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ABSTRACT

In the present investigation, the irradiation effect on P3HT and PCBM thin films have been
explored. The preparation and characterization of P3HT and PCBM thin films after as well
as pre irradiation have been discussed. Thin films were prepared using spin coating method
at room temperature with the thickness around 300 nm for P3HT and 100 nm for PCBM
material.

These thin films are further explored to irradiation of swift heavy ions (SHI) (90
MeV Ni’™ and 55 MeV Si*") having different energy & mass and low energy ions (1400
KeV Xe®). The SHI irradiation is concluded in terms of better ordering of P3HT at low
fluences. The increased crystallinity along with the bigger crystallite size and conjugation
length are also observed which is favoring the higher delocalization of electrons in polymer
chains. This increased delocalization of m-bands are associated with enhanced dc
conductivity at low fluences. Reduction of bandgap of PCBM is also found at low fluences
which is concluded due to 2+2 cycloaddition polymerization reactions initiated by SHI
irradiation at low fluences. The structural and morphological properties are also concluded
to be dependent on incident ion fluence and energy. High energy deposition during SHI
irradiation at higher fluences can deteriorate the material properties for both P3HT and
PCBM material. Irradiation with a high mass ion at low energy are shown to destroy the
structural properties of P3HT and PCBM concluded by the Raman spectroscopy and UV-

visible spectroscopy analysis.
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Chapter 1

Introduction



1.1 Polymers

The materials called “Plastics” have been developed with the beginning of Rayon in 1891
which continued in progress with the development of Bakelite in 1907, when, two
chemicals, Formaldehyde and Phenol, reacting at controlled pressure and temperature
formed a compound that could be cast into hard, infusible substances. Jacques
Brandenburger introduced a famous material which was transparent in appearance in 1912
called cellophane. Hermann Staudinger proposed the linear structure (atoms in a long chain
joint together by covalent bonds) for polystyrene and natural rubber and awarded with
Noble Prize in Chemistry in 1924. After the concept of the linear structure of
macromolecules, various materials such as Cellulose acetate in 1927, polyvinyl Chloride
(1929), Polyethylene (1933), Teflon, Nylon and Polystyrene in 1938, and many more were
discovered and is still continuing.

The word polymer is a Greek word which means “many-parts.” Polymers are
macromolecules with a high molecular weight which composed with repeating units in
long chains, built up by linking together of smaller molecules which are called monomers.
Theses monomers are combined with covalent bonds to form a polymer [1]. Polymers have
achieved a great importance in research during last few decades. Nowadays, polymeric
materials are used in nearly all areas of daily life. Polymers are replacing metals and
ceramics in many areas as it have outstanding properties such as low cost, easy
processibility, light weight, durability, high corrosion resistance, high electric resistance,
etc. In last few decades, many researchers and scientific laboratories have reported on
polymers with better properties such as rigidity, strength, toughness, resistance and
dimensional stability etc., which make them more promising than conventional materials
as metals, alloys etc. The polymers with superior properties are also using in space, nuclear
technology, sensor application and medical sciences etc. Nowadays, several types of

conducting polymer are developing along with the newer processing techniques.

Some common characteristics of polymers:
e Low density
e Low friction coefficient

e Good corrosion resistance



e Economical

e Good moldability

e Excellent surface finish can be obtained

e Poor tensile strength

e Low mechanical properties

e Poor temperature resistance

e Can be produced transparent or in different colors

1.1. 1 Classifications of polymer

In general, the orientation of the polymer chains and the linked monomer units composing

polymer chains are responsible for the overall physical and mechanical properties of any

polymer. As the polymers consist the various type and numbers of atoms in their molecules,

they have a different type of chemical structure, mechanical behavior, thermal properties,

physical properties etc. So the classification of polymers based on their different properties

can be summarized as in Figure 1.1 and a brief description is also given below.

Polymer Classification

l

v

Based on
Origin

Based on
Structure

Based on
Polymerization

Based on
monomer

Based on
Thermal Behavior

Based on
Electrical behavior

o

[ Natural ] {Syn'rhe'ric }

y

o

o

{ Homo-polymer } ' Hetro-polymer }

( Thermoplastics H Ther'mose’rs]

| l

| l

. Linear | | Branched | | Cross-linked | | Condensation | | Additional ' Non-conducting | | Conducting

Based on origin [2]:

Figure 1.1: Polymer classification




a) Natural Polymers:- These type of polymers occur in nature. In more general terms,
examples of these polymers are starches, cellulose, amino acids, proteins, natural rubber,
natural silk etc.
b) Synthetic Polymers:- This type of polymers are synthesized in laboratories for the
specified tasks or aim such as paper films, pipes, food packing etc. Examples of monomers
in the synthesis of such polymers are polyvinyl alcohol, polyethylene, polystyrene,
polysulfone, etc.
Based on structure:
a) Linear Polymer: - These type of polymers having the monomers which are linked in a
long chain in a linear manner. This chain is called the backbone and usually made of
hundreds of thousands of atom to be linked. These type of polymers have no side chains,
high density, and tensile strength and closely packed.
b) Branched Polymer: - The polymers having the different side chains joined in a branched
manner are called branched polymer. The side chains are extending from the backbone. As
the monomers in this type of polymers are joined irregularly hence, they have low density,
low tensile strength and low melting temperature. For example, glycogen and
polypropylene are branched polymers.
c) Cross-linked Polymer: - These polymer having the network of linear chains joined
covalently. Two chains bonded to a third common molecule or bonds between the
neighboring chains can made cross-linked polymers. These polymers are hard, brittle and
rigid due to the cross-linked structure. Polymers with memory have high degree of cross-
linking; they do not dissolve in solvents. For example vulcanized rubber, Bakelite and
melamine.

Cross-linked polymers do not have the properties to be reprocessed in another shape

upon heating, called thermosets. But linear and branched polymers thermoplastics.

Based on monomer used:

a) Homo-polymers:- These polymers have a single type of repeating units or monomers.
For example, Polyethylene composed of ethylene monomers.

b) Hetro-polymer: - Polymers in this class are made up of two type of monomers. These

are also called copolymers. Polyvinyl Chloride (PVC) is the example of copolymers.



