 840 hinting the existence of one more molecule, C70 in fullerene family. 

Similarly other fullerenes C20, C36, C70, C80, and C84 etc were also discovered. C20 is 

the smallest member molecule in fullerene family. The geometric structures of 

different fullerenes are shown in figure 2.1 [3]. Zhang et al [3] demonstrated the 

geometrical structures of all even fullerenes from C20 to C70 with the aid of tight 

binding molecular dynamics. 

It was also reported that only fullerene C60 and C70 are of the high symmetry 

structures of high stability [3]. Existence of fullerenes comprising of higher number of 

carbon atoms is also documented in literatures [4-5]. 

1.2 Characteristics of fullerenes: 

The properties of this unique material are essentially determined by the stereography, 

symmetry and the number of atoms in fullerene structure. Fullerene molecules are 

known to be composed of carbon atoms interconnected in pentagonal and hexagonal 
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rings. Kroto et al. [1] have confirmed the cage structure of fullerenes which is 

composed of carbon atom and in which each of carbon atoms on the cage surface is 

bonded to three neighboring carbon atoms with sp
2
 hybridization. The suffix “ene” 

signifies that each carbon atom in fullerene is covalently bonded with three other 

carbon atoms and hence there will be double bonds present in fullerene structure. In 

general a molecule composed of only carbon atoms belongs to fullerene even though 

they may exhibit different shapes, such as spherical, ellipsoidal or tubular; quite often 

they are known as Buckyball cluster, nanotube, megatubes, polymers and nano 

onions. Thus, the tubular shaped fullerenes are called carbon nanotubes [2, 6-9].  

1.2.1 Structure of fullerene C60 and C70: 

 The fullerene resembles graphitic structure as far as hexagonal carbon rings are 

concerned but it differs from a typical graphite structure by a way of containing a 

considerable portion of pentagonal rings in its structure [1]. The most abundant 

fullerene is C60 which has 60 sp
2
 hybridized carbon atoms. It is arranged in the 

configuration of 20 hexagons and 12 pentagons obeying the isolated pentagon rule 

that is pentagons must not share the edges. In fullerene structure, carbon atoms do 

not have any dangling (free) bonds. In fullerene C60, the measured value of 

hexagon-hexagon bond length is 1.46 Å and that of hexagon-pentagon is 1.40 Å. 

That results in a three dimensional spherical structure of diameter ~7.1 Å [9-10]. 

Besides C60, C70 has the most abundant yield in the production of fullerenes.  

 The structure of C70 molecule is more complex than that of C60. The addition of 10 

carbon atoms around the equatorial plane of C60 molecule has the equivalence of 

inserting a strap of five hexagons. Accordingly, C70 molecule exhibits an 

ellipsoidal form consisting of 25 hexagons and 12 pentagons, with a rugby ball 

shape. The symmetry of C70 molecule is D5h. In C70 molecule, there are five non-

equivalent carbon sites and eight distinct bond lengths. These bond lengths are 

experimentally determined by neutron inelastic scattering (NIS) and are found to 

range from 1.356 Å to 1.475 Å. However, in most cases the lengths of single and 

double bond, 1.40 Å and 1.46 Å are considered [11].  

1.2.2 Symmetry and phase transition in C60 and C70: 

With the aid of nuclear magnetic resonance study (NMR), icosahedral symmetry in 

C60 molecules can be observed [12]. The symmetry operations in icosahedra of a C60 

molecule are rather interesting. The symmetry of this structure is described by 12 

fivefold axes, 20 threefold axes and 15 twofold axes passing respectively through the 
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centers of the pentagonal faces, hexagonal faces, and the edges joining two hexagons. 

Compounded by inversion operations, the 60 rotational symmetry results in 120 

symmetry operations in the icosahedral point group Ih77. C60 molecules of Ih symmetry 

is most prominent in respect of possessing the maximum degree of symmetry so far 

known for any existing molecule.  

In contrast, C70 molecule bears a lower symmetry, D5h without having inversion. This 

leads to 53 Raman active modes in accordance with selection rules [12-13]. Due to 

paucity of experimental data the assignment of Raman active modes are not certain 

although theoretical calculation with the help of DFT (Density functional theory) has 

predicted the possible modes [14].  

The phase transition behavior of fullerenes is as follows: 

 The phase transition study on C60 by differential scanning calorimetry (DSC) has 

shown that there is a phase transition involving orientation ordering [15-17]. The 

observed change in enthalpy by a magnitude of 6.98 kJ mol
-1

 is indicative of first 

order phase transition. The earlier researchers have observed a discontinuous 

change in cell volume across phase transition to imply that the phase transition is a 

first order transition.  

 C70 molecule is ellipsoidal in shape with the presence of characteristic major and 

minor axes. C70 exhibit two different phase transitions involving rotation around 

both the axes in sequence as the temperature is lowered [18-19]. Molecular 

Dynamics simulations by a combined LJ and partial charge potential model. has 

indicated that high temperature structure of C70 is in general face centered cubic 

(fcc). Upon cooling, a low symmetry structure results by way of a rhombohedral 

to monoclinic phase transition [20].  Similarly, the high temperature structure (440 

K) of C70 is fcc.  An elongated molecule can exhibit fcc structure only if it is 

orientationally disordered; this makes averse molecular density to correspond to a 

sphere. However the spinning of the molecules along the two axes at different 

rates are also instrumental in describing the structure of the molecule. Two 

different phase transitions are seen to occur at 276 K and 337 K [21]. It is 

anticipated that changes in temperature and pressure or irradiation of the fullerene 

molecule can bring about significant alteration in its structure. 

1.2.3 Optical behavior: 

The highest occupied molecular orbital (HOMO) in C60 molecule belongs to a five-

fold degenerate hu level. Likewise, the lowest unoccupied molecular orbital (LUMO) 
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levels are respectively the tlu and tlg levels. In the solid state, these HOMO and LUMO 

give rise to the valence and conduction bands separated by a 1.7 eV band gap [22]. 

Optical absorption spectra of C70 occur over a wide range from 0.6 to 6.5 eV via 

optical transmission spectroscopy. The spectra records different band positions with  

onset of a weak band at about 700 nm, followed by a series of very weak peaks at 656 

nm, 612 nm, 568 and 527 nm superimposed on a gradually rising continuum leading 

to a stronger but broad peak  at 499 nm [22].   

There is unique characteristic of fullerene in having a large number of conjugated pi 

electrons. Since fullerene molecules are comprised of only carbon atoms, any residual 

IR absorption is seemingly improbable [1, 23-25]. The non linear optical properties of 

fullerenes have been elaborately studied by a number of researchers [26-30]; evidence 

of off-resonant and resonant third-order nonlinear optical polarizabilities was 

provided in the above studies and values of nonlinear optical polarizabilities for C60 

and C70 were observed to be 10
−33

 esu and 10
−32

 esu, respectively. 

1.2.4 Some other physical and chemical behavior of fullerenes: 

 As fullerene molecule is highly electronegative, it readily forms compounds with 

electron donating atoms, the most common examples being alkali metals [31]. 

This reaction leads to creation of an interesting class of compounds known as 

alkali-doped fullerides, wherein alkali metal atoms fill in the space between 

Buckyballs and donate valence electron to the neighboring carbon atom. For 

potassium or rubidium, the resultant compounds become superconductors, and 

they can conduct electric current without any resistance, below the temperatures 

20-40 K [32].  

 If buckyballs are given to combine with a reactant which is capable to donate its 

electrons to the carbon molecules, the resultant compound can exhibit 

ferromagnetic behavior when heated to above 16 K from a preceding state of 

cooling. This is the lone organic magnet which can work at such high temperature 

[33].  

 Since its discovery in 1985, it has been a belief that the absence of dangling bonds 

in Fullerene C60 makes it highly non reactive; implicit was the thought that this 

material C60 will become earth abundant owing principally to its immunity to 

chemical destruction. However, it has been found that a fullerene can undergo 

chemical reaction with a number of species viz. oxygen, hydrogen, fluorine, 

chlorine and bromine [34].  



Page | 5  
 

1.3 Applications of fullerenes: 

Due to its unique properties fullerene is considered to be a potential candidate for 

various applications. Besides excellent optical properties and electronic properties, the 

hollow shape of fullerene poses it as an attractive material in biomedical engineering. 

It bears enormous potential for use in solar cells, sensors and optoelectronic devices. 

 Due to high electron affinity and superior charge transfer ability, fullerenes are the 

best suited electron acceptor material for the solar cells. The properties like deep 

lying LUMO that makes this molecule highly electron affinitive, negative charge 

stabilization by fullerene molecules and the high electron mobility of C60   taken 

together make fullerene, the best electron acceptor material [35-39]. Not only in 

organic solar cells, fullerenes are also a good candidate for perovskite solar cells 

[39-42]. 

 Fullerenes have the property of allowing light of wavelengths below a threshold 

value. This makes it useful as optical limiter by being capable of transmitting light 

of constant wavelength band. This feature is used for applications in eye sensors 

[43-44].  

 Fullerenes and its compounds can be used in sensor electronics to produce 

humidity sensors and isostatic pressure sensors which are based on high electron 

affinity of fullerenes. [45]. 

 Due to high electron affinity, the application of fullerene in electron transport is 

possible more in the form of single molecule rather than collection of molecules 

[46]. 

 The curved structure of fullerene envisages the presence of partial sp
3
 bonding 

which makes fullerene suitable for application as a precursor to diamond, 

produced by subjecting fullerene at high pressure at the ambient temperatures to 

make abundant presence of sp
3
 as in a typical diamond structure [47]. 

 The use of fullerenes in hydrogen storage is possible due to its  structure which 

makes hydrogenation and dehydrogenation possible reversibly by conversion of 

C=C bond into C-C. Moreover, C60 is a stable phase in hydrogen atmosphere and 

is amenable for sensing hydrogen or some other low molecular weight gases by 

preferential disruption bonds [43]. 

1.4 Nanocomposites: 

In general, composites can be defined as a combination of one or more discontinuous 

phase (called reinforcement or reinforcing material) embedded in a continuous phase 
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(matrix) [48].  When the small nanoparticles are reinforced in a matrix which may be 

made of metals, polymers or ceramics, the nanocomposite are said to have produced 

[49]. Nanocomposites have fascinating properties for which it finds wide area of 

applications. Nanocomposite thin films have been found to very efficient with 

modified properties. In a nanocomposite thin film quite often the resultant properties 

differ from those of matrix or the constituent reinforcement. Hence the incorporation 

of nanoparticles not only preserves the matrix properties but also new properties of 

nanoparticles [50].  The excellent properties of nanocomposite thin films are due to 

higher surface area to volume ratio of reinforcing nanoparticles; therefore, in a small 

weight percentage of lighter nanoparticles like carbon nanotube, fullerene etc. the 

interfacial area becomes quite large (due to high volume percent of nanoscale 

material) which helps to enhance the mechanical and many a times physical properties 

of the nanocomposites [51]. The drastic change in physical and chemical properties 

takes place on changing the dimension of reinforcement to nano scale. Hence all the 

physical and chemical properties related to the size of embedded nanoparticles makes 

the nanocomposite thin films modified and open for different application areas [23-

54].  

 

Figure1.2 Schematic of fullerene based metal nanocomposite thin film. 

 

The effect of noble metal nanoparticles in the matrix is manifested by overall 

improvement of nanocompoaite thin film where reinforcing nanoparticles have 

different mechanical, physical, chemical, electronic, optical and magnetic properties 

from the bulk material. Incorporation of nanoparticles in thin films has emerged as an 

attractive area of exploration for various industrial applications [55]. The loading of 
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nanoparticles in thin film govern the mechanical, electrical, electronic, magnetic, 

chemical and optical properties of nanocomposites. The origin of the modification in 

properties lies in the interfacial structure. But for a smooth and coherent interface the 

adequate improvement in physical properties becomes difficult. In view of the current 

scientific interest in the development of new energy materials specifically for solar 

cells, a lot of research efforts are being exerted on the creation of new generation 

nanocomposite thin films by reinforcing metal nanoparticles in matrix of fullerenes 

(C60 or C70) due to its excellent physical properties [56-59].   

1.5 Surface plasmon resonance (SPR): 

When nanocomposites with certain metallic nanoclusters (typically Au, Ag, Cu and 

Pt) are exposed to light, they exhibit a strong interaction of the oscillating 

electromagnetic field of light with the free electrons of the metal nanoparticles [60]. 

This gives rise to certain absorption maximum at a particular wavelength in the 

corresponding optical absorption spectra due to photon induced oscillation of the 

electron charge density. This oscillation of the surface electrons is called surface 

plasmon resonance (SPR) in the case of thin films, or particle plasmon resonance 

(PPR) for nanoparticles. Figure 2.2 shows the schematic of surface plasmon 

resonance in metal nanoparticles [61-62]. 

 

Figure 1.3 Schematic representation of SPR in nanoparticles. 

As stated earlier, the electric vector of the electromagnetic radiation falling on the  

nanocomposite thin films interacts  strongly with the electrons of metal nanoparticles 

resulting in an oscillatory motion of a specific frequency, commonly called SPR 

frequency when the frequency of oscillation becomes resonating with the frequency 

of incident radiation. The oscillation of electrons leads to polarization in surrounding 

medium; the polarization acts in opposition to the restoring force and shifts SPR band 

to higher wavelength.  
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The peak intensity and peak position of the SPR spectrum is dependent on various 

factors such as shape of the nanoparticles, size of the nanoparticles, and interparticle 

separation and surrounding material around the nanoparticles ie. Matrix [63-64].  

A number of means which can enhance the magnitude and tune the position of SPR 

are stated to be the varying atomic fraction of nanoparticles embedded in matrix, 

annealing temperature of thin film, alteration of refractive index of matrix material 

and also chemical composition of the thin films [63-69].  

The energy position of the SPR peak can be predicted by using the following equation 

of Mie theory [55]. As per Mie theory, extinction cross-section coefficient ( ext ) for 

spherical particles is enough low, such that they don’t polarize each other; it is 

expressed by the equation  
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Where, Vo is the volume fraction and ω is the applied optical frequency. () =   () 

+    () is the dielectric constant of metal and   () = dielectric constant of 

embedding matrix.  

In the present study, fullerene is the host matrix, which has complex dielectric 

constant given by 

                                                        
     

                                                              (1.2) 

Where   
  is real part and   

   is imaginary part of dielectric constant of fullerene. 

According Kataura’s optical data, imaginary part of the dielectric constant in the 

visible and near IR region is related to the absorption. So it is very important to 

consider this; it however, makes the calculation for dielectric constant very complex. 

But the complex part approaches to zero for the wavelength range above 420 nm. 

Hence, in the present case, the imaginary part has negligible influence on the 

absorption in the visible and IR region. So this imaginary part is neglected and the 

dielectric constant is taken to result from the real part only.  

Now, the complex dielectric function of metal can be expressed by Drude free carrier 

contribution for        and an interband contribution: 
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Where p is Drude bulk plasma frequency which is given by 
eo

p
m

ne




2

 , n = free 

electron density of metal, e is electronic charge, me   is the mass of e and       denotes 

interband transition term  

With the replacement,   
   

 
 , it follows 
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Here λ is the free space wavelength of light. From the above expression       is seen 

to vary linearly with     , and the same occurs for        . Here         has 

dependency on relaxation time ( ) hence it will rise with temperature as relaxation 

time is anticipated to decline with temperature.  

From above discussion it seems that the SPR energy not only depends on the shape 

and size but also depends on the dielectric constant of the matrix. For the maximum 

value of the ext , the denominator of equation (1) has to be minimum and this gives 

m 2)(1  = 0; this is known as Frohlich condition which, when coupled with 

dipole mode presents its maximum. 

 By considering the Drude free electron term andabove condition, the resonance 

frequency is given: 

                                              
)21( m

p







                                                          (1.6) 

The above equation clearly indicates that with the decrease of dielectric constant of 

host matrix (m), the resonance frequency () increases and so there is a blue shift in 

the UV-visible absorption studies. 

1.6 Ion irradiation: 

Ion irradiation is a unique tool to modify the properties of a material and has occupied 

valuable place in elaborating different properties of materials for different application 

in material science. The explanation about the non equilibrium process of interaction 
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of ion beam with a solid [70] follows from the fact that during the passage of ion 

through a solid material, two distinct processes take place:  

(i) Process related to nuclear energy loss; Sn  

(ii) Process related to electronic energy loss; Se.  

These two losses dominate at different energy range of the incident ion. The nuclear 

energy loss (Sn), dominates at low energy (~ 1 keV/amu) whereas electronic energy 

loss (Se) dominates at high energy (~ 1 MeV/amu or more) [71].  

1.6.1 Matter-ion interaction: 

 Whenever fast moving ions pass through any solid there is a loss of energy due to 

interaction with target nuclei; this is called nuclear energy loss, Sn. This 

phenomenon normally takes place at low energy of ion beams preferably below 

0.1 MeV/u. It is obvious that there will be significant change in angular scattering 

of projectile. This implies that the direction of incident beam remains no longer 

intact and material alteration resulting from displacement cascades is rather 

isotropic [70-71].  

 Likewise interaction with electrons leads to the excitation of target atom and even 

the target atoms may be ionized. This phenomenon will maintain the original 

beam direction and normally takes place at ion energy levels in excess of 1 

MeV/u. Thus it may be visualized that an electron gas is generated around the 

moving ions of straight trajectories. Efficient coupling between electron gas and 

atoms of the solid can raise the local temperature to a very high value within a few 

pico seconds; subsequent re-solidification at the fast rate (within 100ps) leads to 

amorphization of material, thereby forming what is known as ion track [71].  

 These nanostructured amorphous materials are aligned along the beam direction 

and can find enormous practical applications as described elsewhere [72-74]. 

When the velocity of heavy ions is equal to or higher than velocity of Bohr 

electron, the concerned high energy heavy ions are termed as swift heavy ions 

(SHI). In case of SHI, Se is about two orders of magnitude higher than Sn. While 

passing through insulators, SHI are found to bring about defect annealing, 

clustering of point defects and generation of columnar type of defects. This entails 

the possibility of using SHI for defects engineering in materials. Defect 

engineering is influenced by the parameters of ion beam, energy of the beam and 

quantum of energy deposited per unit length i.e. fluence [75-77]. Following the 

passage of SHI, the solid assumes its equilibrium state with modifications at the 
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surface and the bulk which are decided by the electrical, thermal and structural 

properties of the target material, the type of ion and parameters of irradiation.  

1.6.2 Models: 

SHI induced ion track formation is generally explained by two existing models viz. 

Coulomb Explosion model and Thermal Spike model. 

1.6.2.1 Thermal spike model:  

Initially propounded [78-79] to explain ion track formation in thin films under the 

action of high energy particles (viz. ion beam irradiation), thermal spike model 

witnessed development of its quantitative aspect due to Izui et al.[80]. It was proposed 

that sharing of energy between the electrons takes place within about 10
−15

 s; the 

energy of electron gets transferred to the atoms through interaction between electrons 

and atoms in time span of 5×10
−13

 s. Afterwards the model was further developed, to 

put forward explanation for the track formation in insulators; in consideration of 

hydrodynamics of energy propagation in so understood electron fluid and ionic fluid 

two equations were proposed [81]. Further development of a transient thermal model 

could explain the phase transformation of Si surfaces taking place after femto second 

(fs) laser irradiation. Moreover, fs pulse technique enables supply of energy to the 

electronic carriers earlier than the usual time required for exchange of energy with the 

lattice. So irradiation of high energy beam envisages creation of extremely hot carrier 

gas in an otherwise colder lattice [82]. This gives rise to increase in the lattice 

temperature due mainly to the electron–atom interaction. This thermalization event 

takes place within 10
−14

 s and becomes less with increase in the quantum of deposited 

energy [80]. The electron cools down by transferring energy to the colder electrons, 

thereby enhancing the electron–atom interaction with concurrent rise in lattice 

temperature [83-85].  

Thus heavy ion irradiation can cause phase transformations that are thermally 

activated. The associated increase in lattice temperature is two-step process [86-87] 

viz. 

 Thermalization of the deposited energy by electron–electron interaction. 

 Transfer of energy to the lattice via electron–atom interaction. 

The electron-atom system does not attain equilibrium and so the variation of 

temperatures of the lattice and the electron system with position and time, T and Te 

respectively, are expressed by coupled second order differential equations.  
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where Ce, C and Ke, K are the specific heat and thermal conductivity for the electronic 

system and lattice, respectively, ρ is the material density, A(r) is the energy brought 

on the electronic system in a time t and r is the radius of cylindrical geometry with the 

heavy ion path as the axis. A(r) can be defined as                   . The 

electron–phonon coupling factor g is given by: 

                                                               
 

     
                                                     (1.9) 

Where KB is the Boltzmann’s constant, ne is the electron density and s is the speed of 

sound in the metal. 

Solution of differential equations gives the value of lattice temperature T(r,t) as 

function of position and time. The temperature maximum of the lattice for a specific 

radius r of ion path is dependent upon a critical value called electron stopping energy, 

Se. It is obvious that the increase in temperature of electron system continues till the 

energy deposition time, ~10
−15

 sec. Electron–phonon interaction becomes dominant 

for increasing the temperature of the lattice and as high a temperature as~10
4
 K may 

be attained at equilibrium which is normally attained after a mean time of the order of 

10
−12

 sec. It may be noted that beyond a specific value of Se, temperature of the lattice 

becomes higher than the melting of the lattice, Tm within a cylindrical mass of radius 

rm which is known as latent track having a dimension of a few nm. Subsequently the 

temperature of the systems starts decreasing and the rate of fall of temperature is 

decided by the thermal conductivity. Meanwhile molten phase is quenched at a rate of 

approximately 10
15

 K/sec. Diffusion in molten track plays the major role in mixing 

the constituents at the interface [88].  

1.6.2.2 Coulomb explosion model: 

Coulomb Explosion Model advocates the formation of a cylinder of ionized atoms 

due to the passage of the ion through matter. The electron-electron interaction is 

operative to effect the sharing of the electron excitation energy within the electron 

systems. This gives rise to the formation of latent tracks [88-89]. In fact, Coulomb 

Explosion model is better applicable for insulating materials. This is because 

electronic mean free path in metals is quite large, and therefore, the excitation energy 

is effectively utilized for warming up the system as a whole without resort to much 
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atomic movement. However, the defect production by electronic energy loss Se is 

explained by some researchers with the aid of this model [90] on the basis of 

assumption that a mean ionization degree D is possessed by all the atoms within a 

cylindrical mass of radius ro. It is surmised that a uniform space charge ρ is 

responsible for generating an electric  field E, which, within a time τ of the order of 

plasmon lifetime ~10
−14

 creates an impulsive field on each of ionized atoms; this 

gives rise to  a maximum recoil energy given by, 

                                                                 
   

  
  

 

                                                (1.10) 

It means that mechanism involved in the model deals with the direct, sudden and 

coherent energy transfer with respect to time and position. In general the magnitude of 

recoil energy derived in this way is very small, ~0.1 eV against the critical 

displacement energy, 10–20 eV; nevertheless, the energy transfer being coherent, can 

cause the effective atomic displacements. The description pertains to bulk material 

and not for the case of interfaces where the cylindrical region along ion trajectory is 

not conceivable [83, 91]. 

The finite magnitude of atomic impulsive forces normal to the interface acts in favor 

of atomic mixing. However, as time progresses, these ionic spikes in ~10
−14

 sec are 

masked by the thermal spike at ~10
−12

 sec; the enhanced lattice temperature due to 

thermal spikes act in opposition to the previous atomic displacement by Coulomb 

Explosion. Ultimately thermal spikes dominate and lead damage process [88-91]. 

1.6.3 Role of ion irradiation: 

Low and high energy ion beams find immense applications in material science and 

biological sciences. Ion beam techniques are very powerful tools in thin film 

technology due to its high flexibility and easy amenability to control technologically 

important parameters. In general, the modification of materials achieved by energetic 

ions irradiation may take place in form of (i) doping through ion implantation at low 

doses (mainly in semiconductors) (ii) Ion beam synthesis by forming buried layers or 

precipitates of new metastable compounds by implantation of doses exceeding the 

solubility limit; (iii) ion beam mixing that is mixing of interfaces and growth of layers 

by Ion beam assisted deposition [88].  
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Figure 1.4 Schematic presentation of use of ion beam irradiation. 

The structural and chemical modifications achieved by ion irradiation are important 

for physical and physicomechanical properties of materials in bulk or thin film form 

and can be suitably tailored to invoke new functionalities of high technological merits 

[86]. Energetic ion beam can be used in material science for material synthesis, 

material modification as well as materials characterizations [92]. In general, ion 

beams to eV to few keV can be used for different deposition techniques such as 

plasma deposition, DC sputtering and RF sputtering whereas the energetic ion beam 

of 10 keV to MeV is used for implantation and doping in materials (figure 1.3).  Ion 

beams irradiation is a technique that works at atomic level. The electronic energy loss 

Se can create the defects as well as anneal the defects. This may lead to phase 

transformation and particle growth. The density of defects is dependent on energy of 

ion beam as well as on the fluence of the beam.  Swift heavy ion irradiation can result 

in the formation of long, linear nanoscale tracks in a broad range of materials, and 

such swift heavy ion tracks are exploited in a number of applications in nanoscience 

[93]. 

1.7 Objectives in the present thesis work: 

 To probe into the role of fluence levels on structural changes in C60 upon 

irradiation by high energy swift heavy ion. 

 To observe the effect of different energy ion beam irradiation on fullerene C70 thin 

films to observe the effect of different values of electronic energy loss on damage 

cross section.  
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 To observe the effect of low energy ion beam irradiation effect on Copper-

fullerene C60 nanocomposite thin films. 

 To observe the effect of high energy ion beam irradiation effect on Copper-

fullerene C60 nanocomposite thin films. 

 To observe the effect of low energy ion beam irradiation effect on Copper-

fullerene C70 nanocomposite thin films. 

 To observe the effect of high energy ion beam irradiation effect on Copper-

fullerene C70 nanocomposite thin films. 

1.8 Motivation of the thesis problem: 

 The fullerenes are the emerging functional material because of their excellent 

property and being based on carbon, one of the most abundant elements in nature. 

Due to its inherent high electron affinity property, fullerenes are treated as useful 

electron acceptor material in solar cells [35-39]. Noble metals (Au, Ag) exhibit the 

amazing property of Surface Plasmon Resonance (SPR) which modifies the 

optical properties of nanomaterial [60-62]. However, the frequency of SPR band 

is strongly dependent on nature of host matrix, shape and size of nanoparticles 

[63-69]. Ion track formation modifies the optical and electrical properties of 

irradiated fullerene C60. The fascinating properties and the potential of fullerene 

C60 as the host matrix of metal embedded nanocomposite, seems to be a great 

motivation to study the possible modification of fullerene C60 as host material 

upon irradiation by high energy ion beam over a wide fluence range from 1×10
9
-

3×10
13

 ions/cm
2
 

 Fullerene C70 having different structure and stability as compared to fullerene C60 

is expected to show different SPR behavior due to irradiation by ion beam. Swift 

heavy ions (SHI) are used to engineer the fullerene C70 properties for engineering 

application. Because of its higher refractive index (~2.3) in comparison to 

fullerene C60 (~2.1), fullerene C70 matrix can give better SPR tuning of 

nanocomposites [35-39]. Non-availability of authentic data stimulates to take up 

studies on the possible modification in characteristics of fullerene C70 upon 

irradiation by ion beams of different energies. 

 Functional relationship between damage cross-section and electronic energy loss 

values due to ion beam irradiation of fullerene C60 has been developed by earlier 

workers [94]; this relationship enables to calculate the radius of the damaged 

cylindrical zone for any value of electronic energy loss in fullerene C60 irradiated 
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by ion beams of different energies. A Similar study on the effect of irradiating 

fullerene C70 thin films with ion beams of different energies is thought to be a step 

forward towards developing the quantitative relationship between damage cross 

section in fullerene C70 and electronic energy loss secured by ion beam of 

different energy.  

 Fullerenes are chosen as the host matrix material in metal reinforced 

nanocomposites for solar cell application. It demands a broad absorption band for 

effective utilization of sunlight. Heavy ion irradiation is useful to enhance and 

tune SPR spectra of fullerene noble metal nanocomposites, In the light of above; 

the present study aims to induce SPR in such a way that most of visible region can 

be utilized for use in optoelectronics and organic solar cell. For this, nanoparticles 

of group 11 elements viz. Cu and Ag with respective SPR peak positions within 

~410-450 nm and ~550 - 600 nm [61] are chosen. It appears that implantation of 

Ag ion (whose SPR peak lies at the lowest wavelength among these three 

elements) in Cu-C60 nanocomposite may yield a wide coverage within the visible 

band for SPR to take place. Thus, the present approach of exploring synergistic 

SPR enhancement in C60 nanocomposites with binary and ternary reinforcement of 

nanoparticles of group 11 elements seems to open a new vista in plasmonic 

research. 

 It still remains a question if irradiation of fullerene by low energy heavy ions has 

identical impact on the structural transformation as that of high energy ion beam 

irradiation. In fact, the effect of low energy ion beam irradiation on the 

characteristics of Cu metal reinforced fullerene-based nanocomposites is not well 

studied till date.  At higher doses of low energy heavy ion irradiation, nuclear 

collision becomes perceptible and leads to the formation of amorphized carbon, 

whereas at low doses photo polymerization of fractal molecules are produced by 

disintegration of fullerene molecules due to nuclear collisions [95-97]. In contrast, 

electronic energy deposition may lead a series of collisions, exponentially related 

with the fluence and tantamount to collision cascades; at low doses its density is 

not high enough to destroy all the molecules of fullerenes. This scenario of 

fullerene molecule under ion irradiation by low energy heavy ions, entices to 

conduct the study on modifications in structure and optical properties of Cu-C60 

nanocomposites after irradiation by 350 keV Ar ion beam. 
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 With a view to the possible widening of SPR band in Cu embedded fullerene C60, 

it is aimed to observe the influence of SHI irradiation on SPR response of copper-

C60 nanocomposites so that the system becomes cost effective.  It motivates to 

conduct study the effect of irradiation of copper-C60 nanocomposites by high 

energy heavy ions like 120 MeV Ag ion.   

 The power conversion efficiency of C70 is 25% higher than that of C60. The 

efficiency of organic solar cells based on fullerene C70 matrix can be further 

enhanced by incorporating metal nanoparticles for SPR enhancement. Copper is 

less expensive, abundant, and possesses high thermal and electrical conductivity. 

Moreover, copper shows similar absorption characteristic (SPR) property to those 

of Ag and Au. Moreover, it is least studied till date. So, it seems worthy to study 

the effect of irradiation on Cu - C70 nanocomposite by low energy heavy ions viz. 

350 keV Ar; it is especially important as the low energy ion beam can produce 

sufficient atomic defects to promote electronic energy loss. Se for 350 keV Ar ion 

is smaller than the threshold for ion track creation. Therefore, it further motivates 

to probe into the possible structural and property modifications in the 

nanocomposite thin films which will be decided by nuclear energy loss, Sn, 

leading to collision cascades. 

 Discussion on the results of experiments with low energy ion beam irradiated (350 

keV Ar) Cu-C70 nanocomposite thin films has been presented in last chapter. It is 

a matter of scientific interest to explore if high energy heavy ion beam (120 MeV 

Ag) irradiation produces any other interesting results. Moreover, it is important to 

understand the effect of such high energy ion beam irradiation on the 

characteristic growth of nanoparticles and the concurrent change in refractive 

index of fullerene C70. So, the irradiation study on copper-C70 nanocomposite thin 

film is taken up. 

1.9 Organization of thesis: 

Chapter 1: 

In this chapter, general introduction about fullerene, fullerene based metal 

nanocomposites and the work carried out in the Ph.D. thesis has been dealt. The 

importance of fullerene as a matrix of fullerene-based metal nanocomposites, their 

advantage is introduced in this chapter. Especially, research question on Cu–C60/C70 

nanocomposites are narrated. In the end, the motivation, objective for the work 

undertaken, the methodology adopted and the results are given in brief. 
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Chapter 2: 

This chapter covers the concise review of the literature on fullerene matrix, metal 

incorporated fullerene based nanocomposite thin film and effect of ion irradiation on 

the fullerene matrix and its nanocomposite thin films. Emphasis has been given on 

elaboration of previous studies on influence of ion irradiation on the different 

properties of fullerene matrix and thin films of metal fullerene nanocomposites; 

further, description on structure property correlation of fullerene matrix metal 

reinforced nanocomposites has been elaborated. 