Based on polymerization [2]:

a) Condensation Polymer: - This type of polymers are formed with two type of monomers
having different groups of atoms with the removal of small molecules such as water (H20).
Polyesters and polyamides are examples of this type of polymers.

b) Additional Polymer:- The additional polymers are formed by adding the monomers
repeatedly possessing double or triple bonds. In these type of polymers, there is no loss of

small molecules. For example polythene.

Based on thermal behavior [3]:

a) Thermoplastic Polymers:- These polymers can be softened while, heating and hardened
when, cooling at room temperature without large changes in their properties. This polymer
can be linear, branched and can be recycled much time. Examples are polythene, PVC.

b) Thermoset Polymers:- These polymers are hard and not remolded. Upon heating, they
undergo some chemical changes and convert into infusible. These type of polymers are
cross-linked or branched and they cannot reuse or recycled. Resins, urea, Bakelite etc. are
the examples of these polymers.

Based on electrical behavior [4]:

a) Non-conducting Polymers:- The polymers having chemically saturated structures
consisting tightly bound electrons in the o-bonds between atoms. Therefore, there are no
electrons free to carry an electric current because all electrons are fixed in the o-bonds.
Hence, saturated polymers are characteristically electrical insulators.

b) Conducting Polymers:- The polymer main chain having conjugated molecular structure
and delocalized with m-electrons. The difference between the top of the valence band,
HOMO and the bottom of the conduction band, LUMO is called the bandgap (Eg) of the
conjugated polymers. The Eg values of most conjugated polymers are in the range 1.5-3.0
eVv.

1.1.2 Properties of polymers [5][6][7]
The physical, thermal and mechanical properties of polymers are briefly described in the

following section:



Physical properties:

The physical properties basically include the length of chains, molecular weight,
crystallinity of material, density, molar volume, the degree of polymerization and so on.
Among all of these, the crystallinity of polymer has discussed here because most of the
polymers are composed of crystalline and amorphous regions.

a) Crystalline nature: Crystallinity can define as an ordered arrangement of molecules in
a regular manner in any material. Ideally, no polymer is completely crystalline, so the term
“semi-crystalline” is more appropriate for polymers. There is only some region in polymers
where molecules are parallel aligned to one another and separated by disordered regions
where molecules are randomly aligned. The crystallization of polymer improves the
strength, stiffness and high melting point properties rather than the amorphous polymers.
The example of a crystalline polymer is polyethylene.

b) Amorphous nature: These type of polymer adopt the random arrangement of molecules
in a material. These polymers are soft and have a low melting point than crystalline one.
These polymers will not return in the previous length when, they are stretched because
individual molecule starts to slip past one another. Polystyrene is the example of an

amorphous polymer.

Thermal properties:

At low temperature, the molecules of the amorphous region of the polymer are in the frozen
state, i.e., molecules can vibrate slightly but cannot move significantly. This state is called
glassy state. When, the temperature is giving to any polymer, the chain can move which
make polymers soft and flexible as rubber. This state of the polymer is called rubbery state.
Polymeric materials have two types of transition temperatures (Figure 1.2).
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Figure 1.2: Thermal transition of polymers

Glass transition temperature (Tg) at which glassy state (hard, rigid) of polymers makes a
transition to rubbery state (soft). This type of transitions can only occur in amorphous
regions.
Crystalline melting temperature (Tm) is the melting temperature of crystalline regions of
polymeric material at which ordered region turns into the disordered region. If a polymer
contained double bonds, large side groups and attached aromatic group, they have high
melting temperature because they limit the chain flexibility.

It should be mentioned here that amorphous polymers do not possess melting point

(Tm), but all polymers possess the glass transition temperature (Tg).

Mechanical properties:

The mechanical properties of any polymer can be specified by the parameters such as
strength, tensile modulus, ultimate elongation, toughness, etc. The mechanical behavior
can easily describe using stress-strain curve (Figure 1.3). These properties depend on
temperature and can change from brittle glass-like behavior to rubber-like soft behavior

with temperature change.
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Figure 1.3: Stress-strain curve for polymers

1.1.3 Application of polymers

Nowadays, the polymers are playing a prominent role in everyday life. Because of their
exceptional properties like low density, durability, transparency, thermal and electrical
resistance, etc., polymers are widely used in many industrial applications. Some of the
major applications are listed below:

e Polymers are used in soil as it provides mulch, it promotes plant growth and health.

Plastic containers are light weight and cost effective. Polymers are also being used in

clothing, floor coverings, garbage disposal bags, shampoos, engine oils, super
absorbent diapers and packing.

Polymers are also used in sports industry such as in equipment for the playground,

various type of balls, golf sets, swimming pool, protective helmets, etc.

Prosthetic components like heart valves and blood vessels are being made from

polymers like Dacron, Teflon, etc. Dissolvable sutures, implants, drug delivery

systems are also made from polymers.

Automobile parts, pipes, packing material, insulation, wind shields for fighter planes,
wood substitutes, sterilized bottles, tanks, TV cabinets, toys, garden equipment,

adhesives, etc. are also typical areas for polymer applications.



e Polymers are also used in windows, optical fibers, films packages, lenses, drafting
equipment, reflectors, etc. because of their outstanding light transmission and

reflection properties.

1.2 Conducting polymers

Traditional polymers like rubbers, plastics, etc. were supposed to be resistant to electrical
conduction and most commonly used as insulators or dielectrics. The invention of
electrically conducting polyacetylene, in 1977 by Alan J. Heeger, Alan G. MacDiarmid
and Hideki Shirakawa [8], is a turning point in the field of electrical conduction. This
pioneering discovery and development [9][10][11] of electrically conducting polymers was
awarded Nobel Prize in Chemistry in 2000. The discovery of electrical conductivity in
polymeric materials [12][13][14][15] has provided the future impetus for the growth of
polymer-based electronic devices. These conducting polymers possess many chemical
advantages such as ion transport possible, catalytic behavior, redox behavior, junction
effect, photo activity, electrochemical effects along with the mechanical properties like
light weight, non-metallic, flexible, surface properties, etc. The conduction properties
[16][17][18], electroluminescence, optical and many other physical properties
[19][20][21][22] of conducting polymers have investigated earlier. In last few years, the
understandings of the relationship between structure and material’s properties have also
been developed for many conducting polymers [23][24][25]. These conducting polymers
having importance in emerging technological applications such as chemical sensors [26],
non-linear optics [27], molecular electronics [28], electrochromic displays [29], actuators
[30][31] etc.

1.2.1 Structure of conducting polymer

Conducting polymer are different because of their conjugation structure, i.e., carbon atoms
have alternate single and double bonds in the polymer backbone chain. The positions of
these single and double bonds can be changed with no or slight energy difference. The
backbone of conducting polymers contains the o-bonds between carbon atoms which are

sp? hybridized resulting every carbon atom has one unpaired electron (n-electron). The -



electrons leads to the electron delocalization along the polymer backbone. This
delocalization along the polymer backbone allows the charge carriers to move.
Conducting polymers contains alternated single-double bonds or single-triple bonds
within their main chain. These polymers are also described by sigma (o) bonds and pi ()
bonds. The o bonds are immobile and fixed because they form covalent bonds between the
carbon atoms while, the & electrons can easily delocalize upon doping. The doping process
makes them capable of conducting electricity. Polyacetylene (PA), polythiophene (PT),
Polyaniline (PAni), Poly(p-phenylene vinylene) (PPV), polypyrrole (PPY), etc., are the
examples of this type of polymers. The doping process is most widely used to make
polymers conducting, i.e., some extra electrons or holes are injected into the material which
acts as charge carriers. The doping mechanism into polymeric materials led to significant
increase in the conductivity of conjugated polymers. However, the conjugated structure is

not enough to make the polymers conductive.

1.2.2 Poly (3-Hexylthiophene) (P3HT)

P3HT is a widely used semiconductor in the research field on conjugated polymers with
the advance in synthetic methodology. Based upon semiconducting properties, P3HT is
used in different organic electronic devices such as organic light emitting diodes (OLED),
organic field effect transistors (OFET), organic solar cells (OSC) and much more. The
synthesis of P3HT is easy and having good optoelectronic properties. Therefore, various
fundamental studies such as film morphology, charge transport, absorption and emission,
etc. have been done [32][33][34][35].

Thiophene is an aromatic, heterocyclic compound. This compound also has a non-
carbon element which is sulfur. It (sulfur) forms a node of a ring containing alternating
single and double bonds with four atoms of carbon. The electrons in the plane of carbon
nuclei form the single bonds by sigma bonding. An overlapping of p-orbitals above and
below the plane of the ring formed a sigma bond and a z-bond which formed double bonds.
These orbitals are free to move and interact as they want because they are out of the plane
of the nuclei, and hence become delocalized. The lone pairs on the sulfur atom along with
the electrons in the m-bonds also participate in high charge mobility of thiophene and

responsible for its semiconducting properties. This kind of system is called conjugated
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system, i.e., the single and double bonds delocalize the w electrons to lower the overall
energy of the molecule and increase stability. Figure 1.4 is showing a P3HT molecule.
P3HT, a semiconducting polymer, consisting of a =m-conjugated backbone with
polythiophene units and pendent alkyl side group which provides high solubility in organic
solvents. Polythiophenes are having a combination of different coupling those are referred
as regio-random or regio-regular. If the polymer has non-uniform substituent distribution,
unfavorable Head to Head (HH) coupling will be there and result the twisting of the
thiophene units away from the planarity. This leads to a decrease in the conjugation length.
In contrast, regio-regular polythiophenes having a uniform distribution of substituents
contain Head to Tail (HT) coupling exclusively. They can acquire a planar conformation
with low energy and extended m-conjugation. This regio-regularity leads to better
properties such as high absorption in the visible range and effective charge transport for
device applications. In the crystalline structure of P3HT, the chains are aligned and stacked
on top of each other with the thiophene rings forming a planar alternating ‘up-down’
conformation, and the alkyl side chains are perpendicular to the stacking direction [36].
The crystallinity of P3HT depends on many factors like average molecular weight,
regioregularity, etc. and their electronic bandgap lies within the visible region of the
electromagnetic spectrum. P3HT has the bandgap about 1.9 eV and mobility is about 0.1

cm?/Vs and is a good electron donor material that effectively transports positive holes.

Table 1.1: Some properties of P3HT and PCBM materials.

Properties P3HT PCBM
Composition (C10H14S)n C72H1402
Density 1.1 g/em® 1.5 g/em?®
Glass transition 12 °C 118.3°C
temperature
Melting temperature 178 °C 279.5°C
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Figure 1.4: Molecular structure of P3HT

1.2.3 Phenyl-Ce1-butyric-acid-methyl-ester (PCBM): A fullerene derivative

Fullerene derivatives such as PCe1BM [37] (as shown in Figure 1.5) have exhibited
increasing commercial usage in organic field effect transistors [38] and organic solar cells
(OSCs) [39][40], memory applications [41], fluorescence spectroscopy measurement of
fullerenes [42] etc. as they have deep-lying LUMO levels and n-type organic
semiconducting nature. PCe1BM has a phenyl-butyric-acid-methyl-ester side tail attached
to the Ceo cage. The enhanced solubility of fullerene in organic solvents such as
chloroform, chlorobenzene and dichlorobenzene, etc. than Ceo molecules is due to side tail.
Enhanced solubility leads to low-cost and easy manufacturing processes such as spin
coating. Then the interactions determining the molecular packing become more
complicated as compared with the case of Ceo 0n the metal surface. Previously, Rispens et
al. have reported that the solvent choice is very important for the PCBM crystallization
behavior [43]. In particular, when, PCBM films are casting from chlorobenzene (CB) leads
to the formation of reddish triangle-shaped crystals with a triclinic unit cell (a=13.83, b =
15.29,¢=19.25 A°, a.=80.3°, B=78.6°, and y = 80.41°) whereas, drop casted from ortho-
dichlorobenzene (0DCB), it form red-brown platelet-shaped crystals with a monoclinic
unit cell (a=13.76, b =16.63, c=19.08 A°, and B = 105.3°) [43]. Various modeling studies
for charge transport features and the structure-property relationship in PCBM have been
carried out by other groups also [44][45]. This derivative of buckminsterfullerene (Ceo) is
soluble and good electron acceptor materials used in solution-processed OSCs. It
effectively transports electrons from molecule to molecule as well because of their higher

electron mobility, high thermal stability and higher electron affinity. High symmetry of
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PCBM molecules is advantageous as it leads to a better mixing/contact with neighboring

molecules. The mobility of PCBM molecules lies between 2x1072 and 2x102 cm?/vs.