Chapter 3: 

In this chapter a detailed description about the experimental methods used for the 

present investigation is furnished; a brief review of the principles of techniques used 

in the present work is presented. Moreover, the chapter includes description about the 

raw materials used for the current research, the details of various experimental 

techniques used, experimental conditions employed and the parameters fixed for 

individual experimentation. The methods adopted for the synthesis of C60, C70, Cu-C60 

and Cu-C70 nanocomposites thin films are narrated, and the implication of selection of 

specific fabrication parameters is also discussed. Details about the methodology 

adopted for various characterization techniques like Raman spectroscopy, Rutherford 

beam scattering (RBS), UV-visible absorption optical spectroscopy, Scanning 

Electron Microscopy (SEM), Atomic force Microscopy (AFM), Transmission 

Electron Microscopy (TEM), X-ray Photoelectron spectroscopy (XPS) and two probe 

electron conductivity measurements are clearly narrated. 

Chapter 4: 

This Chapter deals with the study on the effect of high energy ion beam irradiation on 

the characteristics of fullerene C60 and C70, which are subsequently taken as the target 

matrix material of metal embedded nanocomposite thin films for solar cell 

applications. Chapter 4 is divided into two sections named, here after termed as 

section 4.1 and section 4.2. 

Section 4.1 describes the results of study on the modifications in structure and 

properties of fullerene C60 after irradiation by 90 MeV Ni ion beam for various 

fluences from 1×10
9
 to 3×10

13
 ions/cm

2
. Structure and property characterization are 

done by Raman spectroscopy, UV-visible absorption spectroscopy, atomic force 

microscopy and Rutherford backscattering technique. Damage caused to C60 has been 

assessed by following the already established technique. Transformation of fullerene 
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to amorphous carbon state has also been monitored. The results are elaborately 

discussed. 

Section 4.2 deals with the information about which are quite scarce in literature. Four 

different types of ion beam of different energies are used to irradiate C70 thin film. 

These are 90 MeV Si ion, 55 MeV Si ion, 90 MeV Ni ion and 125 MeV Au ions. 

Each type of high energy ion beam of varying energy produces different degree of 

damage to C70 fullerene. The characteristic electronic energy loss associated with 

irradiation by a specific ion beam decides the damage cross section and hence 

attempts are made in this section to map the damage cross section against the 

electronic energy loss. This may help in determining possible damage cross section 

for particular electronic energy loss characterizing a specific ion irradiation for 

predetermined fluence. Different characterization techniques are used to understand 

the structural changes and the associated changes in absorption behavior of C70 for 

each type of irradiation. Moreover surface studies are also done to correlate the bulk 

and surface structures with the optical property of fullerene C70 which is the major 

point of interest, in terms of the major objective of the thesis work which is to explore 

applicability of fullerene based metal nanocomposites in organic solar cells.  The 

results of the effect of individual ion irradiation were correlated at the end of section. 

Chapter 5: 

Chapter 5 deals with the effect of irradiation on the structure and properties of copper-

C60 nanocomposites; both high and low energy ions beams are used for the study. 

This work is stimulated by the encouraging results of experiments done by others on 

the noble metal (Au and Ag) embedded fullerene C60 based nanocomposites. This 

chapter is divided into two sections as 5.1and 5.2. 

The section, 5.1, is comprised of two studies; the effect of irradiation by 100 keV Ag 

ions (section 5.1.1) and 350 keV Ar ion (5.1.2) are described; 

In the first section, 5.1.1, study on the effect of irradiation by 100 keV Ag ions over 

fluence range from 1×10
14

 to 3×10
16

,
 
on the structure and over fluence range from 

1×10
14

 to 3×10
16

,
 
on the structure and properties of Cu-C60 has been described. Cu-

C60 nanocomposite thin films synthesized by co-deposition restive heating method 

was given to contain about 13at% Cu at film thickness of ~28 nm as determined by 

Rutherford backscattering spectroscopy (RBS) analysis. Being of low energy, Ag ions 

got implanted and influenced the SPR due to copper which is reported.  Structural 
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modifications due to ion irradiation are analyzed by Raman, and Transmission 

Electron Microscopy (TEM). Raman spectroscopy study reveals the transformation of 

fullerene C60 into amorphous carbon (a-C) with increasing fluence. TEM showed the 

enlargement of copper particles with increasing fluence. Reports on Atomic force 

microscopy (AFM) study as well the detection of bond formation in the 

nanocomposite by XPS study is also made in this section. 

This section 5.1.2 discusses the report of study on the effect of low energy ion beam 

irradiation upon Cu-C60 nano composite; in the present case 350 keV Ar ion beam for 

the fluence ranging from 1×10
13

 to 3×10
16

 ions/cm
2
 was used for irradiating copper-

C60 nano composite whose copper concentration was determined to be 18at% at a 

thickness of 32nm. Choice of Ar ion is inherited from similar experiments with 

Au/Ag embedded- fullerene matrix composites. Characterization by TEM verified the 

growth of copper particles; it is observed from UV-visible spectroscopy that there is a 

red shift in SPR due to copper, the cause of which was assigned to particle growth at 

high fluence.   

Section 5.2 discusses the effect of irradiation on the characteristics of Cu-C60 nano 

composite whose film thickness is 32nm and copper content has been 18at% as 

measured by RBS technique. The thin film is irradiated with high energy 120MeV Ag 

ion beam. Absorption spectroscopy study reveals that irradiation enhances SPR band 

due to copper, initially positioned at 622nm at pristine nanocomposite and then 

undergoing 11nm red shift at higher fluence. This stems from copper particle 

coarsening at increasing fluence which is as evidenced by TEM and XRD results. 

Raman spectroscopy confirms the transformation of fullerene to amorphous state; the 

existence of copper oxide in irradiated sample is ruled out by the XPS study, although 

the XRD profile recorded oxide peak in the pristine, diminishing at increasing fluence 

in irradiated sample. 

Chapter 6: 

Chapter 6 deals with the effect of irradiation on the structure and properties of copper-

C70 nanocomposites; both high and low energy ions beams are used for the study. 

This work is stimulated by the encouraging results of experiments done by others on 

the noble metal (Au and Ag) embedded fullerene C60 based nanocomposites. This 

chapter is divided into two sections as 6.1 and 6.2. 

In the first section, 6.1, the nanocomposite thin films of Cu-C70 are deposited by 

thermal co-evaporation on glass, silicon and TEM grids. The thickness of deposited 
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thin films (10 at. % Cu-C70) is measured to be is ~30 nm by Rutherford backscattering 

spectrometry (RBS). The thin films irradiated with low energy heavy ion, 350 keV Ar 

ion at different fluences ranging from 1×10
13

 to 3×10
16 

  ions/cm
2
 have been 

characterized; optical properties and structural study are done by UV-visible 

absorption spectroscopy, Raman spectroscopy, transmission electron microscopy 

(TEM), atomic force microscopy (AFM) and X-ray photoelectron spectroscopy 

(XPS).  

Section 6.2, Cu (10%) C70 nanocomposite films of thickness around 30 nm are 

deposited by thermal co-evaporation on glass, silicon and TEM grids. These thin films 

were irradiated with 120 MeV Ag ions at different fluences ranging from 1×10
12

 to 

3×10
13 

ions/cm
2
. The modifications in the optical properties and structure have been 

examined by UV-visible absorption spectroscopy, Raman spectroscopy, transmission 

electron microscopy (TEM).  
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2.1 Introduction: 

The discovery of fullerenes is believed to be responsible for triggering the 

nanotechnology revolution. Fullerenes are unique nanostructured materials with 

extraordinary mechanical, thermal and electrical properties. These properties have 

inspired the development of nanocomposites with extraordinary properties. The 

reinforcement of noble metal nanoparticles (Au, Ag and Cu) phase is added with the 

aim to improve the specific optical property. Among gold silver and copper, Cu 

nanoparticles get attention in recent times due to its interesting mechanical properties, 

high electrical conductivity, catalytic properties, appropriate melting point, high 

stability and high natural abundance in nature. The low cost of Cu over Ag and Au 

makes Cu nanoparticles attractive for applications in various fields of optics, 

electronics and solar energy conservation. 

In view of the fact that fullerene based nanocomposites has attracted a great research 

interest for harnessing the potential of fullerene to be employed as new generation 

energy material, it is taken up as the broad area of the present research work. While 

lot of excellent research reports are documented in literature, it is no denying  that 

there are many research challenges  to surmount for developing fullerene based 

nanocomposites for optical device applications. The survey of literature is 

accomplished as a prerequisite for identifying the immediate research questions to 

address. A brief account of literature review is furnished below:  

2.2 Metal nanocomposites thin films, properties and applications:  

 Jean Marie et al. [1] defines composites as a combination of one or more 

discontinuous phase (called reinforcement or reinforcing material) embedded in a 

continuous phase (matrix).  

 According to Dupas et al. and others [2-3] the small nanoparticles of metals 

reinforced in a matrix makes the nanocomposite thin film more efficient with 

modified properties. Hence the incorporation of nanoparticles not only preserves 

the matrix properties but also new properties of nanoparticles.  

 Maier et al. [4] also reported that the modified properties of nanocomposite thin 

films are due to higher surface to volume ratio of reinforcing nanoparticles. 

 Reithmaier et al. [5] also concluded that a drastic change takes place not only in 

physical but also in chemical properties of the material or substance on changing 

its dimension to nano scale. Hence all the physical and chemical properties related 
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to the size of embedded nanoparticles makes the nanocomposite thin films 

modified and open for different application areas (Krenn et al. and Wiederrecht et 

al.) [ 6-7].  

 Kreibig et al. [8] narrates the effect of noble metal nanoparticles in the matrix. 

Nanoparticles have different mechanical, physical, chemical, electronic, optical 

and magnetic properties from the bulk material and hence alter the properties of 

nanocomposite thin film.   

 Kelly et al. [9] have reported the interaction of the oscillating electromagnetic 

field of light with the free electrons of the metal nanoparticles. This oscillation of 

the surface electrons is called surface plasmon resonance (SPR) in the case of thin 

films, or particle plasmon resonance (PPR) for nanoparticles.  

 E. Hunter et al. [10] reported that when nanocomposites with certain metallic 

nanoclusters (typically Au, Ag, Cu and Pt) are exposed to light, they exhibit a 

strong absorption maximum at a particular wavelength due to photon induced 

oscillation of the electron charge density. 

 Previous report by  L.L. Beecroft  [11] documented in the literature have shown 

that the peak intensity and peak position of the SPR spectrum is dependent on 

various factors such as shape of the nanoparticles, size of the nanoparticles, and 

interparticle separation and surrounding material around the nanoparticles ie. 

Matrix. 

 A number of means which can enhance the magnitude and tune the position of 

SPR are stated to be the varying atomic fraction of nanoparticles embedded in 

matrix, annealing temperature of thin film, alteration of refractive index of matrix 

material and also chemical composition of the thin films are reported in literature 

[12-18].  

 Lee et al. [67 19] studied the effect of size of silver nanoparticles on the SPR. It 

was observed that with increasing grain size of the nanoparticles, peak position of 

SPR band also shift to higher wavelength side. Apart from this, the concentration 

of Ag nanoparticles also contributes towards the position of SPR peak.  

 Amendola et al [20] presented a review on the SPR on gold nanoparticles. They 

have carried out modeling of the SPR in Au nanoparticles.  

 Takele et al [21] researched on the plasmonic behavior of silver nanaoparticles 

embedded in different type of matrices such a polymer matrix of Teflon AF, poly 

(methyl methacrylate) (PMMA) and Nylon 6. As per their observation, the 
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particle plasmon resonance (PPR) frequency is highly dependent on the volume 

fraction of Ag. The effect due to the dielectric constant of the surrounding matrix 

also plays a critical role in tuning of the plasmon peak position.  

 Mathpal et al. [22] investigated the plasmonic behavior of Ag, embedded in glass 

matrix; over this, Au nanoparticles and titania were co deposited. The effect of 

annealing was studied and as per observation plasmonic response of both kinds of 

nanoparticles was found to be affected by the annealing treatment.  

2.3 Fullerene based metal nanocomposites: 

 Carbon based nanocomposites containing noble metal nanoparticles are useful in 

industry due to the bi-functional properties of metal and matrix in single material. 

These types of materials show superior optical and electrical properties because of 

high surface-to-volume ratio of nanoparticles and physical properties related to 

matrix for applications in solar cells, memory devices and optical sensors and 

bioscience [23-26].  

 F. Banhart [27] reported the effects of irradiation in different carbon 

nanostructures. As fullerenes are different from the crystalline graphitic structure 

because of their curved basal planes, it governs specific geometry without the 

presence of vander wall interaction. This makes them an interesting material for 

studying the effect of irradiation..  

 Thermally co-deposited fullerene C70 nanocomposite thin films with varying 

composition were studied by Singhal et al. [28]. A red shift from 521 to 581nm in 

the SPR band position was observed with increasing the concentration of metal in 

the matrix C70. Maxwell –Garnett theory explained the tuning of the SPR peak in 

consideration the absorbing nature of the fullerene matrix. 

 However in a recent work, the effect of 120 MeV Ag ion irradiation on thin films 

of a-C containing Ag nanoparticles has been reported by Singhal et al [29]. UV-

visible absorption spectrum has confirmed a 26 nm shift in SPR band produced 

due to Ag nanoparticles; it was associated with a bi modal growth of 

nanoparticles. at a particular fluence of 3×10
13

 ions/cm
2
. Thermal spike model 

was employed to explain the growth of nanoparticles.  

 Similar study on irradiation of gold nanoparticles embedded a-C based 

nanocomposite thin film with 120 MeV Ag ion has been reported by Singhal et al. 

[30]. The study had included the effect of thermal treatment on the 

nanocomposites. Both irradiation as well as thermal treatment study recorded blue 
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shift along with growth of nanoparticles. Percolation of nanoparticles is also 

observed at a specific temperature 500 °C. 

2.4 Ion irradiation effect in fullerene as a matrix and fullerene based metal 

nanocomposites: 

 The structural modification obtained by irradiation  of 189 MeV Ag, 110 MeV N 

and 50 MeV Si ions at fluences ranging from 1×10
10 

to1.8×10
12

 ions/cm
2 

on 

fullerene C60 thin films have been observed by Lotha et al. [31] . They calculated 

the ion track radius for each ion irradiation through damage cross section and 

were found to be of values about 6, 5 and 4 nm, respectively.  

 It is reported by  Narumi et al. [32] that ion irradiation (7-MeV 12 C
2+

) effect on 

C60 thin films results in amorphization of the film at higher fluence and at lower 

fluence disintegration of C60 molecules takes place.  

 Ghosh et al. [33] studied the electron sputtering yield of carbon versus fullerene 

film thickness under the effect of ion irradiation and observed that with increase in 

the thickness of the film, the respective yield decreases.  

 He, N and Bi ions at energies from 30 to 800 keV were used to irradiate thin films 

and the study due to Zawislak et al. [34] led to the inference that the destruction 

radius is smaller for light ions and is one order of magnitude larger for heavy ions.  

The above study have further reveled that both the nuclear energy loss and 

electronic energy loss are responsible for the destruction of C60 molecule.  

 Narayana et al [35] demonstrated a comparable study on the effect of irradiation 

of low and high energy ions on C60 thin films with a conclusion that low energy 

ion is implanted in the film and produces amorphization of the film at fluence 10
15

 

ions/cm
2
 whereas high energy Ag ion passes through the film and gets embedded 

in the substrate; moreover, there was no difference in crystallinity up to a fluence 

10
12

 ions/cm
2
.  

 An investigation due to Kumar et al. [36-38] established the effect of ion 

irradiation on the modification in properties like electrical transport, 

electromagnetic, ferromagnetic and infrared properties.  

 Their study on the phase transition of fullerene films by temperature dependent 

electrical transport measurement could transpire that transition temperature is not 

significantly influenced by the ion beam, rather broadening of structural phase 

transition with ion irradiation was noted [36].  
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 The C60 thin film under ion irradiation produces conducting nanowires at lower 

fluences and at higher fluence, transforms into amorphous carbon (a-C). This a-C 

at room temperature shows ferromagnetic behavior; moreover some paramagnetic 

behavior is also observed in irradiated films due to oxygen oriented defects [37]. 

Comparative study with low energy and high energy ion irradiation was 

performed to analyze the effect of collision cascade and electronic excitation on 

ferromagnetic properties of C60 thin films; it was observed that there was an 

increase in degree of magnetization with increasing fluence of 250 keV Ar and 92 

MeV Si ion beam. It therefore appears that high energy ion beam brings about 

more significant change in magnetization as compared to the lower energy ion 

beam [38].  

 With the help of Fourier transform infrared (FTIR) spectroscopy, the modification 

in vibrational properties of C60 due to 200 MeV Au ion irradiation was studied by 

Kumar et al. [39]. All the IR active modes T1u (527, 577, 1183, 1428 cm
-1

) were 

affected differently by ion beam, T1u (2) mode being the most sensitive; the radius 

of ion track for this mode is found to be about 1.35 nm.  

 Bajwa et al. [40] presented the report of an elaborate study on the effect of 

different ion beams on Fullerene C60 thin films over a broad range of fluences 10
10

 

to 10
14

 ions/cm
2
. Different ions were chosen to vary Se values within a range of 80 

to 1270 eV/Å; a relationship between damage cross section and electronic energy 

loss was developed.The same researchers presented a phenomenological model 

for damage cross section and impact of electronic energy loss and nuclear energy 

loss values on polymerization and destruction of C60 molecules; it was reported 

that the conductivity of the films increases with ion irradiation due to 

transformation of fullerene into a-C. Scanty reports on C70 thin films are available 

in literature.  

 The effect of 120 MeV Au ion beam irradiation on fullerene C70 thin films has 

been studied by Singhal et al. [41] where it was observed that increasing fluence 

leads to decreasing optical band gap and resistivity. Amorphization of the C70 

films was found to have taken place at a fluence of 3×10
13

 ions/cm
2
, with the 

value of calculated radius of ion track being 2.9 nm.  

 A comparative study between C60 and C70 under 120 MeV Ag ion irradiation has 

been reported by Singhal et al. [42] who presented 2.5 and 3.5 nm as the 

calculated radii of ion track in C70 and C60, respectively. From Tauc plots 
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decrement in band gap is observed from 1.98 eV to 1.86 and from 2.28 to 2.16 eV 

for C70 and C60, respectively. For both the films, the amorphization fluence is 

reported same as 3×10
13

 ions/cm
2
and stability of C70 was marginally superior to 

fullerene C60. Irradiation induced enhancement in grain size in both C60 and C70 

thin films were confirmed by the same authors with the aid of microscopic 

measurements.  

 As reported by Kumar et al. [43] and Tripathi et al. [44] conducting nanowires 

could be produced in fullerene C60 thin films by ion irradiation at low fluence. 

Reportedly, the conductivity of nanowires so produced was observed to be seven 

times higher than that of the surrounding material i.e. fullerene C60. The synthesis 

of the concerned nanowires was carried out by 120 MeV Au, 180 MeV Ag ions, 

and 55 MeV Ti ions at low fluence levels ranging from 10
10

 to 5×10
11

 ions/cm
2
. 

Conceptually, the formation of these nanowires in fullerene film due to passage of 

the ions makes the material amorphous along its path and hence it turns into 

highly conducting nanowires. At low fluence the overlapping of tracks is less 

probable and this paves the way of formation of isolated nanowires of 40–100 nm 

diameter as could be verified by conducting atomic force microscopy (C-AFM) 

measurements [45].  

 Similarly, such nanowires of fullerene C70 of diameter 11-20 nm were produced 

by Singhal et al. [45] with the aid of 100 MeV Ag ion irradiation. The 

conductivity of these nanowires increases with increasing fluence.  

 Silver nanoparticles in fullerene C60 matrix co deposited via thermal evaporation 

method were exposed to ion irradiation with 120 MeV Ag ion by Singhal et al 

[46]. UV-visible absorption analysis has revealed the shift of SPR band by 49 nm 

in lower wavelength side (blue shift) at the fluence value of 3×10
13

 ions/cm
2
. 

Growth of the silver nanoparticles was also confirmed by the same worker with 

the help of transmission electron microscopy.  

 Attempts were also made to tune the SPR in Ag nanoparticles reinforced C70 

nanocomposites [47]. The Ag-C70 thin films were irradiated with 120 MeV Ag ion 

beam; it was observed that there was increase in particle size from 7.0 ± 0.8 to 

11.0 ± 0.4 nm and that fullerene matrix transformed into a-C.  Moreover, a blue 

shift by about 100 nm was observed and the shift has been ascribed to the change 

in local refractive index of the matrix together with the size of thin films. 
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 Singhal et al. [48] synthesized the gold nanoparticles embedded nanocomposite 

thin films and irradiated the same with ion beam of different energies viz.120 

MeV Ag, 70 MeV Ni and 60 MeV Si and 350 keV Ar. The results of experiment 

recorded an appreciable electronic energy loss effect coupled with cascade 

collision effect due to low energy ion beam irradiation. Raman spectrum 

confirmed the transformation of the fullerene matrix into a-C and X-ray 

diffraction (XRD) analysis revealed the increase in particle size with increasing 

the fluence. For each ion beam irradiation, there is a characterizable SPR peak 

which depends upon the Se values of the ion beam. Higher the value of Se, higher 

tuning is observed. In low energy ion irradiation tuning was also observed but not 

as much as in the case of high energy ion irradiation. 
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3.1 Thin Film Deposition 

Thin Film Deposition [1] is an essential technology nowadays especially when 

nanotechnology has covered semiconductor industry, for solar panels, CDs, disk 

drives, and optical devices industries. This technology is used for synthesizing a very 

thin film (few nm to100µm) or sometimes of a few atoms of thickness on different 

kind of substrates (glass, quartz, silicon etc.). The same can be used for layered 

structure by depositing thin film on previously deposited surface. Thin Film 

Deposition is usually divided into two broad categories: 

 Chemical Deposition  

 Physical Deposition  

Chemical deposition process [2], uses a volatile fluid precursor which bring about a 

chemical change on surfaces for which a coating is left deposited on the surfaces. The 

use of fluid precursor makes the deposition conformal that is a constant thickness of 

coating is obtained although even though the interface is uneven. There are different 

techniques of chemical deposition, such as, 

 Chemical Vapour Deposition 

 Plasma Enhanced Chemical Vapour Deposition 

 Atomic layer Deposition 

 Sol-Gel Method 

The chemical deposition is very useful for mono-dispersed and large quantity 

synthesis but via physical deposition technique the synthesis of highly uniform, 

nanocrystalline thin films is possible. Physical deposition technique involves coating 

of surface and is generally used for decorative coating, tool coating etc. In this 

process, deposition of a material on a substrate is accomplished by involving 

mechanical, electromechanical or thermodynamic processes after the material is made 

released from a source. Temperature, pressure and the other conditions fix the quality 

and quantity of deposition of materials on the chosen substrates..It is fundamentally a 

vaporization coating process in which the basic mechanism is an atom by atom 

transfer of material from the solid phase to the vapour phase and back to the solid 

phase, gradually building a film on the surface to be coated. The thin films produced 

by this method assume directionality as the depositing particles take up their path in a 

straight line towards the substrate. The following processes are included in physical 

deposition. 



Page | 44  
 

 Molecular Beam Epitaxy (MBE) 

 Sputtering 

 Pulse Laser Deposition 

 Electrodynamic Deposition 

 Thermal Evaporation  

The above mentioned techniques under physical deposition process are different and 

can be elected on the basis of the material to be deposited and further what kind of 

application is going to fulfil by the deposited thin film [2]. In the present thesis work 

Thermal Evaporation technique has been adapted to deposit fullerene (C60/C70) and 

fullerene based metal nanocomposite (Cu-C60 andCu-C70) thin films.  

3.1.1 Thermal evaporation Technique: 

In this technique, the material used for coating is thermally vaporized and then the 

vaporised material proceeds by potential difference to the substrate with little or no 

collisions with gas molecules. Due the reasons that high vacuum insures the travel of 

vaporised molecules over a large distance without having any collisions with the gas 

molecules (that is large mean free path) in the evaporation chamber normal levels of 

vacuum maintained within the evaporator range from 10
-5

 to 10
-9

 mbar. Collision with 

gas molecules causes a directional change of traversing gas molecules and as a result 

the chance of uniform deposition over the entire surface gets adversely affected.  If 

the pressure within the chamber is less than 10
-5 

mbar, the mean free path becomes 

shorter and chance of collisions increase.  Moreover, a higher purity is obtainable at 

higher vacuum level. This high vacuum confirms the deposition of thin film with less 

contamination. In thermal evaporation techniques, the following methods can be 

applied to heat the material: 

 Electron beam heating technique 

 Resistive heating technique 

In fact, directional resistive evaporation is desirable in cases of nano-fabrications. The 

depositing materials can be either in the form of elemental atoms of or can be 

molecules of oxides or nitrides; moreover the substrate material can widely vary 

semiconductor wafers, optical components, solar cells etc. If the material to be 

evaporated is contaminated with the impurities of melting point higher than the 

material itself, there will be little possibility of evaporation of these impurities and 

hence so the deposited thin film will be more impure. Masking on the substrates is 

also possible so that the area where deposition of film on the substrate is not required 
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can be excluded. This technique facilitates monitoring of the deposition rate and it is 

easy to control this rate too. 

With the above advantages of use of this technique, there are some difficulties as 

well; these are related to problems with deposition of high melting point materials, 

insurance of uniform heating, rapid change in deposition rate, reactions between the 

source and the heating container. 

The deposition of fullerene and fullerene-based metal nanocomposite thin films has 

been done via resistive heating thermal evaporation technique which is explained 

below: 

3.1.1.1 Resistive Heating Technique: 

In this technique [2], the material is heated to its evaporation point by means of an 

electrical current passing through a filament or boat (source; thin sheet metal pieces of 

suitable high temperature metals (such as tungsten) with formed indentations or 

troughs into which the material is placed) where the source material is placed. The 

evaporated molecules of the source material travel from source to the substrate 

(target) where they nucleate together, to coat thin film. Since, the source material is 

heated to its melting point and is liquid, it is usually located in the bottom of the 

chamber, often in some sort of upright crucible. The vapour then rises above this 

bottom source, and the substrates are held inverted in appropriate fixtures at the top of 

the chamber. The surfaces intended to be coated are thus facing down toward the 

heated source material to receive their coating. The assembly of the technique is 

simple and results appropriate for depositing metals and some compounds with low 

melting temperature. 

Preparation of thin films was carried out in the thermal co-evaporator (figure 3.1) 

available at optical material laboratory, Physics Department, Malaviya National 

Institute of technology (MNIT), Jaipur. This evaporator is equipped with co 

deposition facility as it has two boats and can be used to evaporate two materials 

simultaneously. 

For uniform deposition of films, precaution should be taken for the rate of deposition. 

The rate should be constant for the whole process of deposition. Synthesis of fullerene 

thin films takes place by directly evaporating the powder of fullerene C60/C70. The 

powder of the C60/C70 was placed in the boat and heated. Different kinds of substrates 

(glass, quartz and silicon) are placed over the substrate holder which is kept about 12 
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cm above the boat. Through resistive heating, temperature of the boat makes the 

material vapourized. 

 

Figure 3.1 Thermal evaporator used in the present study. 

Since fullerene C60 and C70 sublimes at ~800˚C, so it seems that direct deposition of 

the material takes place on the substrates. For making uniform deposition on each of 

the substrates, the target holder is kept on rotating throughout the deposition process. 

For maintaining the rate of deposition, the current is regulated manually and adjusted 

as per requirement. No substrate heating was required.  

For nanocomposite thin film, co-deposition of the materials, fullerene and copper 

takes place simultaneously. During this co-deposition, both materials fullerene 

C60/C70 powder and copper powder are placed in two tungsten boats in thermal 

evaporator chamber. First they are evaporated separately one by one for noting the 

current value and deposition rate value by keeping the mask over the materials placed 

in different boats. After realizing both the values, actual deposition is started and rate 

is monitored by taking the joint value of both the rates for each material. The vacuum 

pressure and rate were monitored and maintained at the specific values for desired 

uniform nanocomposite thin film deposition. The concentration of the metal content 

in the film is based on the rate taken for the deposition. During the film deposition, 

the sample holder was rotated using a DC motor in order to get the uniformity across 

all the samples in a single deposition. 
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3.2 Irradiation: 

In the present research work, irradiation of samples was done in three different ways: 

the low energy ion implanter, low energy ion beam irradiation and high energy ion 

beam irradiation [3]. These facilities are available at Inter University Accelerator 

Center (IUAC), New Delhi and have been utilized for irradiation of experimental 

samples. Brief description of each type of facilities used for the purpose is narrated 

below:  

3.2.1 Ion Implantation by Low Energy Ion Implanter: 

Impingement of low energy heavy ion bears a strong potential for implantation of ions 

in thin film samples.  

 Figure 3.2 Schematic diagram of low energy ion implanter present at IUAC, New Delhi. 

This is a reliable way for ion beam irradiation over a large specific area. The ion 

implanter is a flexible system and is made of sub systems (figure 3.2) like  

 Source of ions 

 Analyzer of mass 

 Accelerator stage 

 Scanning system  

 Chamber to load target  

The principles of designs remaining same, the latest version of ion implanter is more 

versatile in operation, less power consuming for water cooling and capable of 
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optisimising power consumption equipment size and hard ware requirement of 

vacuum. In the equipment available at IUAC, New Delhi, there is a provision for ion 

extraction with the aid of high potential source, 0-500 kV. An additional voltage of 

10-30 kV is normally applied to extract the ions which goes through the entrance slit 

of mass analyzing magnet. 

The ion beam, after being mass separated and traversing through the analyzing 

magnet enters the accelerator tube. Within the accelerator tube the ions get 

accelerated to acquire the required energy. There is a quadrupole lens which aids in 

focusing the ion beam passing through the acceleration tube; the focused beam hits 

the target material in x-y scan direction. The scanning is done along both x and y 

directions in order that a uniform distribution of ions is secured. The resulting current 

of the incident beam is measured by Faraday cups around the target. 

3.2.2 Low Energy Ion Beam Irradiation: 

The low energy ion beam facility (LEIBF) [4] of IUAC, New Delhi has been used for 

irradiating experimental thin films of present work by 350 keV Ar ion. An electron 

cyclotron resonance (ECR) constitutes the above facility and is based on a source of 

ions placed at a high voltage of 200kV. A high current of multiple charged positive 

ions are obtained from the source (figure 3.3). 10 GHz ECR is used to produce ions. 

The entire system which includes power supplies, high frequency transmitter etc. is 

placed on a deck at high voltage. Optical fiber communication system is used for 

controlling the operation. The accelerator is grounded at the beam line end and the 

voltage difference between this and high potential deck is responsible to impart the 

required kinetic energy to the ions. A vacuum of 10
-6

 mbar is maintained through the 

pumping station which is comprised of turbo molecular pump with a backup rotary 

pump.  

The beam steering is accomplished by electrostatic steerer along with double slit; the 

control of beam size is also possible with the help of the same. The distribution of 

ions inside the system can be monitor by a beam profile monitor for both the 

directions orthogonal to each other. The beam can be stopped by the Faraday cup and 

there are valves to isolate to two sections of a beam line. Mass analysis is carried out 

by magnetic analyzer which makes the selection of the required ions possible by the 

application of pre determined magnetic field. Focusing at the desired spot is made 

possible by the provision of electric quadrupole-triplet. While tuning the beam, the 
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beam is focused within a small circular spot and to provide the availability of ions 

homogenously over the entire area a beam scanner is used.  

 

Figure 3.3 Schematic diagram of low energy ion beam irradiation facility (LEBIF) available 

at IUAC, New Delhi. 

The irradiation of the films takes place at high vacuum 10
-9

 mbar. Thin films were 

mounted on a six or four sided ladder (sample holder) with an arrangement to mount 

six samples (with marking sample number) on each side (figure 3.4). A copper ladder 

is used for mounting the samples in the chamber so that flow of heat generated due to 

ion impingement on the samples can become effective. The ladder was then placed in 

the chamber.  

 

Figure 3.4 Ladder for mounting samples for irradiation. 

The ladder was moved vertically up and down to bring the samples into the path of 

the ion beam for irradiation that is monitored through the screen provided with the 

camera facing the ladder faces under irradiation. Each marked sample is irradiated 
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with the required beam at different fluences. The fluences for each sample are 

calculated on the basis of the beam current in the form of time. The beam is 

monitored carefully throughout the irradiation so that it remains continued on the 

sample and covers it properly. 

3.2.3 High Energy Ion Beam Irradiation: 

The Pelletron accelerator [3] at IUAC New Delhi is able to cause acceleration to any 

ions ranging from proton to uranium excluding inert gases. The range of energies of 

accelerated ions extends from a few MeV to 100 MeV (figure 3.5).  

 

Figure 3.5 Schematic diagram of pelletron accelerator available at IUAC, New Delhi. 