Phenyl-Cg,-butyric-acid-methyl-ester (PCBM)

Figure 1.5: Molecular structure of PCBM

1.2.4 Charge carriers in conducting polymer

A band-like electronic structure can be formed by a continuous system of strongly
interacting atomic orbitals. In conjugated polymers, the origin of the band structure is the
interaction of the p orbitals of repeating units along the complete chain. The molecular
orbitals (bonding and anti-bonding) is formed by the association of two or more adjacent
p-orbitals in which the pairs of the electron are allocated by more than two atoms which
resulting in a delocalized n- band. The bonding n-orbitals introduces the HOMO and anti-
bonding =-orbital is referred to as LUMO [46]. These HOMO and LUMO orbitals can
assume to be analogous to valance and conduction bands of solid-state materials. The
doping process in conjugated polymers is directly relevant to its increased conductivity.
Upon doing, the formation of self-localized excitations like polarons, bipolarons and
solitons happens as shown in Figure 1.6. Thus, in conjugated polymers, the charge carriers
are not free electrons and holes, but they are quasi-particles such as polaron, bipolaron and

solitons. These quasi-particles can also move relatively free throughout the material.
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Figure 1.6: Effect of dopant on conductivity of polymers

If conjugated polymers having non-degenerate ground state structure and electron is
ejected from the n- system by oxidation, an unpaired electron with spin % (a free radical)
and a positive charge (spin less) called cation are created. The radicals and cation are
combined with each other via a local bond rearrangement and generate a polaron [47][48].
If the oxidation process continues, this creates dication in the polymer. During this process,
an electron can be ejected from either the polaron or neutral part remained in the polymer.
If an electron is ejected from the polaron, then it lost its free radical nature and formed a
dication which made up of two positive charges conjoin through the lattice distortion. This
creates the bipolaron which are spinless defects [49]. While, if an additional electron is
ejected from the neutral part of the polymer chain, it would produce two polarons, which,
is energetically favorable. Because the larger decrease in ionization energy will produce
when, bipolaron forms as compared to the formation of two polarons. For example
polyacetylene, poly-pyrrole, polythiophene, poly (p-phenylene) are non-degenerate
conjugated polymers.

When, the conjugated polymers have degenerate ground state structure, they will create
defects called solitons upon oxidation. These solitons are isolated, non-interacting charged
defects and generates a new localized electronic states. These energy states are situated in
the middle of the energy gap. These states are overlapping with increasing doping to form
soliton bands [50]. The example of a degenerate conjugated polymer is trans-

polyacetylene.
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1.2.5 Conduction mechanism

Most generally two types of conduction process are essential in conducting polymers. They

are as follows:

a) Intra chain mobility:- In this type of process, the charge transport is along with the
polymer chain. This kind of transport may be possible because of the formation of
polarons and solitons which are localized but mobile excitations.

b) Inter chain mobility:- When, the charge transport is between the chains, it is called inter
chain mobility. This type of transport may be due to the inter soliton hopping because
these charges are delocalized and mobile on the polymer chains. Thus, these are
current carrying for the conduction mechanism. During conduction, these species must

hop from chain to chain and along the chain.

1.2.6 Applications

The electrical and optical properties of the polymer consisting extended n-orbitals can be
controlled using oxidation and reduction. Therefore, Conducting polymers exhibit a wide
range of tunable properties that make them ideal for use in devices. Following are some
important applications in which conducting polymers are widely used.

e Polymeric Batteries

e Electro chromic Displays (ECD)

e Light Emitting Diodes (LED)

e Sensors

e Drug release systems and artificial nerves

e Electromechanical Actuators

e Antistatic coating in aircraft structures,

e Electromagnetic shielding of computers

e Conducting fabrics

e Organic field effect transistors

¢ Organic solar cells

1.3 Basic phenomenon of SHI interaction with polymer
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Nowadays, the use of energetic ions for modification of the material’s property has
attracted great attention. SHI is a unique tool for material modification which is not
possible by conventional radiations. The main advantage of using ion beam is the limited
depth of penetration, which allows for the efficient use of energy for material
modifications. lon beams also provide the surface alteration/modifications without
changing the properties of underlying materials. The modification of the structures and
phases of polymeric materials using energetic ions has also attracted great attention of
researchers [51][52][53][54][55][56][57] in recent years. Increasing use of polymers in
space crafts, sterilization, nuclear power plants, high energy particle acceleration, shielding
materials in satellites for thermal control, etc. encounters harsh radiation environments
[58][59][60]. The high-density ionization induced by the energetic ions has been found to
modify the molecular structure and macroscopic properties of the polymer. Such
modifications depend on the incident ion parameters and target materials. It is, therefore,
necessary to understand the ion beam induced alteration/ modification of material. To
understand the, to the matter. When, an ion having high energy passes through the
polymeric material, it loses its energy mainly through four processes.

1. Nuclear stopping (nuclear energy loss) “Sn”

2. Electronic stopping (electronic energy loss) “Se”

3. Phonon decay

4. Plasmon decay

The former two processes (Figure 1.7) are most significantly responsible for changing the
material properties and the latter two processes consist mainly of thermal energy losses
through thermal vibrations of atoms and electrons. The energy loss by phonon happens
from the recoil of atoms and its magnitude of loss will increase when, the mass of ion

increases. Plasmon decay is essentially negligible.

1.3.1. Nuclear Stopping (Sn): In this process, when, energetic ions incident on the target
material, it transfers energy by elastic collisions between the incident ion and target nuclei.
When, the colliding particle transfers energy larger than displacement threshold energy to
target atom, displacement of atoms occur [51]. This threshold energy is the amount of

energy which required by a recoil atom to overcome the binding forces and to move a
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distance more than the atomic spacing away from its original site. If the imparted energy
is less than the threshold energy, then the energy of knock-on atoms vanish as atomic
vibrations which are called phonons and these atoms cannot escape their site.

The nuclear collisions occur between the two atoms having electrons around their
nuclei. Therefore, the interaction mechanism of the nucleus of the target material with the
incident ions is considered as two screened particles. To derive the nuclear energy loss, it
is assumed that the momentum is transferred from the incident ion to the target material
and the inter-atomic potential between them is also considered. Therefore, the incident ion
velocity and charges of two colliding atoms are the two parameters on which nuclear
stopping depends. If the velocity of ions slows down and comes around the Bohr velocity,
then nuclear stopping play a major role. Therefore, at the end of the ion track, maximum
nuclear energy loss happens. For nuclear stopping, the distribution of the energy transferred
to the material by the energetic particle per unit distance, called the energy loss, has a
maximum around 1 KeV/amu and extends to around 100 KeV/amu, i.e., predominates at

lower energies [61].

1.3.2. Electronic Stopping (Se): In this process, the electromagnetic interaction between
the electrons and incident ions (positively charged) of the material leads to the energy loss
mechanism. The electronic stopping can be explained by following two mechanism [51]:
a) Glancing collision- Inelastic scattering, small momentum transfer and distant resonant
collisions

b) Knock-on collision- Elastic scattering, large momentum transfer and close collision
The energy is transferred by the ionization and electronic excitation in both knock-on and
glancing collisions. When, an orbital electron is raised to a higher energy level called
electronic excitation and when, an electron of the orbital is ejected from the atom, is called
ionization. It is reported theoretically and experimentally that glancing collisions and
knock-on collisions contribute equally to the electronic energy loss mechanism [62][63].
The energy rationing between the different loss processes can be simulated by Monte Carlo

simulation program “Stopping and Range of Ions in Matter (SRIM)” [63].
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1.3.3. Range of ions: The projected ion range is the distance from the target surface over

which an ion dissipates its energy completely via elastic and inelastic collisions. The rate

of energy loss (dE/dx) l along the ion trajectory explained the range of an ion in a solid

tota

and can be expressed as:

0 1
R = EOW dE (11)

total

Where R denotes the range of an ion having energy Eo. The most important parameters
on which range of an ion depends are the energy Eo, the atomic number of incident ion (Z1)
and the atomic number of the target material (Z2). The range of an ion along the path can

be described by the total distance traveled by the ion along the ion trajectory.

/
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Log S= log dE/dx

— Nuclear stopping
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Figure 1.7: Qualitative curve of the energy loss (Se and Sp) of an ion in the material as a
function of the ion energy.

The collision between projectile ions and target atoms are random. Therefore the energy
loss mechanism is statistical. The penetration of ion into the solid can be explained by two
type of straggling: longitudinal straggling and lateral straggling. All the ions penetrating
the target do not travel to the similar penetration depth, but they have distribution along the
ion path called longitudinal straggling. Each collision between the incident ion and target
atoms leads to the deviation from the straight-line path of ions to a lateral direction called
lateral straggling.

1.3.4. lon track formation models by SHI irradiation
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When, energetic ions interact with the target material, it deposits large electronic energy
along the ion trajectory. This deposited high energy leads to the formation of damage zones
in the material. These damaged zones consist the modified/disordered material across the
trajectory of ions are known as latent tracks. The formation of latent tracks can be explain
using two different mechanisms named as Coulomb explosion model and Thermal spike
model.

(a) Coulomb Explosion Model:

Fleischer et al. [64] have proposed the track formation model in insulators. According to
this model when, an energetic ion travels in insulating material, it creates a highly ionized
cylindrical zone across the path of incident ion. A repulsive electrostatic force act during
the span of time before which the charge neutrality is reestablished which leads to an
explosion. If the neutralization of charge is greater than 10" s, only then this coulomb
explosion phenomenon occurs [65]. This mechanism results in the localized damage in the
lattice within the cylindrical zone. Coulomb explosion model explains the condition that
the coulomb repulsive forces within the ionized region are sufficient to overcome the lattice
bonding forces in terms of a local electrostatic stress being greater than the local bonding
strength. If two ions in a material have charge ‘ne’, then the force (F) between those charges

can be described as:

n2e?

F= (1.2)

£ag?

Where ‘¢’ is the dielectric constant of the material, ‘ao’ is the average atomic spacing.

Therefore, the electrostatic stress ‘ce’ or local force per unit area can be expressed as [64]:

n?e?

O = Card (1.3)

When, the inter atomic force are relating regarding macroscopically measurable quantities,
the mechanical tensile strength ‘om’ of the material of Young’s modulus (E) is

approximately E/10. So the condition for coulomb explosion to occur is ‘ce > om’ i.€.

n2e?

£ (1.4)

>
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The above equation clearly explains that the materials with low mechanical strength, small
inter-atomic spacing and low dielectric constant are more feasible for track formation.

(b) Thermal Spike Model:

The thermal spike model describe that how a high energy ion can create a region of intense
heating in the lattice. This model is two-step thermodynamic process and the target material
is considered as a two-component medium. First, the electrons, those are explained using
the gas theory of quasi-free electrons and second, the atomic lattice whose thermal
properties are known. Initially, the energy of projectile ions is imparted to the electron gas
which leads to the transfer of energy to the lattice. This energy transformation occurs via
electron-phonon coupling during the specific time 102 s [66]. The local polarization
mechanism is the origin of interaction phenomenon between electrons and phonons. It is
supposed that when, the lattice temperature goes beyond the melting temperature of the
target material, a transient molten state is produced in a localized zone which is in
nanometers scale. This molten state is existing for a short span of time, i.e., picosecond
time scale. An amorphous track is formed along the incident ion path by the swift thermal
quenching across the cylindrical region. This process occurs for the very short duration of
time (t > 107! s). This amorphous track typically has a diameter of few nanometers. A
modified material is observed along the cylindrical region which was transiently heated to
high temperature and then quenched rapidly by thermal conduction.

The energy exchange ‘(Ue-pn)’ between the electron and phonons at a radius r from the ion
path is given by:

Ueph =0 (Te - T) (1.5)

Where ‘g’ indicates the constant of electron-phonon coupling, ‘Te’ is temperature for the
electronic system and ‘T’ is the temperature of the atomic system. The ‘g’ factor depends
on the thermal conductivity ‘K, velocity of sound ‘s’ and the temperature ‘T’ of the atomic
system as per the following relation [67].