A stainless steel tank houses the pelletron; a high voltage terminal is positioned at the 

middle of the tank and can be charged to high potential. The potential gradient from 

high voltage to the ground voltage is maintained at the top and bottom of the tank 

which is filled with an insulating gas, sulphur hexa fluride (SF6) at 6 to 7 atmospheric 

pressure. An ion source called Multi Cathode source of Negative Ions by Cesium 

Sputtering (MC-SNICS) produces negative ions at 250 kV. Mass analysis of ions is 

carried out by injector magnet (90 degree dipole magnet) which is bent downward. 

During the passage of negative ions through the accelerating tube towards the positive 

terminal, sufficient acceleration of ions  takes place; the accompanying electron are 

stripped off by a C-foil or N2 gas stripper, thereby producing positive ions which are 

repelled by the positive terminal and get accelerated towards ground. This is repeated 

twice to accelerate the ions which when comes out off the tank is subjected to 

selection of specific charge state by the use of magnetic analyzer. The entire beam 

line is kept under ultra high vacuum. Similar to low energy accelerator the focusing 
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and beam profiling sterrering magnet, quadrupole triplet magnets and beam profile 

monitors (BPM). 

The energy of ions coming out of accelerator is given by the equation 

                               (3.1) 

Where    is the potential of the MC-SNICS source at the deck,    is the potential at 

the terminal in MV, q is the charge state of the ion after stripping.  

Material science beam line of 15 UD pelletron accelerator (a tandem Van de graft 

type accelerator) facility [5] available at Inter University Accelerator Center (IUAC), 

New Delhi has been used for the irradiation of fullerene and fullerene based 

nanocomposite thin films.  

The samples are mounted on the six face sided ladder and placed in the high vacuum 

chamber for irradiation. The beam energy is fixed at the desired value for the 

respective ion. Each ladder face is equipped with the quartz on the top of the ladder. 

Below this crystal, the samples are mounted and marked properly. This quartz crystal 

is used for profiling the beam that fits to the upcoming samples and covers it properly. 

As the beam is profiled, then according to the charge state and current, fluence time is 

calculated as per formula given below 

            
     

 
             (3.2) 

Where,   is the fluence (ions/cm
2
), e is the electron charge (C), A is the area (cm

2
)of 

the sample (in our case 1 cm×1 cm) and I is the current of the beam (ampere). 

SRIM software has been used to determine the electronic energy loss and nuclear 

energy loss in the fullerene C60 and C70 as well as in the Cu nanoparticles embedded 

fullerene nanocomposite thin films (Cu-C60 and Cu-C70). By the use of this software, 

it is possible to determine ion ranges in one layer which may be composed by one or 

many elements. Since experimental thin films are chosen as C60 and C70, the carbon is 

chosen by default as the target; as input it is required to put the density value. Density 

values are taken as 1.65 g/cm
3
 for C60 and 1.7g/cm

3
 for C70 thin films. On deciding 

the unit for output file, (here eV/Å unit is taken), the used ion type and its energy 

values are provided as input and as a output file we get the values of electronic energy 

loss and nuclear energy loss as well as  projected range that gives idea about the depth 

up to which ions will travel. In case of compound thin film such as Cu-fullerene thin 

film, concentration of both elements Cu and C are taken from their measured 

composition and density is calculated on the weight fraction basis for the constituent 
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phases. Finally, the output data gives us the information of the Se, Sn and the projected 

range. By changing the ions and their energies, it is possible to obtain different set of 

values of Se, Sn and the projected range. This is discussed in later section. 

3.3 Characterizations: 

Various characterization techniques are used for the analysis of different properties of 

the fullerene (C60 & C70) matrix; fullerene based metal nanocomposites and 

modification of these properties under the effect of irradiation 

3.3.1 UV-visible Absorption Spectroscopy: 

UV-visible absorption spectroscopy is best suited characterization technique for 

determination of the absorption spectrum of the material in solution or deposited thin 

film. This spectroscopy is based on the principle that when a sample is illuminated 

with a source of light, the absorption of a particular wavelength can take place only 

when the energy of incident photon is equal to the energy difference in energy 

between two energy states for transition of electrons in the molecules of the material. 

This UV-visible absorption spectrometer makes possible to measure the degree of 

absorption of incident light of different wavelengths and provides a spectrum known 

as UV-visible absorption spectrum of the concerned sample [6]. 

The intensity of the absorbed light continuously decreases (exponentially) on passing 

through the sample. This can be explained with the help of Beer-Lambert Law, 

                        (3.3) 

Here  , is the coefficient of molar excitation, that is a constant for the absorbing 

sample, c is the concentration of the sample  and    is the path length of light through 

the sample (In case of thin film it is the value of the thickness of the deposited thin 

film) and A is the absorption of and can be given as 

             
  

 
              (3.4) 

Where,    is the incident light intensity and I is the transmitted light intensity. The 

ratio of  
  

 
 is called the transmittance, T. 

The instrumentation of UV-visible absorption spectrograph is composed of two lamps 

(deuterium lamp and Halogen lamp for UV and visible light), a series of mirrors, 

monochromator, beam splitter and detector (figure 3.6).  
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Figure 3.6 Schematic diagram of UV-visible absorption spectrometer. 

The spectrometer covers the wavelength within the range of 200-1000 nm [7]. The 

monochromator changes the small bands of radiation and sends it to beam splitter that 

splits the beam in two parts; one is sent to the sample and other is sent through the 

reference sample (background data). The detector measures the difference between 

the intensities of transmitted light (I) and incident light (I0) and transmits it to the 

recorder and spectrum is displayed in the form of absorption versus wavelength on the 

computer screen. 

In present study, LAMBDA 750 (Perkin Elmer) UV-Visible NIR Spectrophotometer 

instrument is used for recording the UV-visible absorption spectrum of the fullerene 

and fullerene based metal nanocomposite thin film. The UV-visible absorption spectra 

of pristine and Si ion irradiated samples have been recorded by using a U-3300 UV-

visible spectrometer by Hitachi at IUAC, New Delhi. 

3.3.2 Raman Spectroscopy: 

Raman scattering occurs with a change in vibrational, rotational or electronic energy 

of a molecule. Raman spectroscopy is most responsive to highly symmetric covalent 

bonds with little or no natural dipole moment. Hence carbon material will be the best 

suited samples for being structurally characterized by this spectroscopy. Thus, Raman 

spectroscopy provides substantive structural information of fullerene thin films. The 

carbon-carbon bonds that make up these materials fit this criterion perfectly and as a 

result Raman spectroscopy is highly sensitive to carbon nanostructures and able to 

provide information about their structure. All the allotropes of carbon, diamond, 

graphite, grapheme, fullerene and carbon nanotubes are made of carbon atoms with C-

C bonds of different orientation; hence these materials are highly amenable to 

structural characterization by Raman spectroscopic technique. 
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On illuminating the diatomic molecule with a monochromatic light, the induced 

dipole moment of the diatomic molecule starts oscillating in accordance with the 

electric vector of the incident light [8-9]. The interaction of incident light with a 

molecule can be expressed by the equation 3.5, as below 

                  
 

 
   

  

  
                                   (3.5) 

 

Here,                                             denotes no interaction of light  x is 

the inter nuclear distance, E0, the incident electric field, E is the electric vector of the 

source, ν0 is the frequency of incident light, ν1 is time dependent frequency of 

vibration and t is the corresponding time. The first term which represents absence of 

the interaction of molecule with incident light leads to emission of light with no 

change in frequency and is referred as  Rayleigh scattering as shown in energy level 

diagram (figure 3.7).  

The other two terms in the above equation defines the change in polarizability with x 

and results in two scattering bands known as Raman scattering bands (figure 3.7). 

Those are Stokes and anti-stokes scattering bands and are categorized on the basis of 

frequency difference between emitted light and incident light. After scattering, the 

scattered light having frequencies lower than the incident light is termed as Stokes lines 

while those with higher frequencies are  known as anti-stokes lines. 

 

Figure 3.7 Raman scattering energy level diagram.  

Raman instrumentation is composed of an illuminating source which is usually a laser 

source, a spectrograph and a detector. The laser light illuminates the sample and as a 
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result generation of scattered Raman photons takes place; these pass through the 

spectrograph and the photons with altered frequency are separated and collected at the 

CCD detector. The recorded intensity of Raman signals as a function of wavelength 

(Raman spectrum) can be seen on a computer screen as shown in figure 3.8.  

 

Figure 3.8 Schematic diagram of Raman spectrometer. 

Raman spectroscopy is capable of discerning even a slight change in orientation of C-

C bonds and becomes very valuable tool for characterization of carbon nanomaterials. 

Raman spectra is recorded for  fullerene C60 , fullerene C70, Cu-C60 and Cu-C70 

nanocomposite thin films in the range 200-1800 cm
-1

 using AIRIX STR 500 Raman 

spectrograph at room temperature available at Material research center in Malaviya 

National Institute of technology, Jaipur. The Ar ion laser used with excitation 

wavelength at 532 nm at minimum power (~1mW, 50 × objective) to avoid heating 

effect. Raman spectra of the pristine and 90 MeV Ni ion irradiated thin films were 

measured using LABRAM Raman spectrometer in a range of 200-1800 cm
-1

 at room 

temperature. The Ar ion laser excitation at 488 nm (~1 mW, 50×objective) was used 

which is available at UGC-DAE Consortium for Scientific Research, Indore Centre. 

Raman data of pristine and irradiated films with 55 MeV Si ion beam were recorded 

with a Renishaw in-via Raman microscope using an Ar ion laser excitation at 514 nm 

at room temperature. To avoid any heating effects, the laser beam was focused at very 

low power (<1mW, 20×objective). 

3.3.3 Rutherford beam scattering (RBS): 

Rutherford backscattering (RBS) technique is one of the most precise characterization 

techniques to determine the film thickness and the concerned atomic species with 

their concentration in the film. Rutherford back scattering (RBS) [10-11] is the best 
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ion scattering technique to determine the composition, thickness and depth 

distribution of the film.  

 

Figure 3.9 Schematic diagram of Rutherford backscattering process. 

It is typically the method of choice for quantitative compositional analysis of thin 

films used for semiconductors, optical coating and other applications where 

composition and thickness of the film plays very crucial role. The 4He
2+

 (alpha 

particles) beam of energy 2.000 MeV with charge ~15 μC is used to record the 

spectrum (figure 3.9) [12].  

The energy of the backscattered particles depends upon both the kinematic factor and 

energy loss factor. The number of backscattered ions is directly dependent on the 

concentration of the given element. This is based on the classical scattering of  -

particles from different nuclei in a distinct and well understood way. Surface barrier 

detector measure the number and energy of ions backscattered after colliding with 

atoms of the sample enabling us to determine atomic mass and elemental 

concentration versus depth below the surface. Rutherford Backscattering 

Spectrometry (RBS) facility with 1.7 Million Volt Pelletron accelerator at IUAC, 

New Delhi has been used to characterize both matrix and nanocomposite thin films. 

3.3.4 X-ray diffraction (XRD): 

XRD is a very important experimental technique that has long been used to address all 

issues related to the crystal structure of solids, including determination of lattice 
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constants and geometry, identification of unknown materials, orientation of single 

crystals, preferred orientation of polycrystals, defects, stresses, etc. [13]. In XRD, a 

collimated beam of X-rays, with a wavelength typically ranging from 0.7 to 2A˚, is 

incident on a specimen and is diffracted by the crystalline phases (figure 3,10) in the 

specimen according to Bragg’s law:                                                   

                                                      λ =2D sinθ               (3.6) 

 

Figure 3.10 Ray diagram of reflection of X-rays. 

Where D is the spacing between atomic planes in the crystalline phase and λ is the X-

ray wavelength. The direction of the diffracted X-rays is measured as a function of 

the diffraction angle 2θ and the specimen’s orientation. It depends upon the size and 

shape of the crystals. However, the intensity of a diffracted beam is determined by the 

position of atoms within the unit cell. Depending upon the structure factor, the 

characteristic diffraction pattern of a particular crystal structure is evolved. This 

diffraction pattern is used to identify the specimen’s crystalline phases and to measure 

its structural properties.  

Diffraction peak positions are accurately measured with XRD, which makes it the 

best method for characterizing homogenous and inhomogeneous strains. Homogenous 

or uniform elastic strains shift the diffraction peak positions. From the shift in the 

peak positions, one can calculate the change in d- spacing, which is the result of the 

change of lattice constants under the strain. Inhomogeneous strain varies from 

crystallite to crystallite or within a single crystallite and this causes a broadening of 

the diffraction peaks that increase with sin θ. Peak broadening is also caused by the 

finite size of crystallites, but here the broadening is independent of sin θ. When both 
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crystallite size and inhomogeneous strain contribute to the peak width, these can be 

separately determined by careful analysis of peak shapes. 

If there is no inhomogeneous strain, the crystallite size, d, can be estimated from the 

peak width with the Scherrer’s formula  

  

                                                            d = 
  

     
                         (3.7) 

Where λ is the X-ray wavelength, β is the full width of half maximum (FWHM) of 

diffraction curve and k is the Scherrer’s constant of the order of 0.9 for usual crystal. 

However, one should be alert to the fact that the nanoparticles often form twinned 

structures; therefore, Scherrer’s formula may produce results different from the true 

particle sizes. In addition, X-ray diffraction provides onlythe collective information of 

the particle sizes and usually required a sizable amount of powder. It should be noted 

that since the estimation would work only for very small particles, this technique is 

very useful in characterizing nanoparticles. Similarly, the film thickness of the 

epitaxial and highly textured thin films can also be estimated with XRD. 

One of the disadvantages of XRD, compared to electron diffraction, is the low 

intensity of diffracted X-rays, particularly for low-Z materials. XRD is more sensitive 

to high-z materials, and for low-Z materials, neutron or electron diffraction is more 

suitable. Typical intensities for electron diffraction are ~108 times larger than for 

XRD. Because of small diffraction intensities, XRD generally requires large 

specimens and the information acquired is an average over a large amount of 

materials. 

Information related to the crystallinity of the samples of fullerene thin films is 

collected with the help of X-ray Diffraction study conducted with XRD at Elettra 

Synchrotron Lab, Trieste, Italy in MCX beam line at a glancing angle of 0.5˚. Bruker 

D8 Diffractometer was used to record the diffraction pattern of pristine and irradiated 

nanocomposite thin films. 

3.3.5 Scanning Electron Microscope (SEM)  

SEM is a type of electron microscope that creates various images by focusing a high 

energy beam of electrons onto the surface of a sample and detecting signals from the 

interaction of the incident electron with the sample’s surface [14]. SEM images have 

greater depth of field (curved surfaces are resolved properly) yielding a characteristic 
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3D appearance useful for understanding the surface structure of a sample. 

Magnification is of order 10,000 X and resolution 10 nm.  

 

Figure 3.11 Presenting the optics of Scanning electron microscope. 

A stream of electrons is emitted by the electron gun and accelerated towards the 

specimen using positive electric potential (figure 3.11). The stream is confined and 

focused using metal apertures and magnetic lenses into a thin focused monochromatic 

beam. The beam is focused onto the sample using a magnetic lens. Interactions occur 

inside the irradiated sample affecting the electron beam.  

SEM is used to find the topological morphology of micro-nano structure along with 

shape and size of phases in material. For nonconductive samples, sputter coater is 

used to deposit a few nano meter (2-3 nm) coating of Au/Pt material and once it 

become conductive, the sample can be analyzed in high resolution mode. The 

technical specification and resolution of the aforesaid FESEM model is 1nm at 30KV 

acceleration voltage. The sample was first placed on the stub through an adhesive 

carbon tape and then put into the sputter coater to make thin film around 2 to 3 nm 

gold layer. After coating, the sample was placed into the FESEM chamber, the 

chamber vacuum was kept at around 3×10
-3

 Pa. Sample micrograph were taken on 15 

KV with spot size of 2.5 nm. The samples were scanned at the various places to check 
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the uniformity of the sample; while doing the FESEM, the EDS spectra have also 

been taken. 

Nova Nano FE-SEM 450 (FEI) installed in Material Research Center, MNIT, Jaipur 

and SEM images were recorded on MIRA IILMH Field Emission Scanning Electron 

Microscope (TESCAN make at IUAC, New Delhi) having resolution of 1.5 nm at 25 

kV. The observed images provide the information regarding the particle morphology 

and the particle size can also be calculated by this technique. 

3.3.6 Transmission Electron Microscopy (TEM): 

Transmission electron microscopy (TEM) is a microscopic technique whereby a beam 

of electrons is transmitted through an ultra thin specimen, interacting with the 

specimen as it passes through. An image is formed due to the interaction of the 

electrons transmitted through the specimen; the image is magnified and focused onto 

an imaging device, such as a florescent screen, on a layer of photographic film, or to 

be detected by a sensor (figure 3.12). TEMs [15] are capable of imaging at a 

significantly higher resolution than light microscopes, owing to the small de-Broglie 

wavelength of electrons. This enables the instrument to be able to examine fine details 

even as small as a single column of atoms, which is tens of thousands of times smaller 

than the smallest resolvable object in a light microscope.   

Applications for this method include the identification of lattice defects in crystals. It 

is also possible to observe the defect particle interaction and the substructure within a 

material. 

If the sample is oriented so that one particular plane is only slightly tilted away from 

the strongest diffracting angle, any distortion of the crystal plane that locally tilts the 

plane to the Bragg angle will produce particularly strong contrast variations; however, 

defects that produce only displacement of atoms and do not tilt the crystal to the 

Bragg angle will not produce strong contrast. TEM specimens are required to be at 

most hundreds of nanometers thick; preparation of TEM specimens is specific to the 

material under analysis and the desired information to obtain from the specimen. 
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Figure 3.12 Ray diagram of optics of Transmission electron microscope. 

Many materials require extensive sample preparation to produce a sample thin enough 

to be electron transparent, which makes TEM analysis a relatively time-consuming 

process with a low throughput of samples. 

As stated earlier, electron microscopes are the instrument which use the high energy 

electrons to characterize the material at very fine scale and provides information 

regarding microstructures (Topography), shape and size of the second phase particles 

(morphology), the compound made of different elements and their relative amount 

(composition) and crystallography information of the thin films. TEM provides the 

information regarding crystal structure and microstructure via electron diffraction 

pattern and imaging technique. Tecnai G 2 20 (FEI) S-Twin is a 200 kV transmission 

electron microscope available at MRC, MNIT, Jaipur has been used to characterize 

the films. 
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3.3.7 Atomic Force Microscopy (AFM): 

In an Atomic Force Microscope the imaging (more accurately the information about 

the topography) of a surface is done based on the modulation of interaction forces 

between two atoms. Using an atomic force microscope (AFM) [16-17], it is possible 

to measure the roughness of a sample surface at a high resolution, to distinguish 

samples based on its mechanical properties (for example, hardness and roughness);  in 

addition, AFM is used to perform a micro fabrication of a sample (for example, an 

atomic manipulation).This is a versatile technique with wide range of resolution and 

can be used to study a wide variety of samples (i.e. plastic, metals, glasses, 

semiconductors, and biological samples such as the walls of cells and bacteria) with 

ease of  least sample preparation. The measurements can be taken in air and hence no 

vacuum is required to perform this characterization. With these advantages there is 

such limitations like it cannot give atomic scale resolution and the physical probe 

used in AFM imaging is not ideally sharp. As a consequence, an AFM image does not 

reflect the true sample topography, but rather represents the interaction of the probe 

with the sample surface. 

AFM provides a 3D profile of the surface on a nanoscale, by measuring forces 

between a sharp probe (<10 nm) and the surface at a very short distance (0.2-10 nm 

probe-sample separation). The probe is supported on a flexible cantilever. The AFM 

tip “gently” touches the surface and records the small force between the probe and the 

surface.  

The probe is placed at the end of a cantilever (which one can think as a spring). The 

amount of force between the probe and sample is dependent on the spring constant 

(stiffness of the cantilever) and the distance between the probe and the sample 

surface. This force can be described by using Hooke’s Law:  

                        (3.8)                                                    

Where, F = Force, k = spring constant (typically ~ 0.1-1 N/m) and x = cantilever 

deflection. 

AFM is configured by the following elements: 

(i) Cantilever: Small spring-like cantilever rests on the support by means of a 

piezoelectric element so as to oscillate the cantilever. 

(ii) Sharp tip which is fixed to the open end of a cantilever  

(iii)Detector- configured to detect the deflection and motion of the cantilever  

(iv) Sample for  measurement  by AFM as mounted on Sample stage. 
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(v) xyz-drive which permits  sample and sample stage to be displaced in x, y, and z 

directions with respect to a tip apex. 

(vi)  Controllers further comprising z-Feedback loop.  

When the sample has concavity and convexity, the distance between the probe and the 

sample varies in accordance with the concavity and convexity while scanning of the 

sample along x-y direction (without height regulation in z-direction). 

 

 

Figure 3.13 Schematic of AFM setup. 

Operation mode of Image formation of the AFM are generally classified into two 

groups from the viewpoint of  whether or not it uses z-Feedback loop to maintain the 

tip-sample distance for preserving the  motions of the cantilever. First one (does not 

use z-Feedback loop) is said to be “constant height mode”. Second one (using z-

Feedback loop), said to be “constant XX mode” (XX is something which kept by z-

Feedback loop). AFM operation is usually described as one of three modes, according 

to the nature of the tip motion: Contact mode, Tapping mode and Non-contact mode 

[17]. In the present study, each thin film sample was recorded through scan assist 

mode at different areas of the film and two dimensional and three dimensional images 

were taken. Further the roughness of the films was measured by taking average 

roughness values of the observed data for each film. The surface morphology of 

samples was recorded by Bruker AFM Analyzer available at Material Research 
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Center, MNIT, Jaipur and on Veeco Digital Multimode Scanning Probe Microscopy 

with Nanoscope IIIa in tapping mode available at IUAC, New Delhi. 

3.3.8 Conductivity Measurements: 

According to Ohm’s law, for constant mechanical stress and temperature, the 

potential difference (V) across the ends of the conductor is given as V=IR 

Where I, current flowing through the conductor and R is the resistance of the 

conductor. Resistance is dimension dependent quantity and is given by 

        
 

 
            (3.10) 

Where l is the length of the conductor, A is the cross sectional area and     is the 

resistivity of the conductor. The resistivity of a sample is measured by two methods 

known as two probe method and four probe method.  

 

Figure 3.14 Two probe method to measure the resistivity of the sample. 

In two probe method (figure 3.14), the resistivity ρ can be measured by passing the 

constant current through the sample (length   and area A) via two probes A and B 

with the aid of a battery; the current is measured with the ammeter. By measuring 

voltage drop across the sample with the aid of voltmeter, the resistivity is given by  

        
 

 

 

 
            (3.11) 

In four probe method (figure 3.15) [18], the setup consists of four equally spaced 

tungsten metal tips with finite radius. Each tip is supported by springs at the end to 

minimize sample damage during probing. A high impedance current source is used to 

supply current through the outer two probes; a voltmeter measures the voltage across 

the inner two probes to determine the resistivity of the sample.  
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Any unwanted voltage drop due to contact resistance is excluded because of presence 

of high impedance voltmeter which prohibits the inner probes t to draw any current in 

the circuit. The electric current carried through the two outer probes, set up an electric 

field in the sample.  

 

Figure 3.15 Four probe method to measure the resistivity of the sample. 

In the present study, electrical characterization was done on Semiconductor Device 

analyzer (B1500A from Agilent) with probe station (Microxact USA) available at 

Material research Center, MNIT, Jaipur. For I-V characteristics, ohmic contacts were 

made on the thin film with the gold coated tungsten tip. Since the resistivity of the 

fullerene films is very high, two probe method was performed for the I-V 

measurement of fullerene and fullerene based nanocomposite thin films. The tips (two 

probes) were landed on a sample in collinear fashion with fixed distance to avoid the 

error during the measurement. In I-V characteristics the voltage sweep range was 

fixed to the -5V to +5V while having a voltage of 10mV per step. There is a provision 

to put some delay and holding time as well in each step to avoid any sharp fluctuation 

during the measurements.  I-V curves were taken at various parts of thin film sample 

to cross check the consistency of results.  

3.3.9 X-ray Photoelectron Spectroscopy (XPS): 

XPS is a highly surface-sensitive and non-destructive characterization technique 

widely used to investigate the chemical constitution and chemical bonding state of 

elements in the materials [19]. This technique is based on the principle of 
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photoelectric effect. On exposing the sample to X-rays photon beam, electrons get 

ejected (figure 3.16) from the inner shell with certain kinetic energy, given by 

                          (3.12) 

Where KE is the kinetic energy of the ejected electron,    is the energy of the incident 

X-ray photon beam,   is the work function and BE is the binding energy. 

This emitted electron with certain kinetic energy is analyzed to confirm the electronic 

structure and chemical composition. With the ejection of electrons, excitation takes 

place; as a result the electrons from higher orbital (say L shell) jumps into the K 

orbital to fill the vacant state created due to emitted electrons (figure 3.16).  The 

difference in energy between L and K orbitals is conserved by the emission of 

electromagnetic radiation (in the form of photons) and Auger electrons. 

 

Figure 3.16 Ray diagram of emission of photoelectron and Auger electron on exposing the 

sample to X-ray photon beam. 

In some cases, due to the need for conservation of energy perceptible number of 

electrons of L shell may absorb the energy difference and got ejected as Auger 

electron of higher yield.  The energy expression can be given as 

                                                                                                         (3.13) 

The analyzer measures the kinetic energy of all emitted electrons (emitted 

photoelectrons and Auger electrons) and the resultant spectrum includes the 

contribution of both type of emitted electrons. 

The working of the XPS includes the steps as: the sample is exposed with mono 

energetic X-ray beam (Al K  or Mg K ). Theses incident X-ray photons penetrate up 

to a depth of a few µm of the sample and provide information only of the surface (1-
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10 nm). The entire setup is kept under ultrahigh vacuum for elimination of unwanted 

surface contamination. All the emitted electrons are analyzed with hemispherical 

electron analyzer. The recorded spectrum can be seen on the computer screen.  

The present study envisages the determination of chemical composition and element 

states of the samples, particularly the elemental state of the Cu in the fullerene based 

copper nanocomposite thin films The certain peaks corresponding to the binding 

energy C, Cu and O, confirms the presence of these elements on the surface of the 

films. XPS data has been recorded with Omicron nanotechnology XPS system from 

Oxford instruments (model- ESCA+) available at Material research Center, MNIT, 

Jaipur. This consists of an ultra-high vacuum chamber attached with a monochromatic 

Al-K  radiation source of energy 1486.7 eV and a 124 mm hemispherical electron 

analyzer.  
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Chapter 4 

Effect of Ion Irradiation on the 

Structure and Properties of Fullerene 

C60 and C70 as a Matrix of Metal 
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4.1 Effect of Ion Irradiation on the Structure and Properties of Fullerene C60 as a 

Matrix of Metal Reinforced Nanocomposites. 

Due to high electron affinity property [1], fullerene is used as electron acceptor 

material in solar cells. Enhancement of its absorbance may be possible by the 

incorporation of metal nano particles in fullerene matrix; it is reported that noble 

metals (Au, Ag) exhibit an amazing property of Surface Plasmon Resonance (SPR) 

[2] which appreciably modifies the optical properties of nanomaterial. A number of 

studies carried out so far have reported the occurrence of particle induced SPR in 

metal embedded fullerene nanocomposites with the use of different methods, such as 

annealing of thin films at different temperatures, irradiating with ions at different 

fluences and taking different compositions of embedded metals that is embedded [3-

6]. However, the frequency of SPR band so formed is strongly dependent on nature of 

host matrix.  

It is known that irradiation with high energy ion forms ion tracks having much higher 

conductivity than the surrounding material. [7]. Ion track formation modifies the 

optical and electrical properties of fullerene C60. Increasing fluence of ion irradiation 

leads to a decrease in optical band gap of fullerenes [8-12]. While polymerization of 

fullerene C60 takes place at lower fluences, fullerene C60 undergoes considerable 

destruction at higher fluence. Maeyoshi et al discussed in detail the Chain 

polymerization reaction responsible for the polymerization in C60 by the single 

particle nanofabrication technique (SPNT) [13]. Formation of ion track confirms the 

transformation of fullerene into amorphous carbon within the narrow circular region. 

This interesting feature can be utilized to form carbon nanowires. Due to fascinating 

properties, fullerene C60 has been widely studied for the modification of its properties 

upon ion irradiation with different ion beams (O, Ni and Au) under a wide range of 

fluences, 10
10

 to 10
14

 ions/cm
2
. [12].  

Aiming at development of a suitable metal embedded nanocomposite for organic solar 

cell, it appears of special interest to probe into the effect of host matrix properties 

under situation of ion irradiation. To meet this objective, investigation on the possible 

modification of fullerene C60 as host material upon irradiation by 90 MeV Ni ion 

beam over a wide fluence range from 1×10
9
-3×10

13
 ions/cm

2 
is essential. The 

modifications of different properties such as optical, structural, electrical and 

morphological are examined by UV-visible absorbance spectroscopy, Raman 

Microscopy, I-V measurement and Atomic Force Microscopy (AFM), so as to gather 
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the scientific knowledge about the exact role of ion irradiation on the modification of 

fullerene C60 over range of fluences which enables the observation of polymerization 

at low fluences and amorphization at high fluences.  

Summarily, the study aims at observing the effects of ion irradiation on optical, 

structural, electrical and morphological properties of fullerene C60 which is a potential 

target matrix of metal embedded nanocomposite for solar cell application. 

4.1.1 Experimental Details: 

Fullerene C60 powder was placed in the evaporation chamber in the tungsten boat. The 

substrates were mounted on the substrate holder. Then masking was duly done. In 

deposition of C60 thin film, the initial vacuum inside the deposition chamber was kept 

at ~ 2.3×10
-6 

mbar. During deposition process the vacuum was maintained at about 

7.2×10
-6 

mbar. The current through the boat was increased slowly up to the point 

where the thickness monitor shows deposition rate. The deposition rate was adjusted 

to a rate about 0.15 Å/sec to be maintained for uniform deposition. As the desired rate 

is obtained at about 47 A current, the mask over the substrates is removed and the 

substrates are now ready for deposition. The deposition rate was adjusted through 

rotating the voltage knob. When the thickness of the film reached the value of 150 

nm, the process of deposition was stopped slowly by putting off the voltage. On 

completion of the deposition, the vacuum was recorded to be about 4.7×10
-6

 mbar. 

The thin films were irradiated with fluences in the range of 1×10
9
 to 3×10

13 
ions/cm

2
. 

To examine the effect of ion irradiation on the optical properties of the thin films, the 

UV-visible absorbance spectra of the pristine and 90 MeV Ni ion irradiated C60 thin 

films has been recorded by using a U-3300 UV-visible spectrometer by Hitachi. 

Raman spectra of the pristine and ion irradiated fullerene C60 films were recorded in 

the range 200-1800 cm
-1

 using AIRIX STR 500 Raman spectrograph at room 

temperature. AFM images were recorded by Bruker AFM Analyzer. Conductivity 

measurements are performed with Agilent Semiconductor device analyzer. The XRD 

pattern of pristine fullerene C60 thin films and that irradiated with 90 MeV Ni ion 

beam at low fluence were measured at Elettra Synchrotron Lab, Trieste, Italy in MCX 

beam line at a glancing angle of 0.5˚. The C-AFM measurements were performed on 

the irradiated and pristine samples using the instrument Nanoscope III a SPM in 

IUAC, New Delhi. 
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4.1.2 Results & Discussions: 

4.1.2.1 Rutherford Back Scattering Analysis: 

Rutherford backscattering (RBS) technique [13] is one of the most precise 

characterization techniques to determine the film thickness, atomic species and their 

concentration in the film. This is based on the classical scattering of α-particles from 

different nuclei in a distinct and well understood way.  

Figure 4.1 represents Rutherford backscattering (RBS) spectrum of a C60 pristine 

sample on Si substrate along with the Rutherford Universal Manipulation Program 

(RUMP) [14] simulated spectrum (solid line). 

 

Figure 4.1 RBS spectrum (black line) of a C60 pristine sample on Si substrate along with 

RUMP simulated spectrum. 

The plateau region in figure 4.1 represents the Si substrate and fullerene C60 hump 

overrides it. The film thickness was obtained in the units of atoms/cm
2
 which was 

converted into nanometer using the density of the fullerene C60 thin film. The 

estimated thickness of fullerene C60 film observed by this simulation is about ~120 

nm.  

4.1.2.2 Raman Analysis: 

In order to determine the irradiation effect on the structure of fullerene C60 thin films,  

Raman analysis has been performed on fullerene C60 pristine and 90 MeV Ni ion 

irradiated thin films with wide range of fluences from 1×10
9
 to 3×10

13
 ions/cm

2
. Here 

the analysis of results is divided into two parts to demonstrate the clear picture of 

effect of ion irradiation on fullerene C60 at low fluences (1×10
9
-1×10

11
 ions/cm

2
) as 

well as on high fluences (1×10
12

- 3×10
13

 ions/ cm
2
).  
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Polymerization of C60 thin films at low fluence (1×10
9 

to 1×10
11

 ions/cm
2
): 

Raman spectroscopic observations for the fluence range 1×10
9
-1×10

11
 ions/cm

2
 is 

presented in figure 4.2. Ag internal mode (centered at 1468 cm
-1

) is seen to occur in 

the range 1445-1480 cm
-1

. After irradiation with fluence 1×10
9
 ions/cm

2
, the Ag mode 

starts getting broadened, that is a new shoulder arises in the pristine Raman peak 

(1468 cm
-1

). This raised shoulder centered at 1463 cm
-1 

in the peak first increases with 

fluence and then starts to decrease (1×10
10

 ion/cm
2
) and finally completely disappears 

(1×10
11 

ions /cm
2
) as shown by deconvolution of the most intense peak centered at 

1468 cm
-1

 in figure 4.2. Along with this, peaks at 1457 and 1451 cm
-1 

are also 

observed and are presumably due to the specific interaction between the ion species 

involved and the fullerene C60 structure [12] This asymmetry in the Ag mode is best 

observed with combination of two peaks, one around 1463 cm
-1

 and the other 

practically remaining at the same position 1468 cm
-1

. This asymmetry can be 

attributed to the polymerization at the lower fluences. Hence the mode at 1463 cm
-1

 is 

the signature of polymerization due to ion irradiation [15].    

 

Figure 4.2 Irradiation-induced damage with 90 MeV Ni ions in fullerene C60 thin films at low 

fluences. 
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It may be further noted that as the fluence is increased the main peak intensity 

decreases, which may be due to (i) polymerization of fullerene C60 molecules (ii) the 

fragmentation (decrease in C60 molecules) of C60 molecule.  

Amorphization of C60 thin films at higher fluence (1×10
12 

to 3×10
13

 ions/cm
2
): 

The second part is the effect of higher fluences (1×10
12 

- 3×10
13

 ions/cm
2
) on this 

particular Ag mode. Figure 4.3 shows the Raman spectra of the C60 thin films at 

higher fluences (1×10
12 

- 3×10
13

 ions/cm
2
).  

 

Figure 4.3 Irradiation-induced damage with 90 MeV Ni ions in fullerene C60 thin films at 

high fluences 

The intensity of the Raman mode decreases with the increase in fluence and the mode 

disappears completely at the fluence ~ 3×10
13

 ions/cm
2
 to imply that the fullerene has 

been transformed into a-C [11].   

Calculation of diameter of ion track: 

Figure 4.4 can be used to determine the modifications of fullerene structure by ion 

irradiation with 90 MeV Ni ion beam. Damage cross section is calculated by using the 

classical formula [12], which has been based on the assumption that a single ion can 

produce damage in the form of amorphization. The classical formula is given by 

equation (1). 

                                                                           
                                         (4.1) 
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Where, N (ϕ) = areal density of fullerene C70 molecules remaining after ion irradiation 

at a fluence ϕ, N0 = areal density of pristine fullerene C70 and σ = cross section of 

damage in fullerene by ion irradiation for a single ion impact. 

We can rewrite the equation (1) as 

         

  
                 

          (4.2) 

                                                             
    

  
                                                                                

(4.3) 

Equation 4.3 is used to approximate the value of damage cross-section (σ) by 

evaluating the slope of the curve between    
     

  
   

and ϕ. 

 

Figure 4.4 Curves between normalized integral area (area under Raman mode of irradiated 

film divided by that of pristine film) at different fluences of 90 MeV Ni ion beam. 

The value of the damaged cross section (σ), can be used to calculate the radius of ion 

track (r) 

                                                                                                                          (4.4) 

Area under the curve for each of the fluence is approximated to calculate the damage 

cross section and ion track radius from the above mention equations.  

Figure 4.4 depicts the graph of normalized integral area of peak centered at 1468 cm
-1 

with the variation of fluence (  . The deposition of energy results in two slopes in the 

graph. The deposition of energy takes place in two ways, one at lower value of 

fluence where the formation of ion tracks takes place (which are far apart from each 

other) and second at higher value of fluence where ion tracks are very close and 



Page | 77  
 

overlapped to each other. The slope gets changed at the start of overlapping of ion 

tracks formed by the irradiation of 90 MeV Ni ion beam. From equation (1) the 

damage cross-section (σ) can be calculated and it comes out to be ~ 2.9 × 10
-13

 cm
2
.  

From this damage cross section, the radius (r) calculated by using the equation (3) is ~ 

3.03 nm. 

4.1.2.3 UV-visible absorption spectroscopic analysis: 

UV-visible absorbance spectra of pristine and irradiated with 90 MeV Ni ion beam 

with fluence range from 1×10
9 

to 3×10
13

 ions/cm
2
 are recorded from 300 nm to 800 

nm (figure 4.5-a).  

 

Figure 4.5 (a) UV-visible absorbance spectra of pristine and 90 MeV Ni ion irradiated 

fullerene C60 films (b) Tauc plots of pristine and 90 MeV Ni ion irradiated fullerene C60 films 

(c) UV-visible absorbance spectrum of pristine fullerene C60 thin film. 

The absorbance spectrum of pristine fullerene C60 (figure 4.5-c) has two weak bands 

at 503 nm and 443 nm with an intense peak at 345 nm. This peak at 345 nm arises due 

to interband transition among the π orbitals. Figure 4.5(a) clearly reveals that the 

absorbance peaks disappear with the increase in fluence. Figure 4.5(b) shows the 

variation in band gap due to irradiation and it has been found that the band gap 

decreases from 2.26 - 2.17 eV with the fluence. 

The band gap is measured up to fluence 6×10
12 

ions/cm
2
; after it, absorbance edge 

gets disappeared and thus reveals the complete transformation of the fullerene C60 in 

a-C which results in a very narrow band gap.  
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4.1.2.4 Conductivity measurement:  

In order to determine the change in resistivity for confirmation of transformation of 

fullerene into a-C at higher fluence, conductivity measurement has been performed 

for the pristine and 90 MeV Ni ion irradiated thin films. For resistivity measurement, 

the two-probe method was used, because the resistances of the pristine and irradiated 

samples were very high. Figure 4.6(a) demonstrates the curves between the current 

and the voltage for the pristine and 90 MeV Ni ion irradiated thin films at fluence 

1×10
12

,3×10
12

,6×10
12

, 1×10
13

 and 3×10
13

 ions/cm
2
.  

 

Figure 4.6 (a) I-V plots of pristine and irradiated fullerene C60 thin films with 90 MeV Ni ion 

beam at different fluence on glass substrate (b) Resistivity vs. fluence plot of pristine and 

irradiated fullerene C60 thin films. 

The resistivity of the samples is approximated by determining the value of the 

resistance from the curves shown in figure 4.6(b). The resistivity of pristine is found 

to be ~ 0.57 × 10
7
 Ω-cm. Decrease in resistivity from the value of pristine to that film 

irradiated at highest fluence is observed as tabulated in table 4.1 and also plotted in 

figure 4.6 (b); the results are in  agreement with the earlier reports.  

Table 4.1 Resistivity of pristine and 90 MeV Ni ion irradiated fullerene C60 film at different 

fluences.   

Fluence(ions/cm
2
) Resistivity (Ω-cm) 

Pristine 0.57×10
7
 

1×10
12

 0.48×10
7
 

3×10
12

 0.91×10
6
 

6×10
12

 0.16×10
6
 

1×10
13

 0.73×10
5
 

3×10
13

 0.39×10
4
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As the fluence increases the resistivity of the thin films decreases that is the 

conductivity of the thin films increases and this is due to the formation of increasing 

number of ion tracks/conducting tracks [16-17].  

4.1.2.5 Surface analysis: 

AFM measurements have been performed to analyze the surface morphology of 

pristine and irradiated fullerene C60 thin films. Three dimensional (3-D) images of 

pristine and irradiated fullerene C60 thin films at low fluences 1×10
9
 to 1×10

11 

ions/cm
2
 are shown in figure 4.7.  

 

Figure 4.7 AFM 3-D images of pristine and 90 MeV Ni ion irradiated fullerene C60 films at 

low fluences. 

AFM images also recorded for the fullerene C60 thin films irradiated at high fluence 

1×10
12

, 3×10
12

, 1×10
13

 and 3×10
13

 ions/cm
2
 are shown in figure 4.8. With increasing 

fluence of 90 MeV Ni ions, particles size is seen to increase. Calculated roughness 

values for pristine and irradiated films at fluences 1×10
9
, 1×10

10
, 1×10

11
, 1×10

12
, 

3×10
12

, 1×10
13

 and 3×10
13 

ions/cm
2 

are tabulated in table 4.2.   
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Figure 4.8 AFM 3-D images of 90 MeV Ni ion irradiated fullerene C60 films at high fluences. 

From the table 4.2, it is observed that there is significant change in roughness at low 

fluences and that is due to sputtering taking place at the surface. The increased 

roughness value with increasing fluence originates from the impact of SHI ion 

causing a high degree of damage on the surface. 

Table 4.2 Roughness of pristine and 90 MeV Ni ion irradiated fullerene C60 film at different 

fluences. 

Fluence (ions/cm
2
) Roughness (nm) 

Pristine 1.47 

1×10
9
 1.65 

1×10
10

 1.88 

1×10
11

 1.92 

1×10
12

 2.05 

3×10
12

 2.09 

1×10
13

 2.24 

3×10
13

 2.33 

 

At higher fluences the damage occurring in thin film reaches a steady state as 

observed in figure 4.9. 
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Figure 4.9 Roughness vs. fluence plot of pristine and irradiated fullerene C60 thin films with 

90 MeV Ni ion beam. 

4.1.2.6 XRD analysis: 

Figure 4.10 represents the XRD pattern of pristine fullerene C60 thin film and 

irradiated ones at low fluence from 1×10
9
, 3×10

9
, 1×10

10
, 3×10

10
 and 1×10

11
 

ions/cm
2
. Fullerene C60 has poor crystallinity.  

 

Figure 4.10 XRD patterns of pristine and irradiated fullerene C60 thin films. 

In the XRD of C60, the highest intensity peak is indexed as (111); as per information 

available in JCPDS file, manifestation of x-ray diffraction of C60 is envisaged through 

generation peaks in accordance with FCC, Orthorhombic or Monoclinic; While use of 
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Cu Kα yields highest intensity peak for a FCC structure at 10
0
, it is much higher for 

the other two crystal types [(020) of Orthorhombic at 20
0
 and (313) of Monoclinic at 

41.66
0
]. Since the observed highest intensity peak occurs at 7.20

0
, the other two 

structures are reasoned out; since in the present experiment done in a Synchrotron, a 

higher energy beam (higher than Cu Kα) is used, 2θ is shifted to a lower value. It is 

therefore concluded that FCC arrangement has dominated in the present case with 

appearance of (111) peak. In contrast, in case of C70, the possibility of HCP and 

Tetragonal arrangements cannot be ruled out if the highest intensity peak occurs at 

much higher 2θ value (1.5 times than C60). However, it is unlikely that such a great 

shift in 2θ is plausible. Rather FCC arrangement is better appreciated with a highest 

intensity peak for (220); else (110) of either of the HCP and Tetragonal arrangements 

is to be given consideration. However, following the observation in the present 

investigation, it is conjectured that (111) reflection occurs in C60, whereas it is (220) 

for C70. Its most intense peak at ~7.2˚ corresponds to (111) plane is shown in graph. 

As higher fluence the peak intensity is seem to decrease. This may be attributed to the 

destruction of C60 molecules due to effect of irradiation as explained by the decrease 

in the intensity of Ag mode peak of the films with irradiation. 

At fluence 3×10
9
 ions/cm

2
, the increase in peak is due to polymerization that take 

place at this fluence. Further decrease in peak with increase in fluence may be due to 

the fact that structural damage overrides the effect of polymerization. Thus XRD 

results are harmonious with Raman results.  
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4.2 To Observe the Effect of Different Energy Ion Beam Irradiation on Fullerene 

C70 Thin Films: Dependence of Electronic Energy Loss  

Swift heavy ion (SHI) irradiation is a unique tool that has extensively been used in the 

present days to engineer the properties of the materials. It has been observed that SHI 

irradiation induces drastic changes in the chemical and physical properties of carbon 

materials. Reports have been found in the literature on the irradiation of fullerene C60 

films with SHI having energy 1 MeV/nucleon or more, which results in the breaking 

of fullerene molecules, a polymerization at low fluences (1×10
11

 ions/cm
2
) and a 

transformation into amorphous carbon at high fluence [15,18-20]. However 

polymerization or amorphization of fullerene C70 is expected to depend upon the 

energy of the irradiated beam; in view of non availability of authentic data, it is of 

immediate interest to explore the possible modification in characteristics of fullerene 

C70 under the action of different energies. In this investigation results or experiments 

with four different ion beams (90 MeV Si, 55 MeV Si, 90 MeV Ni and 125 MeV Au) 

have been reported. Bajwa et al. [11] reported a comparative study using several 

different electronic energy loss values on the modification of C60 fullerene films by 

swift heavy ion irradiation with electronic energy loss (Se) values ranging from 80 to 

1270 eV/Å and fluence values from 1×10
10

 to 1×10
14

 ions/cm
2
. To vary the Se values, 

different ions and energies were chosen. A correlation between the energy deposition 

in fullerene C60 and modification produced by this energy deposition in C60 films was 

proposed. A relation between damage cross-section and electronic energy loss values 

was obtained by these workers; the functional relationship can help in calculating the 

radius of the damaged cylindrical zone for any value of electronic energy loss. The 

model also provides a behavior of polymer formation and fragmentation of C60 

fullerene with increasing Se. In contrast till date, there is no such well developed 

model on this behavior of fullerene C70. 

On the basis of above understanding it appears prudent to focus the present study with 

the objective to formulate an authentic data relating electronic energy loss and 

damage cross-section which is hitherto unavailable for C70 fullerene. It is reasonable 

to presume that if a relationship between electronic energy loss and damage cross- 

section is established, it will help one to determine the damage cross - section for any 

value of electronic energy loss.  
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To obtain one such useful data, fullerene C70 is irradiated with 90 MeV Si ion beam 

which describes the induced modification through electronic excitation. To add to 

data point, the effect of ion irradiation on fullerene C70 thin film using 55 MeV Si ions 

has been investigated; the magnitude of damage cross section for the used electronic 

energy loss has been determined. By taking into consideration of above, the fullerene 

C70 thin films have been irradiated with 90 MeV Ni ion too at different fluences to 

secure a similar data point, Apart from examining the effect of energy deposition in 

the developed thin films and the approximation of the damage cross-section for 90 

MeV Si, 55 MeV Si and 90 MeV Ni ion beam irradiation in fullerene C70, this study is 

also important to understand the applicability of fullerene C70 thin films in radiation 

zones such as in space or near reactors [21].  

Over and above ion beam irradiation of C70 fullerene by 90 MeV Si, 55 MeV Si and 

90 MeV Ni ions and calculation of damage cross section corresponding to different 

electron energy losses, the effect of ion beam irradiation with 125 MeV Au ion beam 

on fullerene C70 thin films is a step forward towards developing the quantitative 

relation between damage cross section in fullerene C70 and electronic energy loss 

secured by varying quality of ion beam of different energy. Imperatively swift heavy 

ion irradiation on fullerene C70 brings about significant changes in its structural 

optical and other physical properties. Changes in these properties are dependent on 

the beam and the fluence. It is therefore pertinent to investigate the SHI irradiation 

induced modification in properties of C70 fullerene thin films. Such property changes 

are monitored mainly by UV-visible absorption spectroscopy and Raman 

Spectroscopy, although other studies are also taken resort to reinforce the observation 

on property modifications of C70 under ion irradiation by 90, 55 MeV Si, 90 MeV Ni 

and 125 MeV Au ion. 

Study on fullerene C70 matrix has a bearing on SPR tuning as the refractive index of 

C70 is higher (~2.3) in comparison to fullerene C60 (~2.1) and this results in better 

tuning of SPR [5]. In the previous section it has been stated that particle induced SPR 

is exhibited by noble metal (Au, Ag), embedded in fullerene C60 matrix and that leads 

to significant modifications in the optical properties of nanomaterial [2].  

It is clear that till date, these studies are mainly concerned with the metal atom 

embedded fullerene C60 nanocomposites [3-6]. Since the frequency of SPR band 

depends on the nature of host matrix and also since information relating to SPR in C70 

band nanocomposites is rare in literature, it is considered important to gather 
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knowledge about the possible modifications in characteristic of C70 upon irradiation 

by SHI as a prelude to further studies on the SPR behavior in SHI irradiated metal 

atom reinforced C70 matrix nanocomposite.  

4.2.1 Experimental details: 

4.2.1.1 Methods of preparation, irradiation by 90 MeV Si ion and characterization    

of C70 thin films. 

High purity C70 fullerene powder (99.9+ %, Alfa Aesar) was evaporated using a 

tungsten boat filament in a high vacuum chamber at base pressure, about 7×10
-6

 and 

3.7×10
-5

 torr, before and during deposition respectively. The deposition was carried 

out at a uniform rate of ~ 0.2 Å s
−1

. Fullerene C70 thin films were irradiated with 90 

MeV Si ion. The fluence range varies from 1×10
12

 to 6 ×10
13

 ions cm
−2

. Se and Sn 

were estimated to be ~ 2.26 × 10
2
 and ~ 1.65 × 10

−1
 eV/Å, respectively. The projected 

range is about 33.3 μm, for the C70 thin films in case of 90 MeV Si ions. 

Micro-Raman data of pristine and irradiated films with 90 MeV Si ion beam were 

recorded using AIRIX STR 500 Raman spectrograph.. The surface morphology of 

samples was performed on Veeco Digital Multimode Scanning Probe Microscopy 

with Nanoscope IIIa in tapping mode. The contact angle measurements for water drop 

were performed using KRUSS set-up at IUAC New Delhi. 

4.2.1.2 Methods of preparation, irradiation by 55 MeV Si ion and characterization of 

C70 thin film 

The vacuum before starting the evaporation recorded ~1.9×10
6
 mbar and maintained 

at about 5.6×10
6
 mbar. During deposition, the rate was maintained at about 0.20 Å/s 

during the deposition by adjusting the current value to 40-45 A. 

The deposited fullerene C70 thin films were irradiated by 55 MeV Si ion beam at 

different fluences 1×10
12

, 3×10
12

, 1×10
13

 and 3×10
13

 ions/cm
2
. The charge state of the 

beam was +4 and the current of the beam was 2 pnA.  For 55 MeV Si ions, electronic 

energy loss (Se) and nuclear energy loss (Sn) are about ~2.7×10
2
 eV/Å and 2.5×10

1
 

eV/Å respectively, with a projected range ~19.25.  

The resistive heating method has been used to deposit the fullerene C70 thin films of 

thickness ~ 150 nm on glass substrates by evaporating fullerene C70 and the process of 

the irradiation of deposited films is described in chapter 3. Micro-Raman data of 

pristine and irradiated films were recorded with a Renishaw in-Via Raman 

microscope using an Ar ion laser excitation at 514 nm at room temperature The UV-

visible absorption spectra of pristine and Si ion irradiated samples have been recorded 



Page | 86  
 

by using a U-3300 UV-visible spectrometer by Hitachi. For surface analysis of the 

thin films AFM images were recorded by Bruker AFM Analyzer. 

4.2.1 .3 Methods of preparation, irradiation by 90 MeV Ni ion and characterization of 

C70 thin film 

The vacuum before starting the evaporation recorded ~1.9×10
6
 mbar and maintained 

at about 5.6×10
6
 mbar. During deposition, the rate was maintained at about 0.20 Å/s 

during the deposition by adjusting the current value to 40-45 A. 

For C70 films are 6.7×10
2
 eV/Å (Se), ~1.14 eV/Å (Sn ) and ~19.05 µm (projected 

range). In both cases the projected range is about 19 µm, hence all the ions will pass 

through the film (thickness ~150 nm) and therefore all the ions after passing through 

the film are buried into the substrate. UV-visible absorption spectra of pristine and Ni 

ion irradiated samples on quartz have been recorded by using U-3300 UV-visible 

spectrometer (Hitachi make at IUAC, New Delhi). Raman spectra of the pristine and 

90 MeV Ni ion irradiated thin films were measured using LABRAM Raman 

spectrometer in a range of 200-1800 cm
-1

 at room temperature. AFM images were 

recorded by Bruker AFM analyzer for morphological study.SEM images were 

recorded on MIRA II LMH Field Emission Scanning Electron Microscope (TESCAN 

for particle size approximation before and after irradiation, at a resolution of 1.5 nm at 

25 kV.  

4.2.1.4 Methods of preparation, irradiation by 125 MeV Au ion and characterization 

of C70 thin film 

The vacuum before deposition was about 7×10
6
 mbar and during deposition was 

about 3.7×10
5
 mbar, respectively. The deposition was carried out at a uniform rate of 

~ 0.2 Å s
−1

. The as deposited fullerene C70 thin films were irradiated with 125 MeV 

Au ion beam. For 125 MeV Au ions, the value of electronic (Se) and nuclear (Sn) 

energy losses in C70 are 1.39 × 10
-3
 e    and 1.57 × 10

-1 
e   , respectively and the 

range of Au ions is 16.9 μm.  

The fullerene C70 thin films of thickness ~150 nm were deposited using thermal 

resistive method of thickness 150 nm. The detailed description of synthesis and 

irradiation is presented in chapter 3. Structural properties of pristine and irradiated 

samples, were studied my Micro-Raman spectroscopy in AIRIX STR 500 Raman 

spectrograph at room temperature in Ar ion laser excitation at 532 nm (~1 mW, 50 × 

objective).  The optical absorption of pristine and irradiated films was recorded using 

Hitachi 3300 UV-visible Spectrometer. 
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4.2.2 Results and discussion: 

4.2.2.1 C70 thin film irradiated by 90 MeV Si ion beam: 

4.2.2.1.1 Raman analysis: 

Figure 4.11 depicts Raman spectra of the pristine C70 along with the 90 MeV Si ion 

beam irradiated samples at different fluences (1×10
12

, 3×10
12

, 1×10
13

, 3×10
13

 and 

6×10
13

 ions/cm
2
 ), recorded in the range of 200- 1800 cm

-1
.  Inset of figure 4.12(a) 

represents the position of Raman peaks for pristine C70 thin films. The corresponding 

modes are compatible to those assigned in a previous report [22-23] and matches well 

with the theoretical predicted modes.  

 

Figure 4.11 Raman spectra of pristine and 90 MeV Si ion irradiated fullerene C70 films. 

 

It has been observed that Raman peaks decline with increase in fluence of the ion 

beam but not completely diminished even at higher fluence (6×10
13

 ions/cm
2
). The 

decrease in intensity of Raman peaks with ion fluence reveals that the C70 fullerene 

molecules are breaking as a result of energy deposition by the ion beam. Higher the 

fluence more is the energy deposited and thus results in larger number of breaking of 

C70 molecule. But C70 fullerene is not completely transformed into amorphous Carbon 

(a-C) at a fluence of 6×10
13

 ions/cm
2
. This is because the electronic energy loss (~ 

2.26×10
2 

eV/Å) deposited by 90 MeV Si ion is low enough to transform C70 fullerene 
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into a-C. The breakage of C70 molecules is explained on the basis of Thermal Spike 

Model. 

According to this, when an ion with high energy enters the material, it transfers its 

energy to the atoms of the material by electron–electron (e-e) and electron–phonon (e-

p) coupling in 10
−13

-10
−12

 sec, and this leads to rise in the temperature of the lattice. 

When the temperature is considerably higher than the melting temperature of the 

material, a molten state is produced within limited area, typically of a diameter of few 

nm for a short time (t ≥10
-11

 s).  

 

Figure 4.12 (a) Irradiation-induced damage of the most intense Raman mode 1564 cm
−1

 at 

different fluences of 90 MeV Si ions. (b) Curves between normalized integral area and 

different fluences of 90 MeV Si ion beam. 

Finally, the material is quenched by thermal conduction at a very high rate of 10
14

 

K/s; and results in formation of a cylindrical region (latent tracks) known as ion tracks 

[29-30].Now to examine in more details the effect of energy deposition by ion beam 

on the C70 fullerene, the most intense Raman peak centered at 1564 cm
-1 

is chosen. 

Figure 4.12 (a) represents the spectra of the most intense Raman peak (1564 cm
-1

) 

from 1545 to 1585 cm
-1

 wave number for pristine and ion irradiated samples. The 

peak intensity reduces with ion fluence. Hence this peak is investigated in detail to 

analyze the effect of 90 MeV Si ion energy deposition.  

Following the method described in section 4.1.3.2.3, damage cross section is 

calculated with use of relation 

                                                                          
                                          (4.5) 

Where, N (ϕ) = areal density of fullerene C70 molecules remaining after ion irradiation 

at a fluence of ϕ, N0 = areal density of pristine fullerene C70 and σ = cross section of 

damage in fullerene by ion irradiation for a single ion impact. 
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The plot of ln (N (ϕ)/N0) as a function of fluence is shown in figure 4.12 (b), the curve 

in the plot has two slopes; one slope for the effect at low fluence and the other due to 

the effect at high fluence. To avoid the overlapping of tracks that takes place at higher 

fluences, the slope value is taken up to the fluence (1×10
13

 ions/cm
2
) where the 

overlapping of the tracks starts. 

 The slope of the figure 4.12 (b) gives the value of damage cross-section (σ) and is 

approximated to be ~0.32 ×10
-13

 cm
2
 and the value of the radius of ion track (r) 

calculated by equation (3) comes out to be ~1.01 nm. 

4.2.2.1.2 Surface Analysis 

Atomic Force Microscopy (AFM) has been performed to analyze the change in the 

surface morphology of the sample because of the irradiation effect. Figure 4.13(a) 

represents the 2-D micrographs for the pristine as well as 90 MeV Si ion irradiated 

C70 thin films.  

 

Figure 4.13  (a) 2-D AFM images of pristine and 90 MeV Si ion irradiated films at different 

fluences (b) represents the corresponding distribution of particle size fitted with Gaussian 

function of fullerene C70 pristine and irradiated thin films. 

 

The approximated value of the average particle size and roughness calculated from 

AFM analysis are tabulated in table 4.3. The roughness is observed to increase with 

increasing fluence. This can be explained on the basis of the fact that as the fluence is 

increased it produces more defects and hence results in increase of roughness. Figure 

4.13(b) represents the corresponding distribution of particle size fitted with Gaussian 

function of the pristine and 90 MeV Si ion irradiated at fluence 1×10
12

, 3×10
12

, 

1×10
13

, 3×10
13

 and 6×10
13

 ions/cm
2  

on fullerene C70 thin films. From table 4.3, it is 

observed that the average particle size becomes larger after irradiation. This is due to 
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the agglomeration of smaller particles into larger ones; since the smaller particles 

have higher surface free energy there is an urge for its agglomeration to form bigger 

particles which decreases surface free energy owing to lower specific surface area of 

larger particles. The average particle size at highest fluence (6×10
13

 ions/cm
2
) is 

reduced to a value of 26.3nm, which is attributed to the large overlapping of ion 

tracks at this fluence. 

Table 4.3 Represents the variation of average particle size, roughness and contact angle of 

fullerene C70 thin films with increasing fluences of 90 MeV Si ion. 

 

Fluence 

(ions/cm
2
) 

Average Particle Size 

(nm) 

Roughness 

(nm) 
 

Contact Angle 

(degree) 

Pristine 35.3 1.25 99.6 

1×10
12

 36.4 1.38 106.0 

3×10
12 

59.8 3.51 108.0 

1×10
13 

36.5 1.60 106.8 

3×10
13 

38.1 1.63 96.4 

6×10
13

 26.3 2.77 88.1 

 

4.2.2.1.3 Contact angle measurement: 

The contact angle of water droplet with the film surface act as a primary data that 

specifies the degree of wettability during a solid and liquid interaction. The wetting 

characteristic of a solid surface calculated on the basis of contact angle is based on a 

fundamental parameter, i.e. intermolecular forces which are responsible for 

contraction of the surfaces called surface tension. Figure 4.14(a) shows a liquid drop 

placed on a flat horizontal solid surface. The contact angle θc is defined as the angle 

formed by the intersection of the liquid/solid and liquid/vapour interfaces, 

geometrically acquired by applying a tangent line from the contact point along the 

liquid/ vapour interface in the droplet profile.  

 

Figure 4.14 Schematic shows the formation of contact angle formed by liquid drop. 

 

The interface where all the three phases (solid, liquid and vapour) co-exist is referred 

as the three phase contact line. Theoretically, the contact angle (θc) can be explained 
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by the Young’s Equation (Thomas Young Model) based on the mechanical 

equilibrium of the drop under the action of three interfacial tensions. 

                                                                                                              (4.6) 

   ,    ,     are the interfacial tensions of liquid/vapour, solid/vapour and solid/liquid 

interfaces, respectively. θc is Young’s contact angle. This model is based on the 

assumption that the surface is flat and homogenous and also neglects the external 

forces such as gravity which deforms the droplet. The gravity force can be neglected 

by considering the size of droplet to be very small [27].   

Figure 4.14(b) is shown the droplet spread over a small area on the film surface when 

θc > 90°) and it defines the surface hydrophobic (wettability unfavourable) in nature. 

Figure 4.14(c) shows that the droplet is spread over a large area on the surface for θc < 

90° and the surface is defined as hydrophilic (wettability favourable) in nature [28]. 

Further to include roughness factor of the film we have to make corrections in the 

above model that given by Wenzel equation 

                                                                                                                     (4.7) 

Where r is roughness factor and δ is modified contact angle after including roughness 

factor. The wettability can be modified with a slight change in roughness and 

chemical composition of the surface by using several methods but among these 

methods SHI irradiation tool plays a vital role in altering the surface wettability. In 

the present work, the main focus is on the ion irradiation effect on fullerene C70 thin 

films. It appears interesting to see the effect of ion irradiation on wettability of 

fullerene C70 thin films. Measurements of contact angle has been made, in order to 

analyze the hydrophilic or hydrophobic character of the pristine and 90 MeV Si ion 

irradiated fullerene C70 thin films. The contact angle measurement technique is static 

contact angle measurement method in which the contact area between the liquid and 

solid does not change  externally during the measurement. The angle was estimated 

using Sessile drop fitting method.  

Figure 4.15 (a) shows the snapshots of the contact angle measurement for pristine as 

well as 90 MeV Si ion irradiated fullerene C70 thin films at different fluence. The 

contact angle first increases and then decreases with fluence as shown in figure 

4.15(b) and tabulated in table 4.3.  
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Figure 4.15 (a) The snapshots of the contact angle measurement for the pristine and 90 MeV 

Si ion irradiated thin films (b) variation of contact angle with fluence of 90 MeV Si ion beam. 

 

This demonstrates that the hydrophobic nature of fullerene C70 increases with fluence 

up to 3×10
12

 ions cm
-2

 and as the fluence reaches to 1×10
13

 ions cm
-2

 it starts 

decreasing. From AFM studies it is clear that the roughness of the film enhances up to 

this fluence and after that it decreases. As the roughness increases the hydrophobic 

surface becomes more hydrophobic and hydrophilic surface becomes more 

hydrophilic [28]. Although there is an increase in the roughness values at highest 

fluence, the contact angle show lower value (∼88.1°) as compared to pristine film 

(~99.64°), which is due to the fact that, at this particular fluence (6×10
13

 ions cm
-2

) 

the transformation of fullerene C70 into amorphous carbon takes place, which is 

hydrophilic in nature [29]. The resultant hydrophilic nature of the film will be 

beneficial in application area of biosensors due to enhancement of adsorption [30]. 

4.2.2.2 C70 thin film irradiated by 55 MeV Si ion beam: 

4.2.2.2.1 Raman analysis: 

Raman study has enabled to observe the modification in fullerene C70 thin films 

caused by ion irradiation. It is known that fullerene C70 is rich in 53 Raman active 

modes (12 A1′ + 22 E2′ + 19 E1″) [27]. Hence assigning different Raman active modes 

appears to be quite complicated. Figure 4.16 represents the Raman spectra of pristine 

and irradiated thin film samples with different fluences 1×10
12

, 3×10
12

, 1×10
13 

and 

3×10
13

 ions/cm
2
. The modes observed in the spectra corroborate with the reports 

available in literature [19-20].  

From the spectra in figure 4.16, it is observed that, the intensity of Raman peaks 

decreases with increasing fluence. This observation implies that increasing fluence 

enhances the breakage of fullerene C70 molecules. However, even at higher fluence (~ 
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3×10
13

ions/ cm
2
) the Raman peaks have not completely disappeared This signifies 

that fullerene C70 thin film has not been entirely transformed into amorphous carbon 

at these fluences; the present observation is supported by the results of previous study 

[90 MeV Si]. 