4 (KBneS)Z
g=n"—— (1.6)
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Since, the electronic and atomic systems are not in thermal equilibrium with each other,
space and time evolution of the electronic and atomic system, are regulated by a coupled

non-linear differential equations in cylindrical geometry [68] as follows:

dTe d dTe eTe dTe
pCe(Te) Tt = < |Ke(T) TE| + 52 T2 = g(T, = T) + 4G (17)
dT d dT K(T) dT
pC() L=+ [k |+ T2 S — g(T. - T) (1.8)

Where ‘C’ and ‘C¢’ are specific heats for the atomic and electronic systems, respectively.
‘K> and ‘Ke’ are the thermal conductivities for the atomic and electronic systems,
respectively. ‘p’ represents the material’s density, ‘A(r)’ is the deposited energy in the
electronic system within the time duration of ~10"1" s and ‘r’ represents the radius of the
cylindrical region where the path of heavy ion is assumed as the axis.

It is experimentally observed that [69] if the deposited energy is greater than a threshold
value (Se) then only continuous tracks across the incident ion path are formed. The thermal
spike equations show that the value of Se depends on the physical properties of the target
material. The track diameters of two different ions can be different if they have same Se
but different velocity [69]. The track diameter will be greater when, ions are slower

moving.

1.4. General effects on polymer’s properties under SHI irradiation

The passage of high energy ions through polymers initiate several cascade of processes and
dissipation of initial energy occur in form of thermal energy or chemical reactions. The
extent of reaction depends upon the nature of the polymer, irradiation conditions and post-
irradiation conditions. Under irradiation, the energy is transferred to the medium in
ionizations and excitations. Having absorbed energy, polymers suffer bond cleavages,
giving rise to non-saturated fragments called "free radicals™ and responsible for most of the
chemical reactions observed in polymers [70]. Figure 1.8 illustrates various functional
chemical entities created by irradiation [71]. The following major modifications/process
are also observed in polymers as a result of irradiation to heavy ions:

e Cross-linking

e Chain scission

21



e Gas liberation

e Changes in the molecular weight

e Color centers

Cross-linking:

Cross-linking is describe by the formation of lateral chemical bonds between different

polymer chains. When, radical pairs on neighboring chains or two free dangling ion

connect, cross-linking occurs. The mechanism of cross-linking improves the optical

density and electrical conductivities because of the formation of conjugated double and

triple bonds and increased cross-links by irradiation [51]. This phenomenon also improves

the scratch and wear resistance as well as increase hardness and slow diffusion. The

solubility of chemical solvents decreases due to cross-linking.

Chain scission:

When, a carbon of the main chain is adjoining by four atoms, chain scission becomes

significant. The isotrope distribution of the excitation involves enough energy to break all

bonds. The presence of bulky side groups, in particular, inhibits the restoration of main

chain scissions. The scissoring of chains may cause breakage of bonds, decreases

mechanical strength and dissolution of polymers in different solvents can also enhance.
Generally during the irradiation of any material, scission processes and cross-linking

can occur simultaneously. Even so, it is noticed that one process tends to dominate the

other process.

Gas Liberation:

When, high energy radiation incident on polymers, some reactions will be induced and

create some gaseous molecules like H2 and CO2 with lower molecular weight. These

gaseous molecules may create from the primary cleavage of bonds from a main chain or

side chains.

Change in the molecular weight:

The molecular weight of polymers can increase by cross-linking process induced by heavy

ion irradiation. With the increase in the incident fluence, a three-dimensional network is

formed between the chains and the polymer becomes a large molecule. Besides this, the

chain scission process results in the decrement in molecular weight with increase the

incident fluence.
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Color Centers:

In conjugated polymers, the delocalized n-electrons are bound loosely. Using the energy
of visible light, these delocalized electrons can be excited which is followed by the
absorption of light and leads to change in color. The defects produced by the radiation such
as cation, anion and radicals form a broadened band in the bandgap which also contributes
to the absorption of light as well. Color changes of irradiated polymers can be used in
commercial applications. For example in the medical field, when, the material appearance
is of importance when, optical properties must keep same in high radiation surroundings.

H H
c*—c Excited Photon
H
H
C c* + e lonization
H H
H
L]
C C +*H lon Pair
H H
H H
Ce 4+ oC Scission
H H
H H H
E (1]
C c C C + HY Radical Pair
H H H H

Figure 1.8: Radiation-induced reactions in polymer.

1.5. Objective of present study

Considering the changes in structure and properties of the polymers with ion irradiation,
the present study is, therefore, focused on the modification of the properties of P3HT and
PCBM thin films using incident ion beam energies and the mechanism underlying the
changes. Any useful improvements in their optical and electrical properties could be used
for the fabrication of organic devices with improved performance. It is expected that the
results of this work would bear important relevance to material science and especially in

the application of polymers in OPV. The objectives of this study are:
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e To understand the effect of different electronic energy losses (Se) in the modification
of properties of both P3HT and PCBM thin films.

e To investigate the difference in the optical, structural, electrical and morphological
properties of P3HT thin films before as well as after irradiation using three different
ion beam (90 MeV Ni’*, 55 MeV Si** and 1400 KeV Xe*").

e To investigate the difference in the optical, structural and morphological properties of
PCBM thin films before as well as after irradiation using three different ion beams (90
MeV Ni™*, 55 MeV Si** and 1400 KeV Xe°).
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2.1. Introduction

Conjugated polymers possess the electrical and optical properties similar to that of a
semiconductor and also have the processing and mechanical advantages such as they are
flexible, solution processable, lightweight etc. P3HT is a semiconducting polymer
consisting of a m-conjugated backbone with polythiophene units and pendent alkyl side
group. In the crystalline structure, the chains are aligned and stacked on top of each other
with the thiophene rings forming a planar alternating ‘up-down’ conformation and the alkyl
side chains are perpendicular to the stacking direction [36]. Such polymers with lamellar
n-stack have phase separation with crystalline and amorphous domains that are referred to
as a semicrystalline state. P3HT is also a semi-crystalline polymer where the crystallinity
depends on many factors like average molecular weight, regioregularity etc. The higher the
average molecular weight, less is the crystallinity [72][73][74]. It can be used in flexible
optoelectronics devices like organic photovoltaics, field effect transistors, organic light
emitting diodes, etc. as it has good charge carrier mobility and efficient energy transfer
ability. Two different materials are used in BHJ structure, one as an electron donor and the
other as an electron acceptor, to make a blended structure in the active layer. The donor
material leads to the major light absorption in the visible region and a coulomb bound
electron-holes pair called exciton is generated. This blend structure of donor-acceptor
material provides a large interface of the sufficient potential gradient to dissociate the
generated excitons into charge carriers within the exciton diffusion length (~10 nm). This
charge carries, thus, transport towards the opposite electrodes through the acceptor
material.