 

Figure 4.16 Raman spectra of pristine and 55 MeV Si ion irradiated fullerene C70 films. 

The breakage of C70 molecules is explained on the basis of Thermal Spike Model. In 

accordance with the model, when the temperature exceeds the melting temperature of 

the material, a molten state is produced, typically of a diameter of few nm for a short 

time (t ≥10
-11

 s). 

The material is subsequently quenched by thermal conduction at a very high rate of 

10
14

 K/s and these results in formation of a cylindrical region known as ion tracks 

[21-22]. Analysis of the effect of ion irradiation on Raman peaks is done with the 

most intense peak centered at 1564 cm
-1

. No evidence of extra fragmentation has been 

observed as there is no extra peak observed after irradiation. In figure 4.17(a), the 

most intense peak (at 1564 cm
-1

) is observed in the range between 1550-1580 cm
-1

 for 
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the pristine and the irradiated fullerene C70 thin films. It is seen that the most intense 

Raman vibrational peak diminishes in intensity with increasing ion fluences. 

Figure 4.17 (a) The most intense Raman mode for different fluences (b) Relation between 

normalized integral area vs. fluences of 55 MeV Si ion beam. 

By using the classical formula as obtained from the existing literature, damage cross 

section obtained by 55 MeV Si ion beam irradiation has been calculated. Following 

the method, described in the previous section. Figure 4.17 (b) is drawn which shows 

the plot of ln N(ϕ)/N0 as a function of fluence. It is interesting to note from figure 

4.17(b) that an exponential curve has resulted in place of expected straight line as per 

classical formula    
    

  
         

with notation having usual meaning; hence it is 

apparent that the classical relation advocated elsewhere [11] is not adequate to explain 

the results of present experiment on C70. This inadequacy can be explained by the 

phenomenological model for damage cross-section provided by Bajwa et al.[11]. In 

this model, they have described the interaction of ion with fullerene in terms of 

differential equations. On the basis of that model one can explain Figure 4.17(b). In 

this plot two slopes can be drawn which result due to two ways of deposition of 

energy, one at low fluence where the ion tracks formed due to ion irradiation are 

distinct from each other and the other is at high fluence where the overlapping of ion 

tracks takes place. Thus a change in slope (~ 3×10
12 

ions/ cm
2
 fluence) is observed at 

the start of overlapping of ion tracks formed by the irradiation of 55 MeV Si ion 

beam.  

From the figure 4.17(b), 0.6 ×10
-13

 cm
2
 comes out to be value of the damage cross-

section (σ) (from the slope of the curve in figure 4.17(b)). The value of the radius of 

ion track (r) is calculated to be around ~1.41nm. 
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4.2.2.2.2 UV-visible absorption spectroscopy: 

Figure 4.18 depicts the UV-visible absorption spectrum of pristine within (300 -700 

nm) on glass substrates at room temperature. From the UV-visible absorption 

spectroscopy, several weak peaks centered at ~ 661, ~ 638, ~ 614, ~ 569, ~ 533 and ~ 

494 nm can be observed. The most intense peak (higher in intensity) is observed at ~ 

387 nm. Further, this most intense absorption peak is followed by two weak peaks at 

~ 359, ~ 336 nm respectively.  

 

Figure 4.18 UV-visible absorption spectra of pristine and irradiated fullerene C70 films. 

Concerned Tauc plots are shown in inset. 

 

These peaks are attributed to different transition. As C70 molecule has D5h point group 

symmetry, this lower symmetry makes the electronic energy levels of fullerene C70 

molecule a structure of abundant distribution. Hence it is very complicated to assign 

its transition. On the basis of literature, some of the transitions are assigned as peak 

387 nm (3.20 eV), 494 nm (2.50 eV) and 533 nm (2.32 eV), respectively 

corresponding to the   
    

     
 
,   

     
  and   

    
  
 of the fullerene C70 [28-29].  

Figure 4.18 represents the UV- visible absorption spectra of pristine and 55 MeV Si 

ion beam irradiated fullerene C70 thin films at different fluences 1×10
12

, 3×10
12

, 

1×10
13

 and 3×10
13

 ions/cm
2
. This figure has shown the irradiation effect on the UV- 

visible absorption spectrum of fullerene C70 thin film due to increasing fluence. As the 

fluence is increased, the absorption peaks characteristic of fullerene C70 (336 nm, 359 

nm, 387 nm, 494 nm, 553 nm, 569 nm, 614 nm, 638 nm and 661 nm) are reduced. At 
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the highest fluence 3×10
13 

ions/cm
2
,
 
these peaks are significantly reduced; this is 

indicative of the transformation of fullerene C70 into amorphous carbon. 

Table 4.4 Represents the variation in band gap, average particle size and roughness of 

fullerene C70 thin films with increasing fluences of 55 MeV Si ion. 

 

Fluence 

(ions/cm
2
) 

Bandgap 

(eV) 

Average Particle Size 

(nm) 

Roughness 

(nm) 

Pristine 1.75 26±0.5 3.37 

1×10
12

 1.73 50±0.7 3.22 

3×10
12

 1.68 53±0.4 3.07 

1×10
13

 - 61±0.5 2.60 

 

From the absorption spectra the band gap of the pristine and the ion irradiated 

fullerene C70 thin films has been calculated. The direct band gap ( gE ) and linear 

absorption coefficient ( ) are related by the well-known Tauc relation: 

                                                 (αhν)
1/n 
= A(hν-Eg)                                                   (4.8) 

Where, h : Planks constant, : frequency of vibration, A: proportionality constant, α: 

absorption coefficient, Eg: band gap. For fullerene C70 we consider direct band 

transition. Hence the value of n has been taken ½. The above Tauc relation may be 

written as: 

                                                      (αhν)
2
=A(hν-Eg)                                                 (4.9) 

Further the effect of ion irradiation on band gap can be observed in the inset of figure 

4.18 which shows a plot (αhν) 
2
 as a function of energy (hν), α being the absorption 

coefficient. The value of the band gap (Eg) is estimated by extrapolating the linear 

fitted region. The point on the energy axis, at which the extrapolated line meets with 

(αhν) 
2 

= 0, corresponds to the direct band gap of the fullerene C70. The band gap from 

this plot has been approximated as 1.75 eV for pristine and for the irradiated fullerene 

C70 thin film with fluences 1×10
12

 and 3×10
12

 ions/cm
2
 as 1.73 and 1.68 eV, 

respectively (table 4.4).   

4.2.2.2.3 Surface analysis: 

Surface morphology of the fullerene C70 pristine and 55 MeV Si ion beam irradiated 

thin films is analyzed by atomic force microscopy. Three dimensional images of 

pristine C70 and 55 MeV Si ion beam irradiated films at fluences 1×10
12

, 3×10
12 

and 

1×10
13 

 ions/cm
2
 are shown in figure 4.19 (a). A two-dimensional AFM image is 
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shown in the inset of figure 4.19 (a) for 1×10
13

 ions/cm
2
. With increasing fluence of 

55 MeV Si ion, particles, are seen to be developing in size. Roughness values 

calculated for pristine and for irradiated films at fluences 1×10
12

, 3×10
12 

and 1×10
13

 

ions/cm
2 

are tabulated in table 4.4.  

The decrease in the roughness value with increasing fluence is explained by the fact 

that the ion loses its energy to the target material, thereby resulting in the release of 

stress in film and hence the roughness of the film also gets decreased. Figure 4.18 (b) 

represents the corresponding distribution of particle size fitted with Gaussian function 

for the pristine and 55 MeV Si ion irradiated fullerene C70 thin films at fluences 

1×10
12

, 3×10
12

 and 1×10
13

 ions/cm
2
.  

 

Figure 4.19 3-D AFM images of pristine and 55 MeV Si ion irradiated films at fluences 

1×10
12

, 3×10
12

 and 1×10
13

 ions/cm
2
; a two dimensional AFM image is shown in inset for 

fluence 1×10
13

 ions/cm
2
. 

 

The approximated values of the average particle size from the Gaussian fit are 

tabulated in table 4.4. From the table, it is observed that the average particle size is 

increased with increase in fluence. This may be due to the agglomeration of smaller 

particles into larger ones; since the smaller particles have higher surface free energy 

there is at urge for its agglomeration to form bigger particles which decreases surface 

free energy owing to lower specific surface area of larger particles. 

4.2.2.3 C70 thin film irradiated by 90 MeV Ni ion beam: 

4.2.2.3.1 UV-visible absorption spectroscopy: 

Optical absorption spectra of the pristine and 90 MeV Ni ion irradiated fullerene C70 

films on quartz substrate was measured from 300 to 700 nm.  
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Figure 4.20 UV-visible absorption spectrum of fullerene C70 pristine thin film on quartz. 

The absorption spectrum of the pristine film is shown in figure 4.20 and is consistent 

with the reports already available in the literature [19-20]. The spectrum consists of 

many peaks, starting with a weak band at 660 nm (1.87 eV). This weak band is then 

followed by a number of very weak peaks 636 nm (1.94 eV), 614 nm (2.01 eV), 569 

nm (2.17 eV), 533 nm (2.32 eV), and 494 nm (2.50 eV). The highest peak (maximum 

in intensity) is observed at 387 nm (3.20 eV). After this, there are two weak peaks 

observed at 359 (3.45 eV) and 336 nm (3.68 eV). The assignment of the peaks is done 

identically with that in the previous section [28]. Peak 387 nm (3.20 eV), 494 nm 

(2.50 eV) and 533 nm (2.32 eV) corresponds to the A2′, E1″E1′, A2″A1′ and 

A2′A1″ of the fullerene C70. 

The effect of SHI irradiation with increasing fluence on fullerene C70 is well 

illustrated in figure 4.21, which clearly demonstrates a decrease in the intensity of 

optical absorption peaks with an increase in ion fluence along with the fading of the 

above features. Now to analyze the irradiation effect on the optical band gap of the 

fullerene C70, Tauc plots (inset of figure 4.21) are constructed for pristine and 

irradiated fullerene C70 films at 1×10
12 

and 3×10
12

 ions/cm
2
 fluences. The direct band 

gap calculated by Tauc plot for pristine film is ~1.87 eV and for the sample irradiated 

at a fluence of 1×10
12

 ions/cm
2
 is about ~1.83 eV which decreases up to ~1.80 eV for 

the sample irradiated at a fluence of 3×10
12

 ions/cm
2 

(table 4.5). 
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Figure 4.21 UV-visible absorption spectra of pristine and irradiated fullerene C70 thin films 

with inset of Tauc plot. 

 

For higher fluences (>1×10
13

 ions/cm
2
) band gap cannot be calculated by Tauc plot as 

absorption edge cannot be obtained for higher fluences. This is due to the 

transformation of fullerene C70 into a-C at higher fluences.  

4.2.2.3.2 Raman Analysis: 

Since fullerene is comprised of carbon-carbon bonds and Raman spectroscopy is the 

most sensitive to highly symmetric covalent bonds with little or no natural dipole 

moment, Raman spectroscopy is highly suitable for fullerene characterization. Hence, 

in order to estimate the damage occurred in fullerene C70 due to 90 MeV Ni ion beam 

irradiation, Raman spectroscopy has been performed on pristine and irradiated films. 

It is known that fullerene C70 vibrational spectrum results in numerous bands. As 

stated earlier, there are 53 Raman active modes (12 A1′ + 22 E2′ +19 E1″) predicted in 

the pure fullerene C70 at room temperature according to group theory and various first 

principle theories [18]. Figure 4.22 represents the Raman spectrum of the pristine 

fullerene C70 film deposited on quartz substrate. The bands observed in figure 4.22 are 

consistent with those available in the literature [19-20] and are ascribed to the internal 

modes of C70 molecule.  
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Figure 4.22 Raman spectrum of pristine fullerene C70 film. 

The different modes are assigned [32] as (251cm
-1
 A1′),  (258 cm

-1
 A1′),  (395 

cm
-1
 A1′),  (409 cm

-1
 E1″),  (454 cm

-1
 A1′), (505 cm

-1
 E1″), (568 cm

-1
 A1′), 

(701 cm
-1
 E1″), (711 cm

-1
 E1′ ), (737 cm

-1
 E1″), (768 cm

-1
 E1″ or  E2′), (1059 

cm
-1
 A1′), (1181 cm

-1
 E1″), (1226 cm

-1
 E2′), (1256 cm

-1
 E1′), (1331 cm

-1
 

E1″), (1366cm
-1
 A1′), (1445cm

-1
 E2′), (1468 cm

-1
 E1″), (1511 cm

-1
 E1″), 

(1564cm
-1
 E2′). Figure 4.23 depicts the Raman spectra of pristine and 90 MeV Ni 

ion beam irradiated fullerene C70 thin films deposited on quartz substrate at different 

fluences 1×10
12

, 3×10
12

, 6×10
12

, 1×10
13

 and 3×10
13 

ions/cm
2
.   

After ion irradiation, the intensity of the Raman bands decreases as the fluence is 

increased. This reduction in peak intensity with fluence is due to the damage caused 

by the ion beam irradiation. Because the films are exposed to ion beam, this ion 

irradiation leads to breakage of C70 fullerene molecules. As a result, the intensity of 

all the Raman bands starts declining with increasing fluence. At higher fluence 3×10
13

 

ions/cm
2
 the peaks are completely disappeared, which is an evidence of complete 

transformation of fullerene C70 film into amorphous carbon (a-C). In addition, no 

extra peak or shifting in the Raman bands has been observed after ion irradiation; this 

suggests that no intermediate fragments of fullerene C70 in any significant quantity 

have been formed. The transformation of fullerene C70 into amorphous carbon is due 
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to track formation by incoming ion in fullerene C70, which can be explained on the 

basis of Thermal Spike Model [30-31] as described in previous section. 

 

Figure 4.23 Raman spectra of pristine and 90 MeV Ni ion irradiated fullerene C70 films. 

 

The film gets completely amorphized at higher fluences due to the reason that at 

lower fluence, there is no overlapping of ion tracks as they are distant apart. In 

contrast, at higher fluence, the cylindrical zones (ion tracks) start overlapping with 

one another resulting in the formation of more ion tracks in the film. At the stage 

when almost all the cylindrical zones get overlapped, the complete amorphization of 

fullerene C70 thin film takes place [11]. This is verified by figure 4.24 where the plot 

between ln N (ɸ) /N0 and the fluence for the selected peak, 1564 cm
-1

, has two slopes. 

The change in slope occurs after the fluence at which overlapping starts to occur.The 

most intense peak in the fullerene C70 (pristine sample) is observed at 1564 cm
-1

. In 

figure 4.24 this most intense peak (1564 cm
-1

) of pristine and irradiated films is 

shown in the range 1545-1585 cm
-1

.   
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Figure 4.24 Irradiation-induced damage of the most intense Raman mode 1564 cm
-1

 at 

different fluences of 90 MeV Ni ion. 

This figure 4.24 represents the detailed picture of diminishing of peak intensity with 

increasing fluence. This damage of C70 molecule with increasing fluence can be 

elaborated by calculating damage cross-section, using a classical formula with the 

assumption that a single ion can produce damage in the form of amorphization track. 

                                                                                                               
(4.10) 

Here N (ϕ) is the areal density of the fullerene C70 molecules remaining after ion 

irradiation with fluence ϕ, N0 is the areal density of fullerene C70 pristine and σ is the 

cross section of damage in fullerene by ion irradiation.  

 

Figure 4.25 Curves between normalized integral area and fluences of 90 MeV Ni ions. 

Figure 4.25 represents the plot between ln N (ϕ) /N0 and the fluence for the selected 

peak (1564 cm
-1

).  The plot has two slopes one at lower fluences (0-6×10
12

ions/cm
2
) 



Page | 103  
 

and the other at higher fluences (1×10
13

-3×10
13

 ions/cm
2
) signifying two different 

ways for distribution of energy in the films.  

As stated before, this stems from the fact that at low fluence the cylindrical zone 

remain far apart from each other, whereas at high fluence, the overlapping of ion 

tracks takes place resulting in more conducting zones in the fullerene C70 film, and so 

smaller damage cross section. The radius of damage cross section is calculated to be 
 

~ 2.3 nm of fullerene C70 for 90 MeV ion irradiation.  

4.2.2.3.3 SEM analysis: 

SEM images have been recorded in order to determine the particle size of the pristine 

as well as of 90 MeV Ni ion beam irradiated fullerene C70 films at different fluences. 

The two dimensional SEM images of the pristine and irradiated films are presented in 

figure 4.26(a). The particle size distributions of the pristine and irradiated films are 

also shown in figure 4.26(b). The average particle size was approximated to be ~ 40 

nm for the pristine and ~ 47 nm, ~ 48 nm and ~ 57 nm for the films irradiated with a 

fluence of 1×10
12

, 6×10
12

 and 1×10
13  

ions/cm
2
, respectively (table 4.5). 

 

Figure 4.26 (a) Two dimensional SEM images and (b) particle size distribution of pristine 

and 90 MeV Ni ion irradiated films.  

It can be clearly seen in figure 4.26 (b) that after irradiation, the particle size increases 

with increase in fluences. This indicates agglomeration of the smaller particles to 

bigger particles, which is due to the presence of molten state owing to thermal spike 

produced by the ion for a very short duration of time (~ pico seconds) during 

irradiation which helps in diffusion of particles. 
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4.2.2.3.4 AFM analysis: 

Surface morphology and average particle size of the fullerene C70 pristine and 90 

MeV Ni ion beam irradiated films deposited on glass substrate were analyzed by 

Atomic Force Microscopy (AFM). Three dimensional (3D) images of pristine C70 and 

90 MeV Ni ion beam irradiated films at fluences 3×10
12

  and 3×10
13 

 ions/cm
2
 are 

shown in figure 4.27.  

 

Figure 4.27 3-D AFM images of pristine and 90 MeV Ni ion irradiated films at fluence 

3×10
12

 and 3×10
13

 ions/cm
2
. 

 

Roughness calculated for pristine and irradiated films at fluences 3×10
12  

and 3×10
13

 

ions/cm
2 

has been tabulated in table 4.5. The increase in the roughness with fluence is 

due to the ion impact which produces more damages at higher fluence. The average 

particle size of the pristine and the irradiated fullerene C70 thin film with fluences 

3×10
12

 and 3×10
13 

ions/cm
2 

has been approximated to be ~
 
40 nm, ~ 63 nm and ~ 67 

nm respectively (table 4.5). 
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Table 4.5 Band gap, the average particle size (calculated with SEM and AFM analysis) and 

roughness of fullerene C70 pristine and irradiated at different fluences of 90 MeV Ni ion. 

 

Fluence 

(ions/cm
2
) 

Bandgap (eV) 
UV-visible 

Absorption 

Analysis 

Average 

Particle size 

(nm) 
SEM Analysis 

Average 

Particle size 

(nm) 
AFM Analysis 

Roughness 

(nm) 
AFM Analysis 

Pristine 1.87 40 39 1.98 

1×10
12

 1.83 47 -- -- 

3×10
12

 1.80 -- 63 3.49 

6×10
12

 -- 48 -- -- 

1×10
13

 -- 57 -- -- 

3×10
13

 -- -- 67 3.88 
 

An increase in particle size has been observed with increasing fluence, which is in 

agreement with SEM results. It has also been found from the table 4.5 that the particle 

size and the roughness of the films increase monotonically. 

4.2.2.4 C70 thin film irradiated by 125 MeV Au ion beam: 

4.2.2.4.1 UV- visible absorption spectroscopy: 

Figure 4.28 shows the absorption spectra of pristine and irradiated fullerene C70 thin 

films with 125 MeV Au ions at different fluences.  

 

Figure 4.28 UV-visible absorption spectra of pristine and irradiated fullerene C70 thin films. 

Inset shows Tauc’s plot of pristine and irradiated films. 

Pristine fullerene C70 spectra exhibit a number of peaks. The highest peak is observed 

at 387 nm which is followed by two weak peaks at 356 and 336 nm. Since fullerene  

C70 has complex structure (followed by lower symmetry) [1], it is difficult to assign 

exact transitions. Some peaks are assigned from literature. Figure 4.28 depicts the 
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effect of SHI irradiation which clearly shows the increasing absorption and 

diminishing intensity of absorbance with increasing ion fluence. From inset in figure 

4.28 the optical band gap of films are found to be 1.97 eV and 1.87 eV for pristine 

and irradiated fullerene C70 film at 1 × 10
12

 ions/cm
2

, respectively. 

4.2.2.4.2 Raman analysis: 

Raman spectra demonstrated that the intensity of peaks is diminishing with an 

increase in fluence because of interaction of ion beam which tends to cause breakage 

in fullerene molecules. This confirms the transformation of fullerene C70 into 

amorphous carbon as usual at higher fluences and no shifting of peaks is the evidence 

of absence of intermediate fragmentation of C70 molecules under ion irradiation by 

125 MeV Au ion beam. 

 

Figure 4.29 Raman spectra of pristine and 125 MeV Au ion irradiated C70 thin films 

In figure 4.30, the most intense peak (1564 cm
-1

) of pristine C70 is selected to see the 

kinetics of damage with fluence, which is vanished after fluence of 6×10
12

 ions/cm
2
. 
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Figure 4.30 Irradiation-induced damage of the most intense Raman mode of pristine C70 thin 

film irradiated with 125 MeV Au ions at different fluences. 

However, the broad peaks at 1350 cm
-1

 and 1550 cm
-1

 correspond to D and G bands 

of amorphous carbon The damage cross-section (track formation) of fullerene C70 

molecules was estimated by following the previous method (section 4.2.3.1.1).  

 

Figure 4.31 Curve between normalized integral area at different fluences of 125 MeV Au ion. 

The value of damage cross-section may be approximated to be 2.8 × 10
-13

 cm
2
 with 

measured radius of ion track ~ 3.01 nm. 

4.2.2.5 Ion track radius in fullerene C70 : Dependence of electronic energy loss 

Till now, it has been reported that fullerene C70 thins films (~150 nm thick) 

prepared by thermal deposition technique are irradiated with different ions (Au, Ni, 

Si) having different energies in order to vary the electronic energy loss (Se). These 
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samples are irradiated within the fixed range of fluence i.e. 1×10
12  

ions/cm
2
  to 

3×10
13

 ions/cm
2
 for each of energetic ion beam. Following technique described 

elsewhere (ref), the damage cross sections due to ion beam irradiation of different 

energies viz., 90 MeV Si, 55 MeV Si, 90 MeV Ni and 125 MeV Au are determined 

with the aid of Raman spectroscopy. The electronic energy loss (Se) due to each 

irradiation and the corresponding damage cross section (σ) are mapped to obtain 

gainful information about the potential damage cross section for any arbitrary 

electronic energy loss. Additionally, radius (r) of ion track may be approximated 

for any Se value.  

4.2.2.5.1 Raman analysis: 

As mentioned in the previous paragraph, the damage cross sections (σ) due to 

different ion beam irradiation of different energetic ions viz. 90 MeV Si, 55 MeV Si, 

90 MeV Ni and 125 MeV Au causing different electronic energy losses (226 eV/Å, 

274 eV/Å, 672 eV/Å and 1393 eV/Å respectively) are determined with the help of 

results from Raman spectroscopy and then ion track is calculated. 

 

Figure 4.32 Curve between normalized integral area at different fluences of (a) 90 MeV Si 

ion (b) 55 MeV Si ion, (c) 90 MeV Ni ion and (d) 125 MeV Au ion irradiated C70 thin films. 

Figure 4.32 shows the values of damage cross-sections against the corresponding 

electronic energy loss (Se); this helps to give a qualitative picture of the value of 
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obtainable damage cross section for an arbitrary value of electronic energy loss value. 

The conjecture advocated here differs conceptually from the proposition of Bajwa et 

al. [11]. Admittedly, the electronic energy loss as determined by the common 

technique of use of SRIM may be varied for the same ion of different energies and 

accordingly a relationship with corresponding damage cross section (σ) could be 

developed. It is to be noted that electronic energy loss manifests in determining the 

damage cross section in the fullerene thin films.  

The electronic energy loss can be varied by i) using same type of ions of different 

energies, ii) varying the fluence value for a specific ion beam with a definite energy, 

iii) using different types of ions iv) material under irradiation. In the instant case, the 

approach is slightly different from the previous one. It is hypothesized that damage 

cross section of a fullerene is solely dependent upon the electronic energy loss 

notwithstanding the quality of ions bringing about such loss 

 

Figure 4.33 (a) Curve between electronic energy loss (Se) and damage cross section (b) Curve 

between electronic energy loss (Se) and ion track radius. 

Moreover, there is no data available for the response of C70 fullerene to irradiation by 

an ion beam which can relate the damage cross section with the electron energy loss. 

The curve drawn in figure 4.33(a) is unique in the sense that it can be made quite 

helpful to estimate the damage cross section in fullerene C70 for any electronic energy 

loss. Thus, increasing value of Se (226 eV/Å, 274 eV/Å, 672 eV/Å and 1393 eV/Å) 

results in increased value of damage cross section (Table 4.6) and hence an increasing 

radius of ion track (figure 4.32- b) is noted from 1nm to 3nm. It may be noted that due 

to experimental limitation the number of data points are rather small in the present 

experimentation and there is a chance of higher degree of misfit with the real-life data 

for certain intermittent electron energy loss not covered under the present 

experimental results; nevertheless, the approach has the novelty that it makes use of 
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different types of ions of different energies and hence bears the scope of yielding a 

globally optimized relationship between the electronic energy loss and the damage 

cross section.  

Table 4.6 Represents the parameters of different ion beam and calculated damage cross 

section and ion track radius for respective beam. 

Swift Heavy 

Ion 

Sn  

(eV/Å) 

Se  

(eV/Å) 

Projected  

Range 

σ 

 (cm
2
) 

r 

(nm) 

90 MeV Si 0.16 226 33.33µm 0.32 × 10
-13

 1.01 

55 MeV Si 0.25 274 19.25µm 0.60 ×10
-13

 1.41 

90 MeV Ni 1.14 672 19.05µm 1.72 × 10
-13

 2.30 

125 MeV Au 15.73 1393 16.98µm 2.85 × 10
-13

 3.01 

 

From the results in figure 4.33 it is observed that increasing electronic energy loss 

leads a consistent increase in damage cross section and in this regard the results are in 

qualitative agreement with those reported earlier for C60 fullerene [11]; this tends to 

indicate that the difference in bonding and or stability between the two important 

fullerenes, C70 and C60 does not alter the quality of relationship between electronic 

energy loss and damage cross section although there is a genuine quantitative 

variation. This has the implication that phenomenological aspects determining the 

damage cross sections in irradiated fullerene are identical at least in C70 and C60. 

4. 3 Conclusions:  

A comprehensive study of fullerene C60 from polymerization to amorphization by 90 

MeV Ni ions is demonstrated. The Raman studies reveal that a new mode of spectra 

appears in the lower fluence range which is suggestive of polymerization of C60 

fullerene whereas at higher fluence the disappearance of peaks verifies the 

transformation of fullerene to a-C due to overlapping of ion tracks. The radius of the 

ion track is calculated to be ~ 3.03 nm. The UV-visible absorbance peaks intensity 

declines with fluence. Also, the optical band gap decreases with increase in fluence. 

The increase in conductivity of the fullerene at higher fluence confirms the 

transformation of fullerene into a-C (a-C is more conducting than fullerene).   

C70 thin films are grown on different substrates by resistive heating method. Ion track 

has been formed by irradiating the thin films with different energy ion 90 MeV Si, 55 

MeV Si, 90 MeV Ni and 125 MeV Au causing different electronic energy losses (226 

eV/Å, 274 eV/Å, 672 eV/Å and 1393 eV/Å respectively). UV-visible absorption 
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spectroscopy results lead one to infer that the absorption bands declines with 

increasing fluences. In addition, the author also concludes that the band gap values 

decrease with increase in fluence. The author infers that agglomeration of the smaller 

particles takes place due to irradiation of fullerene C70 thin films. The damage cross 

section and radius of the track is determined with the help of Raman spectroscopy. 

Singhal et al. [23] have reported the effective radius r of ion track for damage of 

fullerene molecules to be 3.5 nm for C60 and 2.5 nm for C70 upon irradiation by 120 

MeV Ag ion. On the same line, irradiating with 90 MeV Ni ion beam, ion track radius 

is estimated to be ~ 3.03 nm for C60 and ~2.30 nm for C70. These studies confirm the 

effect of molecular and inter-molecular configurations of the interacting fullerenes on 

the damage caused by the incoming ion. It can be seen from the results of the present 

study that increasing Se leads to an increase in damage cross section and the radius of 

ion track. On comparison of the results of present investigation for C60 with that 

observed by Singhal et.al. [23] a very good consistency is noted. Similar 

correspondence could be observed for C70 too. It is concluded that there is a defined 

relationship between electronic energy loss and damage cross section and that the 

potential of the relationship may be harnessed to understand an unknown situation. 

This will enable ion track engineering for production of nanowires with least number 

of trials.The relation is phenomenologically identical in both C60 and C70. 
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5.1 Effect of Low Energy Ion Beam Irradiation on Copper-Fullerene C60 

Nanocomposite Thin Films 

It is known that enhancement of surface plasmon resonance (SPR) is an exciting 

research question to address [1-4]. It is possible to induce SPR if noble metal 

nanoparticles (Au, Ag and Cu) are embedded in a suitable matrix [5-7]. Exploration 

of the use of noble metal particles embedded in the matrix materials in the fields of 

sensors, optical waveguides, photonic devices and surface enhanced spectroscopes are 

reported elsewhere [8-10]. Most noble metal clusters are characterized by a SPR band 

lying in the visible region.  

Fullerene has been widely chosen as a host matrix for metal reinforced 

nanocomposites because of its diverse applications such as in solar cells due to its 

high electron affinity property, fullerene based inters digitated (IDCs) circuits and 

molecular wires based on its electron accepting property [11-14]. Fullerene material is 

considered as a good acceptor material in organic solar cells which is due primarily to 

its high electron affinity. In general, P3HT as donor material is used with fullerenes in 

active layer of organic solar cells. Implicitly, broad absorption band of active layer 

materials is a necessity for the effective utilization of sunlight and hence it is the 

challenge to material scientists to discover means for increasing the absorption band 

of the suitable active material [15]. Research on induced SPR in fullerene metal 

nanocomposite has already been reported by early workers [16-18]. Singhal et al. [19-

20] have elegantly demonstrated the usefulness of inducing SPR by incorporating 

nanoparticles of noble metals (Au, Ag) in fullerene C60 and C70 matrices.  

A number of means to enhance the magnitude and tune the position of SPR are 

reported to be varying atomic fraction of nanoparticles to embed, annealing 

temperature of thin film, alteration of refractive index of matrix material and also 

chemical composition of the thin films [21-25]. Recently heavy ion irradiation has 

also emerged as means to enhance and tune SPR spectra of fullerene noble metal 

nanocomposites. The energies of irradiating ions and the fluence of irradiation bring 

about changes in position of SPR band (tuning).  
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5.1.1 Effect of 100 keV Ag Ion Irradiation on SPR of Cu-C60 Nanocomposite 

Thin Film 

The present study is to induce SPR in such a way that most of visible region can be 

utilized for further use in optoelectronic applications especially for organic solar cell. 

To achieve this, nanoparticles of group 11 elements viz. Cu and Ag with respective 

SPR peak positions within ~ 410 ˗ 450 nm and ~ 550 - 600 nm [26] are chosen such 

that a wide area of visible region can be covered. Fullerene C60 being an excellent 

electron acceptor is a natural choice as the major constituent of matrix material for 

fabrication of organic solar cells. Cu nanoparticles are known to exhibit a relatively 

weak SPR band in the range of ~550 - 600 nm. In contrast, SPR peaks due to Ag and 

Au occur reportedly within occur 410 - 450 nm and 500-550 nm, respectively. It 

therefore appears that implantation of Ag ion (whose SPR peak lies at the lowest 

wavelength among these three elements) in Cu-C60 nanocomposite would have a wide 

coverage within the visible band for SPR to take place. Thus the present approach of 

exploring synergistic SPR in C60nancomposites with binary and ternary reinforcement 

of nanoparticles of group 11 elements appears to open a new vista in plasmonic 

research. In the present study, a methodology has been so evolved that Cu-C60 film 

will be irradiated concurrently with implantation of Ag nanoparticles in SiO2 

substrate. Therefore we have chosen 100 keV Ag ion beam which gives ~ 61.4 nm of 

projected range. The motivation with this is two-folded; one is to induce SPR due to 

Cu nanoparticles in fullerene C60 thin film and second is to implant Ag nanoparticles 

in SiO2 substrate so that combined SPR effect due to Cu as well as Ag nanoparticles 

in the same sample can be achieved. 

5.1.1.1 Experimental Details: 

In this synthesis, fullerene C60 powder was taken in one boat and in another boat 

copper C60 powder has been taken. Before starting deposition, vacuum is kept at ~ 

6.2×10
-6

 mbar and maintained at ~ 5.7×10
-6

 mbar during deposition. To obtain 20% 

copper in fullerene C60 thin films, the deposition rate were set in such a way that 

fullerene is deposited four times than copper. The deposition rates were set at ~ 0.025 

Å/s and ~ 0.1 Å/s for copper and C60, respectively. Combined rate for deposition of 

Cu and fullerene C60 simultaneously is taken about ~ 0.13Å/s. The thickness 

measured through the quartz crystal was 40 nm. Rutherford backscattering was 

performed to determine the metal to fullerene C60 ratio in the films and thickness of 
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the film as well; it is that there has been ~13 % of copper in fullerene C60 and 

thickness of the film is about ~28 nm. 

The deposited nanocomposite thin films in section 3.3.2.1, Cu(13%)C60 were 

irradiated with 100 keV Ag ion beam in IUAC, New Delhi with fluence 1×10
14

, 

1×10
15

, 1×10
16

 and 3×10
16

 ions/cm
2

.
  

For 100 keV Ag ions, the electronic (Se) and 

nuclear (Sn) energy losses as calculated by the SRIM (The Stopping and Range of 

Ions in Matter) program in nanocomposites film of Cu (13%) C60 are ~ 42 and 

~1.5×10
2
 eV/Å, respectively. The projected range of Ag ions in the respective films 

was found to be ~ 61.4 nm by the same software.  

TRIM simulation has been done in order to see the energy loss and vacancies 

produced by the 100 keV Ag ion in Cu-C60 nanocomposite thin films. Figure 5.1 (a) 

represents the curve between the energy loss and thickness of the film. From the 

figure it is seen that loss of energy of ions is more at the surface and decreases slowly 

with increase in thickness of the thin films. Figure 5.1(b) shows the vacancies per 

angstrom with thin film depth. The number of vacancies increased with target depth 

and the maximum vacancies are observed around 450 Å i.e. in the SiO2 layer. 

 

Figure 5.1 Simulation of 100 keV Ag ion in Cu-C60 nanocomposite film on SiO2 substrate (a) 

Defect production by incoming ions; (b) Vacancies produced per angstrom in the entire 

thickness of the film.. 

 

UV-visible absorption spectra of pristine and irradiated films of Cu-C60 on the glass 

substrates were recorded using a UV-3300 Hitachi spectrometer. TEM images of 

pristine and irradiated with 3×10
16

 ions/cm
2
 fluence films of Cu-C60 nanocomposite 

deposited on carbon coated Cu grids were captured using a Tecnai G
2
 20 (FEI) S-

Twin TEM. Raman spectra of pristine and irradiated films of Cu-C60 nanocomposite 

on the glass substrates were recorded using an AIRIX STR 500 by following the 
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procedure as described in section 3. XPS data has been recorded with Omicron 

nanotechnology XPS system from Oxford instruments (model- ESCA+) consisting of 

an ultra-high vacuum chamber attached with a monochromatic Al-Kα radiation source 

of energy 1486.7 eV and a 124 mm hemispherical electron analyzer. 

5.1.1.2 Result and Discussion: 

5.1.1.2.1 RBS analysis: 

To determine the exact film thickness, atomic species and their concentration 

Rutherford backscattering (RBS) spectrometry was used using a 2.0 MeV He
++ 

beam. 

To cross verify the film thickness determined by RBS technique, AFM or 

profilometer could also be used. However, the author feels that RBS technique can 

yield most accurate value of film thickness. That is collaborated by previous reports. 

A typical RBS spectrum of a Cu-C60 nanocomposite pristine sample on Si substrate 

along with Rutherford Universal Manipulation Program (RUMP) simulated spectrum 

(continuous line) is shown in figure 5.2. 

 

Figure 5.2 RUMP simulated (continuous line), Rutherford backscattering spectrum of Cu-C60 

nanocomposite film on Si substrate. 
 

The plateau region in spectrum represents the Si substrate which is overridden by the 

C hump. The film thickness, estimated by RUMP simulation was found to be ~ 28 nm 

with ~ 13 at.% Cu composition in fullerene C60. 

5.1.1.2.2 Raman analysis: 

Figure 5.3 shows the Raman spectrum of pristine and 100 keV Ag ion irradiated thin 

films characteristic peaks of fullerene C60 are observed in pristine sample (Cu-C60) at 

wave numbers of 265, 493, 1423, 1467 cm
-1

. These modes are consistent with 
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previous reports on UV-visible absorption modes of fullerene C60 [27]. From Raman 

spectroscopy study, it is observed that as the fluence increases, the intensity of the 

modes is diminished and finally they can no more be resolved. From this, it is 

confirmed that the fullerene C60 in Cu-C60 nanocomposite thin film is converted into 

a-C beyond certain fluence. This is in accordance with the previously reported results 

of converting fullerene into amorphous carbon on irradiation [17, 28]. Hence 

refractive index of the film has also been reduced to that of amorphous carbon, ~1.6, 

which is lower than pure fullerene C60 (~ 2.1) [17].  

This change in refractive index is further responsible of shift in SPR wavelength 

position. 

 

Figure 5.3 Raman spectra of pristine and 100 keV Ag ion irradiated Cu-C60 nanocomposite 

thin films. 

 

5.1.1.2.3 UV-visible absorption spectroscopy analysis: 

Figure 5.4 shows UV- visible absorption spectra of Cu-C60 nanocomposites pristine 

and 100 keV Ag ion irradiated thin films. It appears from the figure 5.4 (a) that the 

pristine Cu-C60 thin film is amorphized which is not the case. In order to do away 

with this apparent anomaly, the optical spectrum of pristine Cu(13%)C60 has been 

separately shown; this authenticates the crystallinity of C60 thin film as the 

characteristic optical bands are present in the nanocomposite thin film where Cu 
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nanoparticles are incorporated in fullerene C60 thin film, Moreover, the high 

concentration of copper has led to much stronger absorption peak and in comparison, 

the concerned absorption peak is such weak that it is masked in figure 5.4 (a); once 

drawn differently in a separate scale the due peaks are revealed figure 5.4 (c). 

 

Figure 5.4 UV-visible absorption spectra of pristine and 100 keV Ag ion irradiated 

Cu-C60 nanocomposite thin films (b) UV-visible absorption spectrum of fullerene C60 

thin film (c) UV-visible absorption spectrum of Cu(13%)C60 thin film. 

 

From the figure, it is clear that in pristine Cu-C60 nanocomposite, there is no evidence 

for a characteristic SPR band for copper. This is explained on the basis that the 

particle size of copper is very small in pristine sample. Upon irradiation, Cu 

nanoparticles starts to increase in size and a weak SPR band arises at ~667 nm for the 

fluence 1×10
14 

ions/cm
2
. The SPR peak for Cu nanocomposites are reported to be 

~570 nm [29], the observed shift in SPR peak may be explained by the matrix effect. 

With further increase in fluence, the same band becomes narrow (~ 630 nm) with a 

blue shift of ~ 20 nm. This blue shifting in SPR peak may be due to a change in 

refractive index of fullerene C60 matrix [30], as explained by Raman spectroscopy 

analysis which shows there fullerene C60 starts converting into amorphous carbon at 

the fluence, 1×10
14 

ions/cm
2
  

The energy position of the SPR peak can be predicted by using the following equation 

of Mie theory [31]. As per Mie theory, extinction cross-section coefficient ( ext ) for 
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spherical particles is enough low, such that they don’t polarize each other; it is 

expressed by the equation  
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Where, Vo is the volume fraction and ω is the applied optical frequency. () =   () 

+    () is the dielectric constant of metal and   (), dielectric constant of 

embedding matrix.  

In the present study fullerene is the host matrix, which has complex dielectric constant 

given by 

                                                        
     

                                                              (5.2) 

Where   
  is real part and   

   is imaginary part of dielectric constant of fullerene. 

According Kataura’s optical data, imaginary part of the dielectric constant in the 

visible and near IR region is related to the absorption. So it is very important to 

consider this; it however, makes the calculation for dielectric constant very complex. 

But the complex part approaches to zero for the wavelength range above 420 nm. 

Hence, in the present case, the imaginary part has negligible influence on the 

absorption in the visible and IR region. So this imaginary is neglected and the 

dielectric constant is taken to result from the real part only.  

Now, the complex dielectric function of metal can be expressed by Drude free carrier 

contribution for        and an interband contribution: 
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Where p is Drude bulk plasma frequency which is given by 
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Here λ is the free space wavelength of light. From the above expression       is seen 

to vary linearly with     , and the same occurs for        . Here         has 

dependency on relaxation time ( ) hence it will rise with temperature as relaxation 

time is anticipated to decline with temperature.  

From above discussion it seems that the SPR energy not only depends on the shape 

and size but also depends on the dielectric constant of the matrix. For the maximum 

value of the ext , the denominator of equation (1) has to be minimum and this gives 

m 2)(1  = 0; this is known as Frohlich condition which, when coupled with 

dipole mode presents its maximum. 

 By considering the Drude free electron term andabove condition, the resonance 

frequency is given: 
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The above equation clearly indicates that with the decrease of dielectric constant of 

host matrix (m), the resonance frequency () increases and so there is a blue shift in 

the UV-visible absorption studies. 

Although the use of Mie theory explains the experimental observation quite 

satisfactorily, it is not out of context to mention that there are opinions which 

advocate that the use of Maxwell-Garnet theory in case of high metal concentration in 

a fullerene-based nanocomposite is a better proposition. It is anticipated that there 

could be optical interaction between metal nanoparticles when the concentration is 

quite high and the size is very small; this implies a high particle density and hence 

less interparticle distance. This may lead to intense optical interaction and can 

produce misleading information regarding the energy position. However, there was 

other experimental evidence that confirms that SPR of copper may not appear at its 

low concentration; however, it is felt that use of Maxwell-Garnet theory to compare 

with the existing prediction can be an interesting area of future study. Moreover, use 

of a lower copper concentration to develop SPR of copper to acceptable strength can 

also be a scientific challenge. 
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With further increase in fluence, a different SPR peak at ~ 410 nm is observed. This 

SPR peak is attributed to the peak of silver because its position is same as that of 

silver nanoparticles in SiO2 matrix [28]. It is found that the appearance of the SPR 

peak of Ag in silica (in pristine nanocomposite) is slightly out of expected position 

(about 410 nm); but one cannot see the characteristic copper peak. However, in any 

case the Cu-related SPR should still be visible; it is surmised that it might have 

reinforced with other peaks probably due to the larger size of Cu nano particle radius 

at its high concentration. Moreover, as can be seen from the figure 5.4 (c), there is a 

wide band positioned at 629 nm and it is hard to say if it is due to fullerene itself or 

due to the presence of Cu nanoparticles in pristine sample, because the other bands of 

fullerene are still present. Therefore, the absence of copper peak in pristine is not a 

tenable proposition. Since SPR due to copper takes place between 550- 650 nm it is 

conjectured that copper peak in pristine is not visible in Fig. 5.4 because the scale in 

which the plots are drawn to delineate the strong Ag peak with a reasonable height 

has been such that it has not allowed the weaker copper peak in pristine to become 

visible. However, such invisibility does not preclude the real occurrence of copper 

related peak. This is supported by the fact that when irradiated, the SPR enhancement 

due to copper makes it clearly visible even amidst the much stronger Ag peak (figure 

5.4). At fluence 3×10
16 

ions/cm
2
, a wide and higher intensity SPR band arises at 

wavelength ~ 435 nm. A red shift of ~25 nm observed in SPR peak may be attributed 

to nucleation of silver particles within the substrate. Red shift in Ag- SPR peak 

confirms the presence of Ag particles in glass substrate which is further evidenced in 

TEM analysis. 

This broad SPR band covers a wide visible region around 350 to 640 nm. This is the 

resultant of Ag SPR peaks riding over the copper SPR peak spectrum and finally, 

results in broad SPR spectrum within the visible region. 

 5.1.1.2.4 TEM Analysis: 

To see the effect of low energy heavy ion irradiation on the morphology and 

crystallinity of the thin films, TEM and HRTEM studies are done for both pristine and 

100 keV Ag ion irradiated samples for 3×10
16 

ions/cm
2 

fluence. Figure 5.5 (A) and 

figure 5.6(A) show the bright field TEM images for the pristine and ion irradiated thin 

films with fluence 3×10
16

 ions/cm
2
. Nearly spherical morphology of the particles is 

observed from the above photographs. 
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The size distribution of the particles is shown in figure 5.5 (B) and figure 5.6(B) for 

pristine and ion irradiated thin films. A variation in particle distribution is observed 

with average particle size of 4±0.7 nm and 6±0.4 nm for pristine and ion irradiated 

thin films, respectively, as determined by the statistical analysis. The increase in 

particle size after irradiation is due to agglomeration of the particles [26,27,32]. The 

HRTEM image of the pristine and ion irradiated thin films are shown in figure 5.5 (C) 

and figure 5.6(C). The distance between the two adjacent lattice planes is calculated 

and found to be 2.143 Å, which corresponds to the value of interpanar distance of 

(111) plane of cubic copper. Moreover, the selected area electron diffraction (SAED) 

patterns shown in figure 5.5 (D) and figure 5.6(D) for the pristine and ion irradiated 

thin films corroborate the HRTEM results.  

Table 5.1 Presents average particle size calculated by TEM, SEM and AFM analysis, 

respectively. Roughness is also tabulated calculated from AFM images. 

 

Fluence 

(ions/cm
2
) 

Average Particle 

Size(nm) 

TEM Analysis 

Average Grain 

Size(nm) 

SEM Analysis 

Average Grain 

Size(nm) 

AFM Analysis 

Roughness 

(nm) 

Pristine 4±0.7 9±0.1 9±0.3 1.76 

1×10
15

  -- 10±0.1 12±0.1 2.10 

3×10
16

  6±0.4 20±0.3 15±0.5 2.83 

 

The lattice spacings calculated from SAED pattern are found to be 2.141 Å, 1.843 Å, 

1.283 Å, 1.116 Å, 0.914 Å for (111), (200), (220), (311) and (400) planes of the cubic 

Figure 5.5 (A) TEM image, (B) particle size 

distribution, (C) HRTEM image and (D) 

SAED pattern of Cu-C60 pristine thin film. 

Figure 5.6 (A) TEM image, (B) particle 

size distribution, (C) HRTEM image and 

(D) SAED pattern of Cu-C60 thin film 

irradiated at 3×10
16 ions/cm

2
 fluence. 
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phase of the copper. This confirms the presence of cubic phase of copper in pristine 

and ion irradiated thin films. 

5.1.1.2.5 Surface analysis: 

To study the effect of irradiation on surface morphology of Cu-C60 nanocomposite 

thin film, atomic force microscopy has been performed.  Figure 5.7 (a) shows 2D 

AFM image of pristine Cu-C60 thin film and images of nanocomposite irradiated with 

100 keV Ag ion beam at fluences 1×10
15

 ions/cm
2
 and 3×10

16
 ions/cm

2
 are shown in 

figure 5.7 (b) and (c), respectively. 

Roughness and average grain size values calculated by AFM analysis are tabulated in 

table 5.1. It is observed from table 5.1 that, as the fluence is increased surface 

roughness increases with increasing fluence. This increment in surface roughness with 

increasing fluence is due to higher number of ion bombardment on the nanocomposite 

thin films. As the films are irradiated with ion beam, it goes through small surface 

changes that are due to sputtering on a surface thus, resulting in increased roughness. 

 

Figure 5.7 (a), (b) and (c) show the 2D AFM images and (d), (e) and (f) represents the 

corresponding grain size distribution of pristine and irradiated Cu-C60 nanocomposite thin 

films with 1×10
15 

ions/cm
2
 and 3×10

16
 ions/cm

2
, respectively. 

 

The average grain size of pristine thin film is 9 nm (table 5.1) and increases to 15 nm 

at fluence 3×10
16

 ions/cm
2
; this is also shown in grain size distribution plots in Fig. 

5.7(d), (e) and (f). This increased grain size can be explained on the basis of 

agglomeration of smaller grains. In view of the fact that the smaller grains have 

higher surface free energy, there is an urge for its coarsening to form bigger grain 

which decreases the overall free energy of the system.  
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Figure 5.8  (a), (b) and (c) show the SEM images and (d), (e) and (f) represents the 

corresponding grain size distribution of pristine and irradiated Cu-C60 nanocomposite thin 

films with 1×10
15 

ions/cm
2
 and 3×10

16
 ions/cm

2
, respectively. 

 

Figure 5.8 represents the Scanning electron microscopy images of pristine and 

irradiated nanocomposite thin films with grain size distribution. From the images it is 

quite apparent that irradiation at higher fluence leads to grain coarsening with 

decrease in surface free energy being the driving for such growth under high energy 

input during irradiation. The average grain size is calculated and tabulated in table 

5.1; the results obtained from SEM study support the results obtained from AFM 

study. 

5.1.1.2.6 X-ray photoelectron spectroscopy (XPS): 

XPS study is employed to acquire detailed information of the chemical composition 

and to determine the elemental states of the samples, particularly that of the Cu. 

Figure 5.9 represents the survey scan spectrum of the pristine Cu-C60 nanocomposite 

thin films.  

The spectrum has certain peaks corresponding to the binding energy C, Cu and O, and 

confirms the presence of these elements on the surface of the thin film. For detailed 

investigation, the core level scans were analyzed for each of the element present on 

the surface. Core-level spectrum for C 1s peak is presented in figure 5.10(a).The 

spectrum is fitted to three peaks positioned at 285.01 eV, 287.83 and 288.98. The 

main peak at 285.01 is identified as C-C bonding present in C60, whereas the other 

two peaks at 287.83 and 288.98 are attributed to the C=O and -O-C O bonding, 

respectively [33]. 
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Figure 5.9 Survey scan spectrum of Cu-C60 pristine nanocomposite thin film. 

 

Figure 5.10(b) shows the O1s core-level spectrum. The spectrum has one peak at 

531.4 ascribed to the C-O bonding [34].  

 

Figure 5.10 (a) Core-level spectrum for C 1s peak (b) core-level spectrum for O 1s peak (c) 

core-level spectrum for Cu 2p peak. 

 

The core-level Cu 2p spectrum is shown in Figure 5.10(c) The spectrum has two 

intense peaks located at 934.12 and 953.94 eV, which can be assigned as Cu 

2p3/2 and Cu 2p1/2 spin-orbital components, respectively.  

The difference between the two peak position is ∆ = 19.82, which is in agreement 

with the literature. Incidentally XPS study has not given evidence of bonding between 

Cu and oxygen. The most important point here is that we have not observed any 
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satellite peak corresponding to Cu
2+

 species ruling out the presence of CuO in our 

samples, even though we have O in our sample, it was probably confined on the top 

most layer of the surface due to environmental exposure [35]. 

5.1.2  Effect of 350 keV Ag Ion Irradiation on SPR of Cu-C60 Nanocomposite 

Thin Film 

Study on the irradiation of fullerenes by ion beam of different energies is well 

documented in literature [36-42]. In general the interaction of high energy ions in 

fullerene C60 and C70 are expected to form ion tracks through the destruction of 

fullerene molecules into amorphous carbon (a-C) [36-43]. These high conducting ion 

tracks can be meant to be employed as nanowires with potential applications in solar 

cell [44]. Notionally amorphization of fullerenes are taken to be realized during high 

energy ion beam irradiation; while the research report give evidence of 

polymerization of C60 molecules at low doses, the amorphization has been usually 

envisaged at higher fluences [45]. 

In this context, it remains a question if irradiation of fullerene by low energy heavy 

ions can have identical impact on to the structural transformation as observed in the 

case of high energy ion beam irradiation That irradiation of C60 by low energy heavy 

ion can lead to amorphization of fullerene C60 is already reported by few researchers 

[36-39].  

Report on influence of low energy ion beam irradiation on Au-C70 nanocomposite thin 

film has demonstrated fascinating observation by the earlier workers [20].  It is 

surmised that at higher doses of low energy heavy ion, the nuclear collision can 

become quite perceptible and may ultimately lead to the formation of amorphized 

carbon [46]. On the contrary, at low doses the nuclear collisions may lead to 

photopolymerization of fractal molecules produced by disintegration of fullerene 

molecules during interaction with irradiating heavy ions [46]. In contrast, electronic 

energy deposition may lead to statistically distributed ion impacts with the fullerene 

molecules [46-48]. The series of collisions having been exponentially related with the 

fluence tantamount to collision cascade, the density of which might not be that high at 

low doses as to completely destroy all the molecules of fullerenes [48]. A partial 

destruction by nuclear collision forms amorphous carbon which remain admixed with 

photopolymerized fullerenes at low fluence [48-49].  

This being the scenario of fullerene molecule under irradiation by low energy heavy 

ions, it appears quite interesting to investigate the modification in structural properties 
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of a nanocomposite where metal nanoparticles are deliberately embedded in fullerene 

C60 matrix. While SPR behavior in noble metal (Au, Ag) embedded fullerene based 

composites after being irradiated by high energy ion beam have been widely studied 

[17-18], the effect of low energy ion beam irradiation on the characteristics of Cu 

metal reinforced fullerene based nanocomposites is yet to be documented in literature. 

It is known that SPR behavior due to reinforcing noble metal is significantly 

influenced by the characteristics of host matrix. Therefore, it may be anticipated that 

the above stated structural changes in C60 due to irradiation by low energy heavy ions 

might have interesting bearing onto the SPR behavior due to copper in a copper-C60 

nanocomposite thin film. Hence, in the present investigation attempts are made to 

study the modifications in structure and optical properties of Cu-C60 nanocomposites 

after irradiation by 350 keV Ar ion beam.  

5.1.2.1 Experimental Details: 

Thin films of Cu-C60 nanocomposite films were grown on glass, quartz, silicon and 

TEM grids by Physical Vapour Deposition (PVD) technique based on co-evaporation. 

The deposition was done through simultaneously evaporating fullerene C60 powder 

(99.9% Alfa Aesar) and copper powder in two tungsten boats. The respective weight 

of fullerene C60 and Cu powder was 0.04 g and 0.10g, respectively. Circular holder 

was used for the substrate mounting and there was no heating given to substrates 

during deposition. Collective rate for deposition of Cu and fullerene C60 

simultaneously is taken about ~0.4Å/s and deposition was stopped on reaching a 

thickness about 50 nm. Before starting deposition, vacuum is kept at ~ 8.7×10
-6

 mbar 

and on completion of deposition it was recorded to be 9.2×10
-6

 mbar. The as-

deposited thin films were irradiated with 350 keV Ar ion beam using LEIBF facility 

at Inter University Accelerator Centre (IUAC), New Delhi. The projectile range of the 

350 keV Ar ions through the Cu(18%)-C70 nanocomposite thin films. For Cu (18%)-

C60 nanocomposite thin films, the values of    and    are about 7.41×10
1
 eV/Å and 

3.27×10
1
 eV/Å, respectively with projected range about 299 nm. RBS 

characterization (facility at IUAC) delineates the atomic percentage of Cu in fullerene 

C60 is found to be ~ 18% with thickness of the film, ~ 32 nm. The irradiation is 

performed with 350 keV Ar ion beam in IUAC, New Delhi at different fluences from 

1×10
12 

to 3×10
13

 ions/cm
2
.  

Hitachi spectrometer was used to record the UV-visible absorption spectra of the 

nanocomposite thin films on quartz substrate. Tecnai G
2
 20 (FEI) S-Twin TEM 
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microscope operating at 200 kV was used to capture the TEM images of pristine and 

irradiated thin film. AIRIX STR 500 Raman spectrograph fixed with Ar ion laser 

excitation wavelength at 532 nm was used to record the Raman spectra of pristine and 

irradiated films.  

5.1.2.2 Results & Discussions: 

5.1.2.2.1 RBS analysis: 

Figure 2 illustrates the schematic diagram of RBS technique. The 4He
2+

 (alpha 

particles) beam of energy 2.000 MeV with charge ~15μC is used to record the 

spectrum. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11 Rutherford backscattering spectrum of Cu-C60 nanocomposite film on Si 

substrate. 

 

The RBS spectrum of Cu-C60 nanocomposite thin film is shown in figure 5.11 and is 

represented by square symbols. The Red line (solid) represents the Rutherford 

Universal Manipulation Program (RUMP) simulated spectrum [50].  

In figure 5.11 the position of each element C, Cu and Si is marked. The plateau in the 

spectrum shows the silicon substrate that was overridden with a hump of carbon. 

RUMP simulation code is used for simulation of RBS spectrum which estimates the 

atomic percentage of Cu ~18% in fullerene C60 matrix and thickness around 32 nm. 

5.1.2.2.2 UV-visible absorption spectroscopy: 

UV-visible absorption spectra of the nanocomposite thin films are shown in figure 

5.12. It appears from the figure that SPR band in pristine occurs at ~ 622 nm. It is 

observed from the same figure that with increasing fluence, SPR band has undergone 

a red shift attaining a value of 644 nm at a high fluence of 3×10
16

 ions/cm
2
 with a 
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significant increase in intensity. Such a shift of SPR band towards higher wavelength 

owes its origin to the enhancement of particle size at higher fluences.  

 

 

Figure 5.12 UV-visible  absorption spectra of pristine and 350 keV Ar ion irradiated Cu-C60 

nanocomposite thin films.  

 

It may be noted that the low energy irradiation by 350 keV Ar ion has given rise to a 

partial amorphization of the matrix and hence the overall change in the refractive 

index of region surrounding copper nanoparticles might have been somewhat lower. It 

is known that amorphization of fullerene is associated with lowering of refractive 

index and that this phenomenon causes a blue shift of SPR band of noble metal 

nanoparticles surrounded by irradiated fullerene matrix. In this particular case 

fullerene C60 having highest stability in the fullerene group has undergone more of 

polymerization of fractal group formed due to nuclear collisions in preference to 

complete amorphization due to inadequacy in the strength of collision cascades 

created at low energy heavy ion irradiation [48-49]. 

The enhancement of its intensity corroborates the earlier observation [17-20] and is 

attributed to increase in particle size of copper nanoparticles at increasing fluence of 

irradiation. It is conjectured that the effect of particle size has dominated over that due 

to the change in refractive index of the matrix. Following irradiation, this has been 

responsible for the observed red shift of SPR band of copper (figure 5.12). It may be 

contextual to mention that high concentration of the copper (18%) in the 

nanocomposite thin film has also accentuated particle growth due to the small 

interparticle distance within the matrix. 
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5.1.2.2.3 Raman analysis: 

Raman study reveals the transformation of the host matrix into amorphous carbon and 

confirms the decreased refractive index of the host matrix.  

 

Figure 5.13 Raman spectra of pristine and 350 keV Ar ion irradiated Cu-C60 nanocomposite 

thin films.  

 

Raman spectrum of  pristine Cu-C60 thin film shows (figure 5.13) the Raman bands at 

the positions 274, 496, 708,772, 1426, 1467 and 1566 cm
-1

 which are consistent  with 

the characteristic bands of icosahedra C60films [28].  

With increasing fluence, the characteristic Raman bands tend to disappear. This 

tendency of diminution in intensity followed by the disappearance of these Raman 

bands at higher fluence is indicative of the destruction of C60 fullerene molecule. 

It is further noted that the D and G bands starts appearing at 1×10
15 

ions/cm
2 

fluence 

which, with further increase in fluence shows appreciable changes in shape and 

positions. A gradual widening of G-band characterizes amorphization and it is 
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observed from the result of the present experiment that appreciable amorphization of 

the matrix has taken place at the fluence of 3×10
16

 ions/cm
2
. This structural damage 

has significant influence on the position of SPR band due to copper nanoparticles.  

5.1.2.2.4 TEM analysis: 

The effect of low energy heavy ion irradiation on the characteristics of Cu-C60 

nanocomposite thin film has been studied by high resolution transmission electron 

microscopy. Representative results for pristine and thin film irradiated at 3×10
16 

ions/cm
2 

fluence are shown in figure 5.14.  

 

Figure 5.14 (a) TEM image (b) particle size distribution of pristine thin Cu-C60 thin film. (c) 

TEM image (d) particle size distribution of Cu-C60 thin film irradiated with 350 keV Ar ion at 

3×10
16

 ions/cm
2
 fluence. 

 

The shape of copper nanoparticles is found to be nearly spherical for both pristine and 

after irradiation at fluence 3×10
16

 ions/cm
2 

with 350 keV Ar ion (figure 5.14 a and c), 

the average particle size of the pristine nanocomposite thin film is measured as 6.1 nm 

(5.14(b)). The particle size distribution of the ion irradiated thin film with fluence 

3×10
16

 ions/cm
2 

is
 
shown in figure 5.14(d). From this statistical analysis of particle 

size distribution, it is observed that the average particle size has increased from 

6.1±0.02 nm in pristine to 12.3 ± 0.7 nm for irradiated thin film. The increase in 

particle size after irradiation is attributed to coarsening of the particles [26-27]. The 

appreciable particle coarsening is responsible for shift of SPR band position to a 

longer wavelength. It is not out of place to mention that the irradiated matrix 
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surrounding nanoparticles has undergone change in refractive index so that it impacts 

a blue shift of SPR band; the overall red shift as observed in the case of thin film 

irradiated with fluence 3×10
16

 ions/cm
2
 against the pristine verifies that particle 

coarsening have overridden the matrix effect in respect of shift of SPR band for 

copper embedded C60 nanocomposites irradiated with low energy heavy ions viz. 350 

keV Ar ion. 
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5.2 To Observe the Effect of High Energy Ion Beam Irradiation on Copper-

Fullerene C60 Nanocomposite Thin Films 

Metal based fullerene nanocomposites is taken as an important area of research in 

plasmonics due, primarily to the improved absorption characteristics in the visible 

region as a result of SPR of metal nanoparticles. Reportedly, fullerene can be utilized 

in various fields of applications especially in organic solar cells [51-52]. SPR of 

plasmonic nanostructures is known to enhance the solar light harvesting by several 

ways. Various reports are available in the literature about choosing different metal 

nanoparticles in the different matrices at different composition [53-59]. Enhancement 

of optical properties in metal-reinforced fullerene nanocomposites is reported by 

Singhal et al. [16-20]. The same research group reported the enhancement of SPR 

band frequency and its tuning by the employment of different methods such as swift 

heavy ion irradiation and thermal treatment. The tuning or shifting of SPR peak is 

attributed to the change in interparticle distance between the nanoparticles which 

takes place due to particle growth by ion irradiation or thermal treatment.  Ion 

irradiation is the finest technique to tune different properties of materials [19-20]. Ion 

irradiation and ion implantation are both very useful methods for achieving the 

enhanced and modified properties of fullerene nanocomposites for different 

application areas. 

In addition, plenty of reports are available in literature about the modification in the 

properties of fullerene for application in organic solar cell [51-52,60]. Maeyosh et al. 

reported the formation of fullerene-based nanowires by irradiating it at high fluence 

which might aid in the enhancement in power conversion efficiency (PCE) of organic 

solar cells [50]. Using fullerene as a matrix to incorporate metal nanoparticles makes 

it a bi-functional nanocomposite, in which the properties of matrix that is fullerene 

and metal nanoparticles can be utilized concurrently [16-20]. The most suited electron 

acceptor material for organic solar cell is fullerene and absorption can be increased 

within the visible region by incorporating the metal nanoparticles. This increased 

absorption is one of the fundamental factors that can be engaged for further 

enhancement of efficiency of organic solar cells [15]. 

In present study, Cu nanoparticles embedded fullerene C60 matrix is studied for 

monitoring the variation in the optical, structural and electrical properties of the nano 

composites under the effect of high energy heavy ion, i.e. 120 MeV Ag ion beam at 

different fluences 1×10
12

, 3×10
12

, 6×10
12

, 1×10
13 

and 3×10
13 

ions/cm
2
. The present 
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work aiming to study the SPR response of copper-C60 nanocomposites under the 

influence of irradiation bears the significance that the overall system may become cost 

effective when compared with the Au or Ag metal nanoparticles. 

5.2.1 Experimental Details: 

Cu-C60 nanocomposite films were grown on different substrates such as glass, quartz, 

silicon and TEM grids with the aid of thermal resistive co-deposition method. The 

detailed process is described in section 5.1.2.2. The irradiation is performed with 120 

MeV Ag ion beam in IUAC, New Delhi at different fluences from 1×10
12 

to 3×10
13

 

ions/cm
2

. The deposited Cu (18%) C60 nanocomposite thin films were irradiated with 

120 MeV Ag ion beam. The SRIM (The Stopping and Range of Ions in Matter) 

program is used to determine the value of the electronic (Se) and nuclear (Sn) energy 

losses in nanocomposites film of Cu (18%) C60 and are found to be ~ 1.39×10
3
 eV/Å 

and ~ 5.80 eV/Å, respectively, with projected range ~ 14.75 µm. 