Therefore, a model combination of P3HT as donor along with PCBM as electron
acceptor material is attractive for the fabrication of OSCs. P3HT is efficiently used as the
light absorbing and the hole transporting layer (donor material) while, blended with PCBM
to form the active layer in OSCs [75][76][77]. High thermal stability, high electron
mobility, and electron affinity are the principal properties for the choice of PCBM as an
acceptor and charge carrier transporting material [78][79]. Moreover, PCBM containing
Phenyl rings and Butyric acid methyl ester side chains attached to the Cego cage improve
the solubility and consequently the ease of solution process in different solvents such as

chloroform, chlorobenzene and dichlorobenzene etc. [37][80]. PCBM, is a versatile
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material, can also be used in thin film transistors [81], memory applications [82],
fluorescence spectroscopy measurement of fullerenes [42], etc. as they have deep-lying
LUMO levels and n-type semiconducting nature.

Therefore, manipulation and control of the microstructure and morphology of thin
film surface are required to improve the performance of any device and new methods to
achieve this goal are continuously being pursued worldwide. On the other hand, the role of
the impingement of high energy ions on polymer matrix in modifying the structure of the
polymers is well known [83][61][84]. Impingement of SHI could produce the collective
excitation followed by a large excited volume surrounding the ion path. This excitation can
rotate the backbone bonds, and different conformations may be acquired. Moreover, after
cooling, the regular section of chains may pack together, and regions of crystallinity are
formed [85]. Reduction of the weight is also very much important in the application of
solar cells in space [86]. Need for the use of thin film OPVs arises due to their excellent
performance as a light weight device in aerospace. Although donor-acceptor blend as active
layer performs satisfactorily, but multilayer OPVs are still being studied for improved
performances [87]. However, these OPVs may encounter different types of ions in space
[88]. Hence the alteration of the performance of these materials under the impingement of
ion beams is needed to be studied thoroughly before their qualifications in applications.

A brief literature review on the irradiation effects on certain conducting polymers
and the study of fullerene and fullerene derivatives under energetic ions is presented in the

following sections.

2.2. SHI irradiation of conducting/conjugated polymers
Irradiation has established itself as one of the most acceptable approaches to alter the
properties of any polymer significantly [89][90][91]. To have more insight into polymer
modifications induced by swift heavy ion irradiation, a look at the comprehensive literature
review is presented below.
% Eal H. Lee [51] studied the fundamental principle of ion beam interaction of
polymeric materials. They explained the interaction mechanisms of charged
particles with polymeric materials given nuclear and electronic stopping. The main

cause of property change in polymeric material is cross-linking and chain scission.
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It is known that cross-linking occur due to electronic process and scission occur
due to nuclear process. The linear energy transfer (LET) and ion track concepts can
explain the cross-linking and scission mechanisms. The authors have supported the
mechanism from their experimental evidence.

Mittal et al. [92] have been reported the Hydrogen loss under heavy ion irradiation
in polymers. They irradiated polyvinylidene fluoride (PVDF) polymer with 100
MeV Ag ions and polystyrene (PS), polymethyl methacrylate (PMMA), PVDF
polymers with 110 MeV Ni ions. They also used 85 MeV Ni ions and 55 MeV Si
ions to irradiate polypropylene (PP) and polyimide (PI) polymers to analyze the
hydrogen loss mechanism for different ion beam. The authors found that the rate of
hydrogen loss is depend on the electronic energy loss and type of bonds present in
it. As the ions pass through a polymer, hydrogen gets partially released within the
path of the track. At the overlapping ion fluence, the rate of loss of hydrogen
decreases and the hydrogen loss curve tends to flatten. This fluence also reveals the
track radius.

Calcogno et al. [93] have been explained the ion irradiation induced structural
modifications of polymer films. They used H, He, Ne, Ar ions in the energy range
of 100-400 KeV to irradiate different polymers such as Polyethylene (PE),
Polystyrene (PS), Polytetrafluoroethylene (PTFE), Polymethylmethacrylate
(PMMA). The transformation from chain structure to amorphous carbonaceous
material has been observed. At very low ion fluence only new bonds between
chains (crosslinks) are produced in hydrocarbon polymers like PS and PE. By
increasing the ion fluence, the original molecular structure is modified, with the
formation of bonds between different chains (inter-chains) and within the same
chain (intra-chains). At very high energy density, a very stable material is observed
due to the complete overlap between ion tracks. The properties of that material are
similar to that of hydrogenated amorphous carbon.

Calcagno et al. [94] have also been reported the modifications of physical and
chemical properties of polymers induced by MeV- KeV range ion irradiation. All
the modifications depend on target parameters and ion energy deposition. The

modifications in molecular weight distribution (pre gel region) and the polymer
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solubility (gel region) can be done by low energy deposition. At high energy
deposition, a new chemical system with functional groups and electronic structure
is produced which is different with respect to the pristine material. The overlap of
ion tracks induces a complete modification of the irradiated material.

S. K. Park et al.[95] have been reported the investigation of high energy ion
irradiated m-conjugated Polyaniline polymer. They used high energy ions (3-4.5
MeV) C?*, F?* and CI** to irradiated Polyaniline emeraldine based (PAN-EB)
samples. The incident ion dose was varying from 1x10'? to 1x10 ions/cm?. They
observed that the m-conjugated pristine system changed from insulating state to
carbonized conducting state based on increased conductivity, oqc, due to high
energy ion irradiation with high ion dose. After high energy ion irradiation, the D
peak and G peak became dominant which also implies the carbonization of the
system.