Hitachi spectrometer was used to record the UV-visible absorption spectra of the 

nanocomposite thin films in wavelength range from 200 to 800 nm. TEM images of 

pristine and of thin film irradiated at highest fluence (3×10
13

 ions/cm
2
) are recorded 

with Tecnai G
2
 20 (FEI) S-Twin TEM microscope. Raman spectra were taken with 

the aid of AIRIX STR 500 Raman spectrograph fixed with Ar ion laser excitation 

wavelength at 532 nm. Omicron nanotechnology XPS system from Oxford 

instruments (model- ESCA+) with a monochromatic Al-Kα radiation source of energy 

1486.7 eV was used to record XPS spectra. Bruker D8 Diffractometer was used to 

record the diffraction pattern of pristine and irradiated thin films. Agilent 

Semiconductor device analyzer was utilized in recording I-V measurements for 

determining the resistivity variation under the influence of irradiation. 

5.2.2 Results & Discussions: 

5.2.2.1 RBS analysis: 

Following the same RBS technique for similarly synthesized C60 thin films, the 

estimated percentage of copper has been found to be 18% with a film thickness of 

32nm. The detail of RBS experiments are already described in section5.2.  

5.2.2.2 Raman analysis: 

Raman spectroscopy is performed to analyze the structure and property changes 

taking place due to irradiation of Cu-C60 nanocomposite thin films. For proper study 

of the effect of irradiation on Raman bands of Cu-C60 nanocomposite thin film, in a 

particular area, 1000-1900 cm
-1

is given the major attention (figure 5.15).  
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Figure 5.15 illustrates the variation of Raman bands positioned at 1422, 1467and 1566 

cm
-1

under the effect of ion irradiation. Figure 5.15 shows that due to breaking of 

fullerene molecule, the intensity of Raman bands continuously decrease up to fluence 

3×10
12

 ions/cm
2
. 

 

Figure 5.15 Raman spectra of pristine and 120 MeV Ag ion irradiated Cu-C60 nanocomposite 

thin films. 

 

At fluence 6×10
12

 ions/cm
2
, these bands convert into two broad bands and further 

deconvolution of the band confirms that the bands cantered at 1456 and 1576 cm
-1

 are 

the D and G bands of a-C. Here D stands for disorder and corresponds to A1g 

symmetry which arises due to breathing vibrations of rings at K zone boundary 

whereas G stands for graphite correspond to E2g symmetry arising from bond 

stretching vibrations in both rings and chains. It is remarkable to note that most of 

disordered carbon are dominated by these two graphite modes (D-band and G-band) 

even when the carbon do not have particular graphite ordering [61-62]. The variation 

in D-band and G-band position is visualized with increasing fluence and final position 

of these come out to be ~ 1356cm
-1 

and 1572 cm
-1

  at 3×10
13

 ions/cm
2
 fluence. From 

the above observation, it is conjectured that the presence of D-band and G-band at 

highest fluence confirms the conversion of C60 into amorphous carbon.  

5.2.2.3 TEM analysis: 

The crystanllity and the size of embedded Cu nanoparticles in nanocomposite thin 

film are determined by transmission electron microscopic measurements. Figure 9 (a, 

b and c) depicts the bright field TEM image, SAED (selected area electron 
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diffraction) pattern and particle size distribution, respectively of pristine film. Figure 

5.16 (a) confirms that the morphology of the nanoparticles to be nearly spherical. 

Figure 5.16 (b) shows the SAED pattern of pristine film with marked planes that 

confirms the cubic phase of Cu. 

Figure 5.16 (c) represents the particle size distribution of copper nanoparticles. The 

particle size calculated for pristine film comes around 4.1± 0.03 nm. In order to 

observe the effect of 120 MeV Ag ion irradiation on nanocomposite thin film, TEM 

measurements are also done for the 3×10
13

ions/cm
2 

fluence irradiated samples. Figure 

5.16 (c, d and e) shows similarly the TEM image, SAED pattern and particle size 

distribution, respectively for 120 MeV Ag ion irradiated with fluence 3×10
13

ions/cm
2 

sample. 

 

Figure 5.16 (a) TEM image, (b) SAED pattern (c) particle size distribution, of Cu-C60 pristine 

nanocomposite thin film. (d) TEM image, (e) SAED pattern (f) particle size distribution, of 

Cu-C60 nanocomposite thin film irradiated at fluence 3×10
13 

ions/cm
2
. 

As in pristine sample, nearly spherical morphology of the particles is retained at 

higher fluence. The SAED pattern further confirms the enhancement in the 

crystallinity of the Cu-C60 thin films. The particle size distribution is represented in 

Figure 5.16 (c) and statistically determined average particle size comes out to be 

about 8.8 ± 0.02 nm. This increase in particle size is due to agglomeration of smaller 

particles to make up the bigger particles [26-27]. 
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5.2.2.4 UV-visible absorption spectroscopy: 

Figure 5.17 represents the effect of irradiation on absorption spectrum of 

nanocomposite film. From figure 5.17 it is clear that in pristine there is a SPR band at 

around 622 nm which is seemingly induced due to the presence of copper 

nanoparticles in fullerene matrix. The irradiated thin films represent the increased 

intensity of the SPR band. This trait is also existent in case of gold and silver 

nanoparticles embedded in fullerene matrix [13-14, 24]. As represented in the inset of 

figure 4 the intensity of absorption band increases as the number of ion/cm
2
 of the ion 

beam are increased.  

 

Figure 5.17 UV-visible absorption spectra of pristine and 120 MeV Ag ion irradiated Cu-C60 

nanocomposite thin films. 

 

In comparison to the SPR peak position of pristine film, a red shift of ~11 nm in SPR 

peak is observed in the irradiated thin film at highest fluence (3×10
13

 ions/cm
2
). This 

red shift is attributed to the variation in size of the copper nanoparticles at a wider size 

distribution due to the effect of irradiation.  

The size effect on SPR width in metal nanoparticles results in the broadening of the 

SPR band for very small and large nanoparticles. According to Drude approximation, 

dielectric function of the material that is dependent on frequency is given by [63] 

                                                   
  

 

        
                                                                         (5.7) 
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Where p denotes Drude bulk plasma frequency and can be represented by the 

relation
eo

p
m

ne




2

 , here n, ε0, e and me are the symbolic representations of free 

electron density, vacuum permittivity, electron charge and effective mass of electron, 

respectively. In equation (1), γ denotes the damping constant that depends upon the 

radius of nanoparticles and defines the width of the SPR as 

                                              
   

 
                                                                  (5.8) 

Here A, vf, rand γ0 are the symbols defining the constant specifies the scattering 

details, Fermi velocity of the electrons, radius of the metal nanoparticles and bulk 

damping constant, respectively. 

According to this equation, the SPR width represents two kinds of behavior on the 

basis of particle size distribution. For smaller nanoparticles whose radius is smaller 

than 25 nm, intrinsic size effect dominates and gives dependency of nanoparticle 

radius (r) as 1/r, hence the SPR width increases with decrease in the nanoparticle size 

(r) [64]. In contrast, for larger particles with radius greater than 25 nm, extrinsic size 

effect plays role and affects the bandwidth of the nanoparticles which is directly 

proportional to the size of nanoparticles,(r). This implies that the width SPR band 

increases as the particle size increases. Further, the dual behavior can be explained on 

basis of the surface of nanoparticles where the scattering of conduction electrons takes 

place. This results in increase of the SPR width with decrease of the nanoparticle size 

and radiation damping due to which the SPR band broadens again when nanoparticle 

size increases [65]. 

Optical band gap (Eg) Calculation: 

The optical transitions can be explained on the basis of the band gap of the material. 

Apart from this, electrical conductivity of a material is directly dependent on the band 

gap of the material.  

Smaller value of band gap of a particular material makes it more electrical conductive 

and vice versa. In order to determine the value of the optical band gap of the films, 

Tauc Plot is used (figure 5.18). 

It can be seen from figure 5.18 that the band gap values come out to be 2.7 eV for 

pristine Cu-C60 nanocomposite thin film and it decreases to a value of 2.2 eV for 

irradiated CuC60 nanocomposite at fluence 6×10
12 

ions/cm
2
.The incessant increase in 
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fluence results in consistent decrease in the value of optical band up to a value of 2.0 

eV for the thin film irradiated with highest fluence i.e. 3×10
13

 ions/cm
2
. Hence, 

copper nanoparticles are found to play a vital role in altering the electrical properties 

by varying optical band gap values of nanocomposite thin films. This can be 

understood by the creation of localized electronic states in between of HOMO-LUMO 

gap due to the presence of Cu nanoparticles. 

 

Figure 5.18 Tauc plots of pristine and irradiated Cu-C60 nanocomposite thin films. 

The optical and electrical properties are highly dependent on the localized electronic 

states [66]. These states are liable for recombination centers and trapping centers and 

results in enhancement of the low energy transitions that is responsible for the overall 

change observed in band gap values. 

Table 5.2 Represents the calculated average particle size using XRD and TEM analysis. 

 

Fluence 

(ions/cm
2
) 

Average Particle Size  

XRD Analysis  

(nm) 

Average Particle Size  

TEM Analysis  

(nm) 

Pristine 3.7±0.03 4.1±0.03 

6×10
12

 4.4±0.06 -- 

1×10
13

 5.5±0.02 -- 

3×10
13

 7.1±0.06 8.8±0.02 
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5.2.2.5 XRD analysis: 

The presence of Cu nanoparticles in the fullerene C60 matrix is further confirmed by 

X-ray diffraction analysis. Figure 5.19 illustrates the XRD pattern of pristine and 

irradiated films. The prominent peak at 2θ values of about 43.2
0
 represent the (111) 

Bragg’s reflection of FCC structure of copper and the peak at 35. 4
0
 represent the 

Cu2O (111).  

 

Figure 5.19 XRD patterns of pristine and 120 MeV Ag ion irradiated Cu-C60 nanocomposite 

thin films. 

 

With increasing fluence the Cu2O peak is seen to diminish with simultaneous increase 

in Cu metal peak intensity. At a particular fluence 3×10
13

 ions/cm
2, Cu2O peak 

becomes very faint and the peak of Cu becomes very strong in XRD pattern. This 

confirms the removal of oxygen under the effect of ion irradiation of higher fluence. 

This observation is further confirmed by XPS analysis. The crystallite size 

measurements were also carried out using the Debye Scherrer formula [67].  

The average values of particle size of pristine and irradiated films calculated with the 

help of Scherrer formula are tabulated in table 5.2 Average particle size is seen to 

increase with increasing fluence and this observation is consistent with the previous 

results of TEM and UV- absorption. 
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5.2.2.6 Conductivity measurement: 

As optical band is decreased with irradiation and so it is important to analyze the 

change in electrical conductivity of the Cu-C60 nanocomposite thin films due to ion 

irradiation. Two probe method has been used due to high resistance of the films. 

Figure 5.20 (a-f) shows the graphs between current (A) and voltage (V) for pristine 

and irradiated thin films.  

 

Figure 5.20 (a-f) Plot between current (I) and voltage (V) for pristine and 120 MeV Ag ion 

irradiated Cu-C60 nanocomposite thin films. 

 

The reciprocal of the slope gives the value of resistance between two points. The 

estimated resistivity values for pristine and irradiated films are tabulated in table 5.3.  

Table 5.3 Represents the variation of band gap and resistivity with 120 MeV Ag ion 

irradiation. 
 

Fluence (ions/cm
2
) Band gap (eV) Resistivity (ohm-cm) 

Pristine 2.7 2.6×10
6
 

1×10
12

 2.5 5.6×10
5
 

3×10
12

 2.4 7.2×10
5
 

6×10
12

 2.2 2.3×10
-1

 

1×10
13

 2.1 5.7×10
-2

 

3×10
13

 2.0 4.0×10
-4
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It is observed that resistivity decreases with increasing fluence. This is ascribed to the 

conversion of C60, into a-C with increasing fluence; since a-C has a higher 

conductivity than C60 the decrease in resistivity with increasing fluence is obvious.  

The transformation of C60 into a-C has been verified by Raman spectroscopy and the 

results of Raman spectroscopy are inconsistent with conductivity results. The initial 

resistivity value of pristine Cu-C60 nanocomposite film is very much less than the 

value of the C60 matrix thin films; there has been a wide decrease in resistivity from 

10
6
 Ω-cm to 10

-4
 Ω-cm is observed for the nanocomposite.  

This is presumably due to the presence of copper nanoparticles in the nanocomposite 

film which enhance the conductivity of the films with increasing size of nanoparticles 

with 120 MeV Ag ion beam as verified by XRD and TEM results.  

5.2.2.7 Surface analysis: 

Atomic force microscopy (AFM) characterization has been performed to analyze the 

effect of irradiation on the surface morphology of Cu-C60 films. Figure 5.21 (a-e) 

shows 2-D AFM images of Cu-C60pristine nanocomposite thin film and irradiated thin 

films. Table 5.4, shows that the increasing fluence leads to an increase in surface 

roughness. Ion bombardment is the reason of increased roughness. The sputtering 

effect creates small changes on the surface of the film and the resultant is the 

increased roughness of the film.  

 

Figure 5.21 2-D AFM images of Cu-C60 pristine nanocomposite thin film and 

irradiated with 120 MeV Ag ions.  
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It can be seen that as the fluence is increasing, the grain size of the film also increases; 

this can be explained on the basis of the fact that agglomeration takes place to reduce 

the surface free energy of smaller grains by forming bigger grains. This increased 

grain size is consistent with TEM results also. 

Scanning electron microscopy (SEM) characterization has also been performed to 

analyze the particle morphology under irradiation effect. Figure 5.22 (a-c) shows the 

SEM images for pristine irradiated for fluence of 3×10
12 

and 3×10
13 

ions/cm
2 

thin 

films. 

 

Figure 5.22 SEM images of Cu-C60 pristine and irradiated nanocomposite thin film with 120 

MeV Ag ions. 

 

From the SEM images it is revealed that as the fluence is increased the average 

particle size is also increases. Figures 5.22(c), gives clear evidence of the particles 

agglomeration. This is consistent with AFM results too. 

Table 5.4 Represents the variation of roughness with 120 MeV Ag ion irradiation. 

Fluence (ions/cm
2
) Roughness (nm) 

Pristine 1.98 

1×10
12

 2.05 

3×10
12

 2.43 

6×10
12

 3.01 

1×10
13

 2.88 

3×10
13

 2.54 
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5.2.2.8 XPS analysis: 

In order to support the interpretations drawn from the above studies, X-ray 

photoelectron spectroscopy is also employed to examine the Cu-C60 nanocomposite 

thin films before and after irradiation. Figure 5.23 depicts the survey scans of pristine 

and ion irradiated Cu-C60 nanocomposite films, where the later one has been 

conducted at a fluence of 3×10
13

 ion/cm
2
. The spectra have definite peaks consistent 

with the binding energies of C, Cu and O, along with Auger peaks. These peaks 

confirm the presence of the said elements at the surface of the thin films. 

 

Figure 5.23 Survey scan spectra of Cu-C60 nanocomposite thin films before and after 

irradiation.  

 

The core level spectrum of Cu is also investigated to confirm the growth of Cu 

particles. Figure 5.24(a) displays the Cu-2p core level spectrum showing doublets 

with two possible peaks due to spin-orbital splitting. The peaks in pristine film 

situated at ~953.15 and 933.32 eV has been assigned to Cu 2p1/2 and Cu 2p3/2 

components [68]. 

The core level peak of Cu 2p3/2 has further been deconvoluted into two peaks located 

at ~933.68 and 933.12 eV, mainly associated with the copper oxides (CuO/Cu2O) and 

pure Cu (figure 5.24b), respectively. For ion beam irradiated films (5.23c), these 

peaks are found to be originated at ~952.12 eV (Cu 2p1/2) and ~932.15 eV (Cu 2p3/2). 

Deconvolution of the Cu 2p3/2 peak with two peaks at ~934.54 and 932.12 eV, 

corresponds to the copper oxide (CuO) and copper metallic bonding, respectively. To 

find the amount of copper oxide present in the thin films, the area under each peak is 

calculated and found that the amount of copper oxide is ~27.1 at.% in the pristine 

film, which is reduced to 6.3 %, after irradiation. This confirms the transformation of 
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copper oxide to copper. The transformation of copper oxide to copper is also 

suggested by the observed small shift of ~1.02 eV towards lower binding energy as 

shown in figure 5.24(a). 

  

 

Figure 5.24 (a) Core level scan of Cu 2p peak before and after irradiation (b) core level scan 

of Cu peak before irradiation (c) core level scan of Cu peak after irradiation. 

 

Supporting to XRD results, XPS results do authenticate the presence of Cu2O in 

pristine samples; however, the signature of presence of cu-oxide is rather faint and 

this is ascribed to the sputtering and etching steps involved in XPS characterization. 

Moreover, figure 5.24(b) further confirms the presence of oxygen in pristine thin film. 

These observations are corroborated by results of deconvolution of the same figure 

thereby ensuring consistency in observations made by various techniques (fig.5.19). It 

is understood that post deposition oxidation of copper is inevitable. Copper is highly 

affinitive to oxygen and although deposition is carried out under high vacuum, post 

deposition exposure to ambient condition is quite conducive to effect oxidation of 

copper present at the surface layer of the thin film; high surface area to volume ratio is 

also aiding to such oxidation which however gets devoid of oxygen upon reduction 

during irradiation for reasons narrated in the current discussion section.  
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5.3 Conclusions: 

Cu(13%)C60 nanocomposite thin films can be successfully synthesized on different 

substrates (glass, silicon and TEM grid substrates) and irradiated by 100 keV Ag ion 

beam with different fluences from 1×10
14 

ions/cm
2
 to 3×10

16
 ions/cm

2
. Raman study 

confirms the transformation of fullerene C60 into a-C. UV-visible absorption spectrum 

shows the SPR around 630 nm for copper and around 435 nm for Ag. At a particular 

fluence  3×10
16

 ions/cm
2
, a broad SPR band is observed. 

It is concluded that low energy heavy ion irradiation of Cu (18%)C60 nanocomposite 

thin film causes a shift of SPR band from 622 nm to 644 nm in irradiated sample at 

the fluence 3×10
16

 ions/cm
2
 with concurrent enhancement of intensity. Destruction of 

fullerene C60 takes place due to irradiation and the signature of the amorphization 

becomes prominent at the fluence 3×10
16

 ions/cm
2
. Moreover, there is an appreciable 

increase in size of copper nanoparticles after irradiation which results in enhancement 

of the SPR band intensity. Cu (18%) C60 nanocomposite irradiated with high energy 

120 MeV Ag ion beam. SPR band induced due to presence of copper nanoparticles in 

fullerene matrix get further enhanced by irradiation. Decrease in band gap with 

increased conductivity is the result due to transformation of C60 into amorphous 

carbon, increase in average particle size of nanoparticles in irradiated sample is 

confirmed by XRD and TEM study. XRD and XPS results further confirm the 

presence of Cu2O in pristine sample. However, the amount of oxygen component in 

irradiated samples decrease with increasing fluence. Copper nanoparticles retain the 

spherical morphology even after irradiation. 
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Chapter 6 

Study the Effect of Low and High 
Energy Ion Beam Irradiation on 

Copper-Fullerene C70 Nanocomposite 
Thin Films. 
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6.1 To Observe the Effect of Low Energy Ion Beam Irradiation on Copper-

Fullerene C60 Nanocomposite Thin Films 

Among the different kinds of nanocomposites synthesized so far, noble metal 

nanoparticles encapsulated in fullerenes yield a good combination of optical 

properties with electrical conductivity and chemical inertia. [1]. Among the many 

potential applications of fullerenes [2-5], the use of fullerene as “organic 

photovoltaic” is of interest in the present study. It is known that, fullerene C60 and C70 

exhibit the capacity to be reversibly reduced with up to six electrons. This high 

electron affinity is the resultant of triply-degenerate low-lying LUMOs (lowest 

unoccupied molecular orbital). Although, fullerene C60 is the most common derivative 

used in photovoltaic, the power conversion efficiency of C70 is 25% higher than that 

of C60. Moreover, the efficiency of organic solar cells based on fullerene matrix can 

be further enhanced by incorporating noble metal nanoparticles. These nanoparticles 

are in use since pre-historic times for coloring glasses, the phenomenon originating 

from optical absorption in some range of wavelength by way of surface plasmon 

resonance (SPR). This interesting property (SPR) comes in picture as the 

nanoparticles diameter becomes comparable or smaller than the wavelength of the 

incident light. Earlier workers have investigated SPR of Ag, Au and Cu particles 

embedded in C60 or in C70, with different compositions and precipitation processes 

including ion irradiation [6-10]. R. Singhal et al. have reported the tuning of the SPR 

in fullerene based metal nanocomposites by means of swift heavy ion irradiation [6-

7]. This induced and tuned SPR has been explained on the basis of the dependence of 

SPR band on different factors such as size of nanoparticles, structure and refractive 

index of the surrounding matrix [11-14].  

 The motivation behind the present study is to achieve improved absorption of light by 

incorporating metal nanoparticles in fullerene C70 matrix for application in plasmonic 

organic solar cells. More the absorption of light more becomes the number of charge 

carriers and hence there is improved efficiency and better performance of solar cells. 

In plasmonic technology Au and Ag have so far been preferred because of their strong 

absorption but the present study is based on incorporation of Cu metal in fullerene C70 

matrix because copper is less expensive, abundant, and possesses high thermal and 
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electrical conductivity and exhibits similar absorption behavior (SPR) to Ag and Au. 

Ion irradiation by 350 keV Ar ion beam produces atomic displacements and atomic 

defects which are likely to promote diffusion; this is expected to give rise to enhance 

precipitation of Cu particles. It is important to note that the present study involves low 

energy ion irradiation with electronic energy loss (    and nuclear energy loss (    

being about ~71.37 eV/Å and ~28.36 eV/Å respectively. However, the Se for 350 keV 

Ar ion irradiation appears to be smaller than the threshold for ion track creation; 

therefore, the expected modifications to be produced in the fullerene C70-copper 

nanocomposite thin films, will be mainly determined by nuclear energy loss Sn 

leading to collision cascade. Hence attempts are made to qualify the influence of low 

energy heavy ion irradiation on the changes in structure and properties of a C70-10at% 

Cu nanocomposite thin film. 

6.1.1 Experimental Details: 

Thin films of Cu-C70 nanocomposite have been deposited by thermal co-evaporation 

technique in a high vacuum chamber, on different types of substrates such as glass, 

silicon and TEM grids. Copper (Cu) powder and fullerene C70 powder were taken in 

two different tungsten (W) boats, weighing 0.14g and 0.07 g, respectively. Separate 

deposition rates set for fullerene C70 and Cu powder evaporation were 0.45 Å/sec and 

0.05 Å/sec, respectively. The deposition was started with the combined rate at ~0.5 

Å/sec. To maintain low contamination, deposition is done in high vacuum at a 

pressure of 8.4×10
-6

 mbar.   

The as-deposited Cu (10%)-C70 thin films were irradiated with 350 keV Ar ion beam 

using Low energy ion beam facility (LEIBF) at  Inter University Accelerator Centre 

(IUAC), New Delhi. The projectile range of the 350 keV Ar ions through the 

Cu(10%)-C70 nanocomposite thin films is ~ 334.6 nm as determined by the Stopping 

and Range of Ions in Matter (SRIM) program, which is larger than the thickness (~ 30 

nm) of the Cu(10%)-C70 nanocomposite thin films. It confirms that all the Ar ions are 

embedded into the substrate after passing through the nanocomposite thin films. The 

corresponding electronic energy loss (    and nuclear energy loss (    are ~ 7.13×10
1
 

eV/Å and ~ 2.83×10
1
 eV/Å, respectively.  The films were irradiated at fluences of 

1×10
13

, 3×10
13

, 1×10
14

, 3×10
14

, 1×10
15

, 3×10
15

, 1×10
16 

and 3×10
16

 ions/cm
2
.  
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The composition and thickness of the deposited films were determined by means of 

Rutherford Backscattering Spectrometry (RBS) as per details given in Chapter 3.  

Optical characterization is done by the UV-visible absorbance spectra with a U-3300 

UV-visible spectrometer of Hitachi Company. Raman spectra of the pristine and 

irradiated films were recorded AIRIX STR 500 confocal micro Raman spectrograph 

(Airix make). Atomic force microscopy (AFM) images were recorded with a Bruker 

AFM Analyzer before and after irradiation; SEM study was with the aid of  Nova 

Nano FE-SEM 450 Field Emission Scanning Electron Microscope (FEI make). 

Conductivity measurements were performed by using two probe methods with an 

Agilent Semiconductor device. XPS analyses of the chemical structure were studied 

by an Omicron nanotechnology device (model- ESCA+).  

6.1.2 Result & Discussions: 

6.1.2.1 RBS analysis: 

A typical RBS spectrum of a film containing Cu and C (supposed to be a composite of 

Cu nanoparticles embedded in fullerene C70 matrix) on Si substrate is shown in figure 

6.1.   

 

Figure 6.1 Rutherford backscattering spectrum of Cu-C70 nanocomposite film on Si 

substrate. 
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A fit of the experimental data by a simulation using the RUMP code [16-17] is also 

shown. The increase of scattering yield below 300 keV in the spectrum is due to the 

occurrence of multiple scattering structures when the ion energy becomes too low.  

The observed decrease in the spectrum around channel 400 is presumably due to the 

non-Rutherford scattering cross-section from Si atoms. The scattering cross section of 

C atoms is known to be less than that of Si substrate atoms (as it varies as the square 

of atomic number) and the ions scattered by C atoms produce only a small peak 

around 500 keV imposed over the plateau, which corresponds to scattering of ions by 

Si atoms. Nevertheless, the thickness of C+Cu deposited on the Si substrate is given 

with an accuracy of 1nm by the shift of the threshold kSi , which is due to the 

electronic energy loss of ions in the film before being scattered by Si atoms. The 

thickness of the film can also be checked from the width of the Cu peak at around 

1500 keV (threshold of scattering by Cu atoms kCu ) , whose area gives the exact 

number of Cu atoms. The concentration of Cu is estimated to be of 10 at% and the 

thickness of the film to 30 nm assuming that it has the atomic density of bulk 

fullerene C70.  

6.1.2.2 UV-visible absorption spectroscopy: 

The representative UV-visible absorption spectra of pristine C70 and Cu (10%) C70 are 

shown in figure 6.2. It can be seen that the features in absorbance spectrum of Cu 

(10%) C70 nanocomposite thin film is qualitatively similar to the spectrum of pristine 

C70. But all absorbance bands of Cu (10%) C70 nanocomposite thin film is broader 

than pristine C70 thin film. This is due to the presence of Cu nanoparticles into 

fullerene C70 matrix.   

It can be seen that pristine Cu-C70 nanocomposite thin film showed no strong 

absorption band of the Cu nanoparticles which is around 550 nm-650 nm. This may 

be attributed to the low metal (Cu) concentration in fullerene C70 matrix [10].  

Figure 6.3 shows the UV-visible absorption spectrum of pristine film and those 

irradiated at different fluences 1×10
13

, 3×10
13

, 1×10
14

, 3×10
14

, 1×10
15

, 3×10
15

, 1×10
16 

and 3×10
16

 ions/cm
2
. With increasing fluence, the shallow absorption bands observed 

in the pristine film is seen to gradually disappear due to irradiation by 350 keV Ar ion 

beam; this may be ascribed to the amorphization of fullerene C70 matrix. This 
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observation persists till a fluence of 3x10
14

 when a very flat curve is seen. This 

indicates amorphization of matrix and is typical of any organic material as also 

semiconductors under any kind of irradiation.  

 

Figure 6.2 UV-visible absorption spectra of fullerene C70 thin film and Cu (10%)-C70 

nanocomposite thin films. 

With further increase in fluence (1×10
15

 ions/cm
2
), a new absorption band arises at 

around 627 nm, which corresponds to SPR oscillations in Cu nanoparticles embedded 

in C70 matrix of refractive index of 2.3. The absorption bands for copper nanoparticles 

has been reported to be in the range of 550-650 nm depending on the surrounding 

environment i.e. matrix [18-19].  

The precipitation of Cu nanoparticles is confirmed by TEM analysis. With further 

increase in fluence, the SPR absorption band becomes more intense and blue shifted. 

At particular highest fluence, the Cu nanoparticles SPR shifted to lower wavelength at 

~ 603 nm. The position of SPR bands depends on various factors among which the 

type of metal and dielectric constant of matrix are very important. The size of 

nanoparticles also affects this position of SPR band but more specifically it increases 

the width of  the band; it becomes minimum when valency electrons are delocalized 

in bulk metal and particles behave as dipoles in Maxwell equations (radii of 10 to 30 

nm). The other important factor affecting the SPR position and width is the mutual 

polarization of the particles when their volume concentration becomes noticeably 

http://www.sciencedirect.com/science/article/pii/S0167577X07002480#bib12
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higher, typically above 5%.  Now to examine the variation in the size of nanoparticles 

with irradiation, the average particle size is calculated from absorption spectra. As 

there is no SPR in case of pristine Cu-C70 nanocomposite thin film due to low 

concentration of Cu metal, the average particle size in the nanocomposite can be 

calculated for the films irradiated with fluence 1×10
15

 ions/cm
2
 and higher fluence. 

 

Figure 6.3 UV-visible absorption spectra of pristine and 350 keV Ar ion irradiated Cu 

(10%)-C70 nanocomposite thin films. 

Now from the absorption spectra, the average particle size can be estimated with a 

consideration that conduction electron is behaving as free particles with the following 

formula [20]. 

                                                                                                                     (6.1) 

Here RNP is the average radius of nanoparticles (in present case Cu nanoparticles),    

is the mean free time of the conduction electrons in the nano-sized metal particles and 

   is the Fermi velocity of electrons in bulk copper (for Cu = 1.57×10
6
 m/s). Above 

equation can be further modified with the application of Heisenberg Uncertainty 

principle relation as 

                                                         
 

  
                                                               (6.2) 
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Here   is the Planks constant; energy spread    can be calculated from the FWHM of 

the optical absorption band of UV-visible absorption graph between absorbance and 

energy (eV) 

Hence equation (i) can be written as  

                                                            
 

  
                                                              (6.3)                                                               

The average particle size of nanoparticles can be calculated from the following 

equation 

                                                     
 

  
                                                      (6.4) 

Here, D is the average diameter of the nano-sized particles [21]. The variation of 

average particle size of Cu nanoparticles estimated with the above formula is 

tabulated in table 6.1. The average particle size increases from 4.75 nm (at fluence 

1×10
15

 ions/cm
2
) to 5.94 nm (at fluence 3×10

16
 ions/cm

2
). This increase in particle 

size is due to agglomeration of nanoparticles at higher fluences. The shift (red or blue) 

in SPR peak is attributed to the change in refractive index of matrix and size and 

shape of nanoparticles. In the present study, there is a slight change in the size of 

nanoparticles (confirmed from TEM analysis in section 3.4) which is generally 

responsible for red shift; but complete transformation of fullerene to amorphous 

carbon is also observed. Thus, the phase change of host matrix appears to have 

dominated over the change in size of nanoparticles. This has caused the observed blue 

shift of ~24 nm in SPR peak of Cu nanoparticles. 

6.1.2.3 Raman analysis: 

Figure 6.4 (a-i) shows the Raman spectra of pristine and irradiated thin films at 

different fluences 1×10
13

, 3×10
13,

 1×10
14

, 3×10
14

, 1×10
15

, 3×10
15

, 1×10
16 

and 3×10
16

 

ions/cm
2
, respectively. Figure 6.4 (a) shows Raman spectrum of pristine Cu-C70 

nanocomposite thin film with Raman bands at 266, 459, 569, 738, 1066, 1179, 1230, 

1333, 1467 and 1569 cm
-1

, respectively which corroborates the observation made by 

other researchers [22-24]. Despite the lack of well defined absorption bands in the 

UV-visible absorption spectra, the occurrence of C70 Raman scattering bands attest 
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the signature of the existence of fullerene balls and their semi crystalline packing.  

10% Cu dispersed in the matrix does not affect much the vibration bands of matrix.  

 

 

Figure 6.4 Raman spectra of pristine and 350 keV Ar ion irradiated Cu (10%)-C70 

nanocomposite thin films. 
 

Upon irradiation the intensity of Raman active bands appears to decrease first (not 

significantly up to fluence 1×10
14

 ions/cm
2
). 

Further increase in fluence produces new vibration modes as characterized by two 

broad bands, at 1412 cm
-1

 and 1567 cm
-1

; these are typical of amorphous carbon and 

are called D band (as disorder) and G band (as graphite like). Sp
3
 bonded carbons 

have a much lower scattering cross section with excitation in the visible band and 

produce a narrow band at 1350 cm
-1

. The position and width of G and D bands 

depends mainly on the size of sp
2
 rings or chains (purely sp2 clusters): in diamond 

like carbon they are well separated whereas in evaporated carbon with about 20% of 

sp3 bonds they merge at 1500 cm
-1

 and in the case of nanocrystalline graphite the G 

peak occurs at 1610 cm
-1

. 



 

Page | 165  

 

 
 
 

In the present case the centre of D and G bands seems to have shifted to 1324 and 

1540 cm
-1 

at the highest fluence of 3×10
16

 ions/cm
2, 

in accordance with Gaussian fit; 

however strong overlapping of bands is accountable to random packing of molecules 

[25-26].  

6.1.2.4 TEM analysis: 

The crystallinity of the nanocomposite thin film has been determined with the aid of 

Transmission Electron Spectroscopy. Figure 6.5 (a-d) depicts the TEM image, particle 

size distribution, selected area electron diffraction (SAED) pattern and HRTEM 

micrograph of pristine Cu (10%)-C70 nanocomposite thin film.  

Figure 6.5 (a) and inset in figure 6.5(a) confirms that the morphology of the 

nanoparticles is nearly spherical. Figure 6.5 (b) represents the particle size distribution 

of copper nanoparticles embedded in fullerene C70 thin film. The average size 

calculated for pristine Cu-C70 nanocomposite thin film comes out to be ~ 2.4 nm. 

Figure 6.5 (c) shows the SAED pattern of pristine Cu-C70 nanocomposite thin film 

with marked planes suggesting the presence of cubic Cu phase. HRTEM images in 

figure 6.5(d) confirms the presence of copper nanoparticles within the matrix. 

 

Figure 6.5 (a) TEM image, (b) particle size distribution, (c) SAED pattern and (d) HRTEM 

image of pristine Cu (10%)-C70 nanocomposite thin film. 
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In order to see the effect of low energy 350 keV Ar ion irradiation on the morphology 

and crystallinity of the nanocomposite thin film, TEM measurements are also 

performed on the sample irradiated with highest fluence 3×10
16 

ions/cm
2
. Figure 6.6 

(a-d) shows the TEM image, particle size distribution, SAED pattern and HRTEM 

 

 

Figure 6.6 (a) TEM image, (b) particle size distribution, (c) SAED pattern and (d) HRTEM 

image of 350 keV Ar ion irradiated Cu (10%)-C70 nanocomposite thin film. 

 

image for 350 keV Ar ion irradiated at a fluence of 3×10
16 

ions/cm
2
. As in pristine 

sample, nearly spherical morphology of the particles is retained at higher fluence.  

Table 6.1 Represents the variation of average particle size calculated with UV-visible 

absorption spectroscopy and TEM analysis. 

 

Fluence  

(ions/cm
2
) 

Average particle size (nm) 

(UV-visible absorption 

spectroscopy analysis) 

Average particle size (nm) 

(TEM analysis) 

Pristine -- 2.4 

1×10
15

 4.75  

3×10
15

 5.21 -- 

1×10
16

 5.77 -- 

3×10
16

 5.94 6.6 

 

The particle size distribution is shown in figure 6.6 (c) and statistically determined 

average particle size is found to be about 6.6 nm (table 6.1). The increase in particle 
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size after irradiation is due to agglomeration of the particles [27-28]. Both SAED and 

HRTEM images in figure 6.6(c) and (d) confirm the presence of copper. 

6.1.2.5 Surface analysis: 

To study the irradiation effects on the surface morphology of Cu (10%)-C70 

nanocomposite thin films, atomic force microscopy has been performed and presented 

in Figure 6.7 (a-i) which show two dimensional (2-D) AFM images of Cu (10%)-C70 

nanocomposite thin film and irradiated with 350 keV Ar ion at different fluences 

(1×10
13

, 3×10
13

, 1×10
14

, 3×10
14

, 1×10
15

, 3×10
15

, 1×10
16 

and 3×10
16

 ions/cm
2
).  

Table 6.2 Represents the variation of roughness with 350 keV Ar ion irradiation. 

 

Fluence (ions/cm
2
) Roughness (nm) 

Pristine 2.88 

1×10
13

 2.62 

3×10
13

 3.31 

1×10
14

 3.76 

3×10
14

 4.28 

1×10
15

 4.36 

3×10
15

 2.03 

1×10
16

 1.89 

3×10
16

 1.64 

 

These 2-D AFM images depict the surface modification in different ways at different 

fluence which usually happens in case of low energy ion irradiation, as because the 

damage takes place mostly over the surface. Since there is surface modification for 

each of fluence, there is also variation in roughness of the Cu (10%)-C70 

nanocomposite thin films. The calculated roughness values for pristine and 350 keV 

Ar ion irradiated Cu (10%)-C70 nanocomposite thin film are tabulated in table 6.2 and 

shown in figure 6.8. From table 6.2 it is clear that, with the increase in fluence, 

roughness of the nanocomposite thin films also increases up to a fluence of 1×10
15 

ions/cm
2
. 

As stated earlier, this increment in roughness with fluence is due to ion bombardment 

on the nanocomposite thin films that results in sputtering of the film. Apart from this, 

it is clear from figure 6.7 that up to a particular fluence of 3×10
14 

ions/cm
2 

there are 

discrete modifications in surface morphology over the whole surface of 

nanocomposite thin film. This is the reason for such increase in roughness. Apart 
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from this, the sputtering that takes place at the initial fluences leads to enhancement in 

surface roughness. With further increase in the fluence, the roughness of the film is 

seen to have decreased. 

 

Figure 6.7 2-D AFM images of pristine and 350 keV Ar ion irradiated Cu (10%)-C70 

nanocomposite thin films. 

 

The change in surface morphology is discontinuous at lower fluence and becomes 

continuous at higher fluences, thereby making the films smoother.  

 

Figure 6.8 Variation of roughness of Cu (10%)-C70 nanocomposite thin films with ion 

irradiation. 
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The features which are evolved with irradiation on the surface of nanocomposite thin 

film are further investigated with scanning electron microscope (SEM) 

characterization.  

Figure 6.9 (a-i) represents the SEM images of pristine and 350 keV Ar ion irradiated 

nanocomposite thin films at different fluences from 1×10
13

 to 3×10
16 

ions/cm
2
. From 

the SEM images, almost same surface features are observed in thin films irradiated at 

different fluences. This observation is harmonious with AFM results.  

 

Figure 6.9 SEM images of pristine and 350 keV Ar ion irradiated Cu (10%)-C70 

nanocomposite thin films. 

 

6.1.2.6 Conductivity measurements: 

In the present study, two probe I-V measurements have been performed to analyze the 

change in resistivity of Cu-C70 nanocomposite thin films irradiated with 350 keV Ar
 

ion. Figure 6.10 (a-i) represents the IV graph for pristine and low energy 350 keV Ar 

ion irradiated Cu-C70 nanocomposite thin films with fluences as 1×10
13

, 3×10
13 

 

1×10
14

, 3×10
14

, 1×10
15

, 3×10
15

, 1×10
16 

and 3×10
16

 ions/cm
2
, respectively. The 

estimated values of resistivity for pristine and irradiated films are tabulated in table 

6.3.  
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Figure 6.10 (a-i) Plot between current (I) and voltage (V) for pristine and 350 keV Ar 

ion irradiated Cu (10%)-C70 nanocomposite thin films. 

 

The reinforcement of copper nanoparticles makes Cu-C70 nanocomposite thin film 

more conductive as compared to pure C70 thin films. From table 6.3 it is observed that 

resistivity decreases with increase in fluence in the irradiated samples.  

Table 6.3 Represents the variation of resistivity with 350 keV Ar ion irradiation. 

 

 

 

 

 

 

 

 

Since the conductivity of a-C is higher as compared to fullerene C70, the 

transformation of fullerene C70 matrix into a-C makes the films more conductive [29].  

This also supports the Raman spectroscopy results indicating the transformation of 

fullerene into amorphous carbon. The decrease in resistivity from 10
7
 Ω-cm to 10

-2
 Ω-

Fluence (ions/cm
2
) Resistivity (Ω-cm) 

Pristine 2.7×10
7
 

1×10
13

 1.6×10
7
 

3×10
13

 1.5×10
7
 

1×10
14

 6.9×10
6
 

3×10
14

 1.6×10
2
 

1×10
15

 1.1×10
2
 

3×10
15

 6.1×10
1
 

1×10
16

 4.6×10
1
 

3×10
16

 2.3×10
-2
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cm as observed in the present study, due to the presence of copper nanoparticles of 

increasing size with 350 keV Ar ion beam irradiation as verified by TEM. 

6.1.2.7 XPS analysis: 

XPS study is carried out with pristine and irradiated samples in order to acquire 

detailed information about the modification effected by low energy ions at surfaces. 

The survey scan spectra of the pristine and irradiated Cu-C60 composite films at a 

fluence of 3×10
16

 ion/cm
2
 are illustrated in figure 6.11. The spectra confirm the 

presence of all the major elements (C, Cu, and O,) of the deposited composite films 

corresponding to their binding energy. Also Auger peaks of Cu LMM3 and LMM are 

also observed. However absence of any peak corresponding to any impurity or 

contamination suggests that the films are free from impurities or any contamination.  

 

Figure 6.11 Survey scan spectra of pristine and 350 keV Ar ion irradiated Cu-C70 

nanocomposite thin films. 

 

Further, core level scan of the Cu 2p peak is done in order to see if any modification 

takes place by ion beam. Figure 6.12 (a-c) shows the core level scan for the pristine 

and irradiated Cu-C60 composite films at a fluence of 3×10
16

 ion/cm
2
. The spectrum 

for pristine thin film has two intense peaks located at 934.16 and 954.13 eV and can 

be allocated to Cu2p3/2 and Cu2p1/2 spin-orbital components, respectively [30-31]. 

For the irradiated thin film the peak positions is shifted a little bit towards lower 

binding energy which may be due to the change in the host environment after 

irradiation. Furthermore, no satellite peak could be observed in the pristine as well 
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as irradiated thin film, corresponding to Cu
2+

 species which is indicative of the 

absence of CuO in the thin films.  

  

Figure 6.12 Core level scans for Cu 2p of Cu-C70 nanocomposite thin films before and after 

irradiation. 

The survey scan spectra of the pristine films and that irradiated at a fluence of 

3×10
16

 ion/cm
2
 are displayed in Figure 6.12. The spectra confirm the presence of all 

the major elements (including O which is always present on surfaces).  Spectra of Cu 

2p core level (Figure 6.12 (a-c)) show the usual spin orbit splitting as Cu 2p3/2 and Cu 

2p1/2, with main binding energies of 934.16 and 954.13 eV for the pristine and 

irradiated thin film at fluence 3×10
16

 ion/cm
2 

which corroborate to the values 

available in handbooks for Cu metal.  
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6.2 To Observe the Effect of High Energy Ion Beam Irradiation on Copper-

Fullerene C60 Nanocomposite Thin Films 

The effects of high energy ion irradiation on the behavior of noble metal–C60/C70 are 

well documented in literature [6-10]. However the copper–C60/C70 nanocomposites 

under irradiation by high energy ion beam are yet to be studied in details. In chapter 5, 

the results of high and low energy ion beam on the modifications in structural 

properties of copper C60 nanocomposites are critically analyzed. The observations in 

there stimulated further research on irradiation of Cu-C70 by ion beam of different 

energy range. As a token of accomplishing the task, the discussion on the results of 

experiments with low energy ion beam irradiated (350 keV Ar) Cu-C70 

nanocomposite thin films has been presented in previous section i.e. 6.1. In the line of 

observations on the appearance of SPR only at higher fluences, it is a matter of 

scientific interest to explore if high energy heavy ion beam (120 MeV Ag) irradiation 

produces any other interesting results. Moreover, it is important to understand the 

effect of such irradiation on characteristic growth of nanoparticles and the concurrent 

change in refractive index of fullerene C70. This is because the size of nanoparticles 

and the properties of surrounding host matrix are the deciding factors for the 

intensification and positioning of SPR band. It is for these reasons the present section 

deals with the study on the effect of 120 MeV Ag ion irradiation on Cu-C70 

nanocomposite thin films. 

6.2.1 Experimental Details: 

Cu-C70 nanocomposite films were grown on different substrates such as glass and 

TEM grids with the aid of thermal resistive co-deposition method. The detailed 

process is described in section 6.1. The irradiation is performed with 120 MeV Ag ion 

beam in IUAC, New Delhi at different fluences from 1×10
12 

to 3×10
13

 ions/cm
2

. For 

Cu (10%)-C70 nanocomposite thin films, the values of    and    are about 1.24×10
3
 

eV/Å and 5.13 eV/Å,  respectively with projected range about 16.50 µm. 

Hitachi spectrometer was used to record the UV-visible absorption spectra of the 

nanocomposite thin films in wavelength range from 200 to 800 nm. TEM images of 

pristine and of thin film irradiated at highest fluence (3×10
13

 ions/cm
2
) are recorded 

with Tecnai G
2
 20 (FEI) S-Twin TEM microscope. Raman spectra were taken with 
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the aid of AIRIX STR 500 Raman spectrograph fixed with Ar ion laser excitation 

wavelength at 532 nm. 

6.2.2 Results & Discussions: 

6.2.2.1 RBS analysis: 

Following the same RBS technique for similarly synthesized C70 thin films the 

estimated percentage of copper has been 10% and the film thickness was 30 nm. The 

detail of RBS experiments are already described in section 6.1.3.1.  

6.2.2.2 UV-visible absorption spectroscopy: 

The UV-visible absorption spectra of pristine and 120 MeV Ag ion irradiated Cu 

(10%)-C70 nanocomposite thin films at different fluences 1×10
12

, 3×10
12,

 6×10
12

, 

1×10
13 

and 3×10
13

 ions/cm
2
. are shown in figure 6.13. The pristine Cu (10%) C70 

nanocomposite thin film exhibits the characteristic fullerene C70 bands in the UV-

visible absorption spectrum. It can be seen that irradiation of the nanocomposite thin 

film by 120 MeV Ag ion leads to gradual disappearance of the characteristic optical 

bands due to fullerene C70 with increasing fluence.  

 

Figure 6.13 UV-visible absorption spectra of pristine and 120 MeV Ag ion irradiated 

Cu (10%)-C70 nanocomposite thin films. 
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This trend continues till 1×10
13 

ions/cm
2
 fluence; it can be explained on the basis of 

transformation of C70 molecule to amorphous carbon. It is to be noted that the 

irradiation phenomenon creates a lot of crystal defects which help in local transport of 

atoms leading thereby to the coarsening of Cu nanoparticles.  

It can be modeled other way by considering that imposition of high energy into the 

system, leads to local melting of materials which intensifies mass transport and 

differential densities between copper and the surrounding matrix aids in 

agglomeration of copper particles due to lowering of surface free energy. The UV-

visible absorption spectrum of the nanocomposites for the fluence 3×10
13 

ions/cm2 

discerns a visible absorption peak at 627 nm. This peak is assigned as the SPR band 

due to copper nanoparticles. From these observations it is clear that appearance of 

SPR band of copper due to irradiation is conditioned by the attainment of threshold 

particle size. So long as, this nanocomposites of low copper content has not envisaged 

sufficient particle growth by increasing the fluence, the SPR band does not become 

appreciable. 

6.2.2.3 Raman analysis: 

The results of Raman spectroscopy of the pristine and irradiated nanocomposite thin 

films are presented in figure 6.14. In case of increasing fluence under irradiation by 

120 MeV Ag ion, the Raman spectra of experimental nanocomposite thin films record 

gradual diminution and disappearance of characteristic Raman bands of fullerene C70 

as fully observed in the spectrum of pristine.  

This has its origin to the destruction of fullerene molecules with gradual 

amorphization. Transformation of fullerene C70 molecule to amorphous carbon 

tantamount to final emergence of graphitic bond in the material. It is expected in the 

metal reinforced nanocomposites that the presence of metal nanoparticles would 

locally create structural disturbance for which all the characteristics band might not be 

observable in the corresponding Raman spectrum. However, in the instant case one 

can observe the occurrence of all the characteristics peaks due to fullerene C70 in the 

Raman spectrum of pristine. 
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Figure 6.14 Raman spectra of pristine and 120 MeV Ag ion irradiated Cu (10%)-C70 

nanocomposite thin films. 

This is due to the presence of small quantity of copper (10 at. %) within the 

nanocomposite.  Raman spectrum of the nanocomposite for the fluence 3×10
13

 

ions/cm
2
, clearly shows the existence of D and G bands. The presence of these bands 

suggests that there has been appreciable amorphization of fullerene C70. This 

observation corroborate with the result of UV-visible absorption spectrum. 

6.2.2.4 TEM analysis: 

The crystallinity of the nanocomposite thin film is studied with the aid of 

Transmission electron microscopy.  Figure 6.16 (a-d) depicts the bright field TEM 

image, particle size distribution, selected area electron diffraction (SAED) pattern and 

HRTEM micrograph of pristine Cu (10%)-C70 nanocomposite thin film.  

Figure 6.16 (a) and inset in figure 6.16(a) confirms that the morphology of the 

nanoparticles is nearly spherical. Particle size distribution of copper nanoparticles 

embedded in fullerene C70 thin film is shown in Figure 6.16 (b). The calculated 

average particle size comes out to be ~ 2.4 nm for pristine Cu-C70 nanocomposite thin 

film. The SAED pattern of pristine Cu-C70 nanocomposite thin film shown in figure 

6.16(c) gives clear evidence of the presence of cubic copper. 
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Figure 6.15 (a) TEM image, (b) particle size distribution, (c) SAED pattern and (d) HRTEM 

image of pristine Cu (10%)-C70 nanocomposite thin film. 

The high resolution image in figure 6.16(d) resolves the lattice fringes; the interplaner 

distance measured from the HRTEM image is found to be 2.03A which corresponds 

to (111) plane of FCC copper.  

 

Figure 6.16 (a) TEM image, (b) particle size distribution, (c) SAED pattern and (d) HRTEM 

image of 120 MeV Ag ion irradiated Cu (10%)-C70 nanocomposite thin film. 
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In order to study the effect of irradiation by high energy 120 MeV Ag ion on the 

morphology and crystallinity of the nanocomposite thin film, TEM measurements are 

also performed on the sample irradiated with the highest fluence 3×10
13 

ions/cm
2
. 

Figure 6.17 (a-d) shows the bright field TEM image, particle size distribution, SAED 

pattern and HRTEM image for 120 MeV Ag ion irradiated sample. Alike pristine 

sample, a nearly spherical morphology of Cu particles is also retained even at higher 

fluence. The particle size distribution shown in figure 6.16(c) verifies that statistically 

determined average particle size is around 3.3 nm. This increase in particle size after 

irradiation stems from the agglomeration of nano particles [25-26]. The SAED pattern 

analysis indicates the occurrence of FCC copper in the matrix. This observation is 

confirmed by the lattice spacing measurement in HRTEM image of the concerned 

sample (figure 6.17 d). The interplaner spacing is measured to be 2.04A which again 

confirms to (111) plane of copper.  

6.1.3 Conclusions: 

C70 thin films containing particles of Cu metal can be successfully synthesized using 

thermal co-deposition method. RBS analysis confirms the percentage of copper metal 

around 10% and thickness of th film ~30 nm. The SPR of Cu in metal state can be 

promoted by irradiation which produces displacements and atomic diffusion. 

Moreover, upon irradiation by low energy 350 keV Ar ion, the SPR band can be blue 

shifted due to the change in refractive index of the host matrix arising out of structural 

transformation. The particle size increases from 2.4 nm to 6.6 nm with increasing 

fluence of 350 keV Ar ion beam. Connectively, the conductivity of the film is 

increased, and lends scope for further study to extend the applications of Cu-C70 

nanocomposite thin films. 

Irradiation by 120 MeV Ag ion leads to amorphization of Cu (10%)C70 

nanocomposite thin films at higher fluences. The intensity of SPR due to copper 

becomes appreciable only at a fluence of 3×10
13

 ions/cm
2 

so as to depict a visible 

band in UV-visible absorption spectra at 627 nm.  Appearance of D and G band at 

higher fluence confirms that transformation of fullerene to amorphous carbon 

appreciably occurs due to 120 MeV Ag ion irradiation for 3×10
13 

ions/cm
2
 fluence.

 

Irradiation brings about a marginal increase in particle size concurrent with 
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amorphization of adjoining fullerene C70 matrix. Both these are responsible for the 

emergence of SPR band due to copper induced at a fluence 3×10
13 

ions/cm
2
. 
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7.1 Conclusions:  

Given that the absorbance of irradiated metal-fullerene nanocomposites is increased 

due enhancement of SPR band, the concerned light harvesting capacity can be 

gainfully utilized if conditions are created to insure production of electron – hole pair 

upon absorptions of photons. Dissipation in phonons upon plasmonic absorption is 

certainly a risk so far as meaningful application in plasmonic solar cells are 

concerned. It is therefore of paramount importance to tune the SPR band by suitable 

processes; as already stated, host matrix and quality of metal nanoparticles are of 

paramount importance in this regard. Favorable change in host matrix can be 

accomplished by ion irradiation. Knowing that irradiation is a very important means 

of tuning the SPR band and that copper is a prospective nanomaterial due to its 

favorable SPR position, the present study is designed.  

In fact, to talk about solar cell application the electronic band gap and optical band 

gap are often considered. Basically, this involves distinguishing the difference in the 

methods applied to measure them. Optical band gap measurement as done here is 

essentially an excitation spectroscopy, where the charge state of materials remains 

unchanged. This means that the number of electrons before and after transition 

between valency and conduction remains unaltered.  In contrast, measurement of band 

position by electron spectroscopy, leads to either injection of extra electrons or 

withdrawing electrons from the solid. In order to realize this, one must overcome the 

barrier due to Culomb repulsion. Thus, electronic band gap is higher by this amount 

than the optical band gap. Normally in solids with overlapping of states, this 

difference is negligible; on the contrary, it is large in organic solar cells as the system 

comprises of spatially localized conduction and valency band. In device engineering, 

this difference is matter of great significance. In solar cells, optical band gap value is 

quite important because one has to excite by photons to produce electro-hole pair. 

This calls for the use of suitable bias in design of devices. 

In the light of above, the author draws the following conclusions: 

 The importance of studying the fullerene C60 and fullerene C70 thin films under 

the effect of irradiation lies in its’ potential for their further use as a matrix for the 

reinforcement of metal nanoparticles. Fullerene C60 thin film irradiated with 90 

MeV Ni ion beam over a wide range of fluences from 1×10
9
 to 3×10

13
 ions/cm

2
. 

Raman spectroscopy reveals the appearance of new mode of Raman spectrum in 
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the lower fluence range. Also, it suggests that the polymerization of C60 fullerene 

takes place under irradiation of fullerene C60 by 90 MeV Ni ion beam at lower 

fluences (1×10
9
 to 1×10

11
 ions/cm

2
). At higher fluence (1×10

12
 to 3×10

13
 

ions/cm
2
) the formation of ion tracks takes place due to the passage of ion beam 

through the fullerene C60 thin films. The radius of these ion tracks is calculated 

about 3.03 nm. At a particular fluence 3×10
13

 ions/cm
2
, the transformation of 

fullerene to amorphous carbon (a-C) takes place along with overlapping of these 

ion tracks. The variation in optical properties of fullerene C60 thin films under the 

effect of ion irradiation has been studied by UV-visible absorption spectroscopy 

and it is observed that the intensity of absorbance peaks of fullerene C60 thin films 

declines with the increasing fluence of 90 MeV Ni ion beam. Decrement in optical 

band gap of fullerene C60 thin film with fluence of 90 MeV Ni ion beam also 

observed. From the conductivity measurement, increment in the resistivity of 

fullerene C60 thin films is observed. This also confirms the transformation of 

fullerene into a-C. From the surface analysis, the roughness of the fullerene C60 

changes with the ion irradiation.  

 Fullerene C70 thin films of thickness about ~150 nm deposited on different 

substrates (glass, quartz and silicon) by thermal resistive heating method were 

irradiated with different ion beams of different electronic energy loss values 226 

eV/Å, 274 eV/Å, 672 eV/Å and 1393 eV/Å for 90 MeV Si, 55 MeV Si, 90 MeV 

Ni and 125 MeV Au ion beam, respectively. It is concluded from the UV-visible 

absorption spectroscopy that the absorption bands decline with increasing 

fluences. For each ion beam, Raman spectroscopy confirms the transformation of 

fullerene C70 into amorphous carbon with increasing fluence of the respective ion 

beam. In case of 90 MeV Si and 55 MeV Si ion beam, the Raman bands are still 

visible at highest fluence 3×1
13

 ions/cm
2
, that confirms the dependency of the 

Raman bands intensity on electronic energy loss values of the ion beam and 

fluence of the ion beam. Further, the damage cross section and radius of the ion 

track for each ion beam (90 MeV Si, 55 MeV Si, 90 MeV Ni and 125 MeV Au ion 

beam) are determined with the help of Raman spectroscopy. It has been observed 

that the value of damage cross section is increasing with increasing value of the 

electronic energy loss of the ion beam. Hence, it is concluded that a definite 

relationship exists between the electronic energy loss and the damage cross 

section in ion beam irradiated fullerene C70 thin films; the damage cross section 
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increases with increasing electron energy loss (Se). This relation can help to 

understand an unknown situation and enables ion track engineering for production 

of nanowires with least number of trials. The relation is phenomenologically 

identical in both C60 and C70. 

 Cu-C60 nanocomposite thin films can be successfully synthesized on different 

substrates (glass, silicon and TEM grid substrates). The percentage of copper 

metal and thickness of Cu-C60 nanocomposite thin films estimated with RBS 

characterization were found to be ~ 13% and 28 nm. Cu(13%)C60 thin films 

irradiated by low energy 100 keV Ag ion beam at different fluences from 1×10
14 

ions/cm
2
 to 3×10

16
 ions/cm

2
. Raman spectroscopy confirms the decline of Raman 

bands intensity with the increasing fluence of 100 keV Ag ion and at a particular 

fluence 3×10
16

 ions/cm
2
, transformation of fullerene C60 into a-C takes place. UV-

visible absorption spectra show the SPR is not present in the pristine Cu(13%)C60 

nanocomposite thin film. By increasing the fluence of 100 keV Ag ion beam two 

separate SPR bands arises at positions ~ 410 nm (For Ag nanoparticles) and ~ 630 

nm (for Cu nanoparticles). At the highest fluence 3×10
16

 ions/cm
2
, a broad SPR 

band at position around 435 nm is observed. Transmission electron micrographs 

proves that particle coarsening of Cu takes place due to irradiation and particle 

size increases from 4 ±0.7 nm in pristine to 6 ± 0.4 after irradiation.  

 Cu nanoparticles embedded in fullerene C60 matrix thin films are synthesized.  

From the RBS analysis the thickness of the film is about 32 nm and atomic 

concentration of Cu nanoparticles is about 18%. The deposited Cu (18%)C60 

nanocomposite thin films are irradiated with low energy 350 keV Ar ion beam at 

different fluences from 1×10
13 

ions/cm
2
 to 3×10

16
 ions/cm

2
.  From UV-visible 

absorption spectroscopy, SPR band due to copper nanoparticles hase been 

observed at about 622 nm in pristine Cu (18%) C60 nanocomposite thin film.  The 

intensity of this SPR band increases with irradiation. Low energy heavy ion (350 

keV Ar) irradiation of Cu (18%)C60 nanocomposite thin film causes a shift of SPR 

band from 622 nm to 644 nm at the fluence 3×10
16

 ions/cm
2
. There is a concurrent 

enhancement of intensity of SPR band with the observed red shift. Destruction of 

fullerene C60 takes place due to irradiation with the signature of the amorphization 

being prominent at fluence 3×10
16

 ions/cm
2
. Appreciable increase in size of 
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copper nanoparticles results after irradiation and this increase in particle size leads 

to enhancement of the SPR band intensity. 

Cu (18%) C60 nanocomposite thin films are also irradiated with high energy 120 

MeV Ag ion beam at different fluences from 1×10
12 

ions/cm
2
 to 3×10

13
 ions/cm

2
. 

SPR band induced due to presence of copper nanoparticles (~ 622 nm) is 

enhanced by high energy ion beam irradiation. At the highest fluence of 120 MeV 

Ag ion beam 3×10
13

 ions/cm
2
, the SPR band shift to position ~ 633 nm due to 

increased particle size of copper nanoparticles. This increase in average particle 

size of nanoparticles is responsible for the enhancement of SPR intensity. Copper 

nanoparticles retain the spherical morphology even after irradiation. From the 

UV-visible absorption spectroscopy, the optical band gap of Cu (18%) C60 

nanocomposite thin films decrease with increase in fluence of 120 MeV Ag ion 

beam.  Raman spectroscopy confirms the transformation of fullerene C60 into 

amorphous carbon. The diminution of oxygen component upon irradiation present 

in pristine Cu (18%) C60 nanocomposite thin film is confirmed by XPS and XRD 

characterizations. 

 C70 thin films containing nanoparticles of Cu metal were successfully synthesized 

using thermal co-deposition method. Rutherford backscattering (RBS) analysis 

confirms the thickness of the film 30 nm and concentration of Cu is about 10 %. 

The Cu (10%) C70 nanocomposite thin films have been irradiated by low energy 

350 keV Ar ion beam at different fluence (1×10
13

 ions/cm
2 

to 3×10
16

 ions/cm
2
). 

There is no SPR band present in the pristine Cu (10%) C70 nanocomposite thin 

film due to lower concentration of Cu nanoparticles. The SPR of Cu metal state 

can be promoted by low energy ion irradiation.  The intensity of SPR band 

increases with increase in fluence of the ion beam. At fluence 1×10
15

 ions/cm
2
,
 

SPR band is observed at position about 627 nm. With further increase in fluence, 

enhances this band intensity and blue shift of about 24 nm is also observed. This 

blue shift is due to the change in refractive index of the host matrix. Both UV 

visible absorption and TEM analysis confirm the increased size of Cu 

nanoparticles with fluence. The conductivity of the film is increased and lends 

scope for further study to extend the applications. 

 Cu (10%)C70 nanocomposite thin films are irradiated with 120 MeV Ag ion beam 

at different fluences (1×10
12

 ions/cm
2
 to 3×10

13
 ions/cm

2
) to analyse the variation 
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of the Cu (10%)C70 nanocomposite thin films under the effect of high energy ion 

beam irradiation. Irradiation by 120 MeV Ag ion leads to amorphization of Cu 

(10%)C70 nanocomposite thin films at higher fluences. Appearance of D and G 

band due to 120 MeV Ag ion irradiation confirms the transformation of fullerene 

into amorphous carbon that appreciably occurs at 3×10
13 

ions/cm
2
 fluence. The 

intensity of SPR band (~627 nm) due to copper nanoparticles becomes 

appreciable only at a fluence of 3×10
13

 ions/cm
2
. Irradiation brings about a 

marginal increase in particle size concurrent with amorphization of adjoin 

fullerene C70 matrix.  

7.2 Scope of Future Work: 

There are several issues which need to be focused in the field of nanocomposites. 

Also new ideas related to these nanocomposites are required to be explored so that 

one can extend the study in future along the following lines: 

 SPR band intensity is dependent on the composition of the metal nanocomposites. 

So it appears important to observe the effect of irradiation on different 

concentration of metal in nanocomposites. 

 In present study, the effect of two beams were studied (350 keV Ar ion and 120 

MeV Ag ion) on Cu nanoparticles reinforced fullerene C60 and C70 nanocomposite 

thin films. There is scope for studying the effect of ion irradiation on Cu-C60 and 

Cu-C70 nanocomposite thin films with different ion beams of different energies. 

 Due to inherent electron affinity property of fullerenes, they are considered to be 

quite suitable as acceptor material in solar cells. By incorporating metal 

nanoparticles (Au, Ag and Cu) in fullerene matrix, the absorption can be enhanced 

due to SPR of nanoparticles; hence this can be utilized for solar energy harvesting. 

Attempts can be made to fabricate efficient solar cells. 

 Effect of dual surface plasmon resonance by incorporating two metal 

nanoparticles such as Ag and Cu in fullerene matrix can be studied to explore if 

the whole visible region of the spectrum can be utilized for efficient optical 

devices applications. 

 SPR tuning at different fluences of the incident ion beam with spatial selectivity 

may result in a single sample with different regions of different SPR band 

intensity and wavelength. Hence multiple SPR bands may be possible for a single 

sample. 
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 Non linear optical properties of fullerenes will be quite interesting to study in 

fullerene based metal nanocomposites. The non linearity in optical property may 

depend on the different metal nanoparticles embedded in fullerene C60 and C70 

matrices. Hence in future the variation of non linear properties in case of fullerene 

based metal nanocomposites can be studied.  
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