The formation of nanowires based on n-conjugated polymers by high energy ion
irradiation has been studied by Satoshi Tuskuda et al. [96]. They used Polystyrene
(PS), Polyaniline (PANI) and Poly (3-hexylthiophene) (P3HT) polymers to prepare
thin films. The irradiation were carried out using 400 MeV Kr*8* 320 MeV Ru®*
450 MeV Xe?* and 500 MeV Au®*. After irradiation, all samples (PS, PANI,
P3HT) were adequately developed using cyclohexane, o-dichlorobenzene (oDCB)
and dimethylsulfoxide (DMSO) solvents, respectively. The authors found that the
size and number density of nanowires can be completely controlled by changing
the ion fluence, thickness of film and molecular weight of the polymer. They also
observed that for various sizes of nanowires, the characteristics optoelectronic
properties are different than those from the solid state. Which is also suggesting
that the nanowires are not just finely patterned analogs of the conjugated polymers.
The alteration in morphological and electrical properties of Polypyrrole (PPY)
films under the irradiation of 100 MeV Ag®" ion beam have been studied by
Amarjeet Kaur et al. [97]. PPY films were prepared by electrochemical
polymerization technique and irradiated by 100 MeV Ag®* ion beam with different
ion fluences ranging from 1x10% to 1x10%2 ions/cm?. They observed the increased
conductivity by two orders after irradiation which is due to the reordering of
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polymer chains and generation of charge carriers in that process. The results were
further supported by XRD spectra which are showing increased intensity after high
energy ion irradiation.

Study on conducting polypyrrole (PPY) polymer thin films, prepared by the
electrochemical process has also reported by R. C. Ramola et al.[98]. Thin films of
PPY were irradiated with 50 MeV Li** and 90 MeV C®" ions. The crystallinity of
the PPY films increases with increasing fluences of lithium ions. Amorphization
observed at higher fluence. The energy deposition in the range 50-70KeV/um leads
to the formation of the conjugated system, radical-radical recombination and cross-
linking. The polymer destruction occurs simultaneously along with amorphization
due to irradiation with 50 MeV Li ions as deposition energy is higher than
200KeV/um. But polymer destruction and simultaneous amorphization even at low
fluence was observed due to carbon ions irradiations. The surface conductivity of
films increases with increasing fluence of Li ions, but at higher fluences it becomes
same as pristine film conductivity. It was found that carbon ions do not much affect
the surface conductivity of PPY. The surface conductivity behavior depends on the
surface roughness, chain breaking of PPY films.

Poly (3-Methylthiophene) (P3MT) was synthesized by chemical oxidation
polymerization method using FeCls and thin films were deposited over glass and
Si substrates. Deposited thin films were irradiated with 60 MeV Si°>* ion beam at
different fluences ranging from 3.3x10'° to 3.3. x10'? ions/cm?. Optical, electrical
and structural properties were studied by G. B. V. S. Lakshmi et al. [99]. Dc
conductivity increased by four orders after irradiation. The optical gap decreased
along with the release of various gases during irradiation causes the crosslinking in
P3MT. They also found a decrease in the amorphous variety which causes an
increase in the conductivity of the polymer. During the irradiation, various gases
also released and lead to the formation of the carbon-rich cluster along the ion path.
This cluster formation increases with increasing ion fluence and makes the polymer
inhomogeneous, which in turn favors the increase in band conduction. Therefore,

the conductivity was found to be due to the band conduction.
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In a subsequent study, they irradiated P3MT films using 60 MeV C°* swift heavy
ion beam and again analyzed the structural, optical and electrical properties of
irradiated films [100]. The increased conductivity by order of one along with the
decreased optical bandgap after high energy ion irradiation was observed. The
conduction mechanism found to be band conduction. The FTIR analysis confirmed
the release of methyl group. The change in the conjugation of polymer and n-*
transitions was indicated by red and blue shifts in the absorption peaks. After
comparing the results with Si®* ion irradiated P3MT [99], the role of S. in the
modifications of the polymers due to irradiation can understand.

G. B. V. S. Lakshmi et al. [101] have been reported the effect of 60 MeV Si°* ion
beam on poly (3-octylthiophene) (P30T) thin films. The evolution of gases was
monitored using on-line quadrupole mass analysis which reveals the chain
scissoring and thus chemical changes in the polymer due to ring breaking, main and
side chain scissoring of the P30T during irradiation. The bond scissoring in the
localized region of polymer chains was evaluated using decreased FTIR
transmission intensity with increased fluences. They also found the decreased
crystallinity in irradiated films with increased fluences as well as bandgap which
was estimated from UV-visible absorption spectra. Authors have explained that all
the modifications are due to the change in chemical structure in ion track region.
A. Srivastava et al. [102] have been studied the effect of 100 MeV Si®* ions on
polycarbonate films. They studied the changes in chemical, optical and thermal
properties before as well as after irradiation. They concluded that polycarbonate
shows substantial modification in its chemical, optical and thermal characteristics
when, it is irradiated with swift heavy ions. The chemical modification observed by
breaking of the cleavage C-O single bond of carbonate and formation of phenolic
O-H bond with the phenoxy radical presumably abstracting hydrogen from the
neighboring isopropyl group. They found a slight red shift in optical absorption
spectra with increased ion fluences. A gradual decrease in the glass transition
temperature with increase in ion fluence was also observed.

Polymer nanowires have been prepared by high energy single particle track

reactions in semiconducting cross-linked polymers [103]. The irradiation process
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of cross-linking polymers with energetic ions produces nanowires by cross-linking
reactions along the ion track path. The thin films of poly(9,9’-di-n-octylfluorene)
(PFO), regioregular poly(3-hexylthiophene) (rrP3HT), and poly[2-methoxy-5-(2'-
ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) were irradiated by 450 MeV
Xe®* or 490 MeV 0s** particles. The irradiated films were developed directly in
toluene, chlorobenzene, or chloroform for 1-30 min. The authors found that
fabrication of one-dimensional nanostructures is possible by using SPNT technique
for various conducting polymers along with controlled sizes. The cross-linking G
value for the polymers decides the stability of these nanowires. By increasing the
molecular weight of the polymers, the structural damage induced by irradiation can
also be significantly diminished. The emission studies of these irradiated films
exhibiting sharp and intense emission with high fluorescence quantum yield
indicating the absence of any inter/intra polymer interactions in the nanowire
assemblies. These nanostructures of function polymers with controlled dimensions
can be useful for advanced device applications.
2.3. SHI irradiation of fullerene/fullerene derivatives
The following literature survey summarizes the reported studies on high energy irradiation
induced an alteration in fullerene and fullerene derivatives.
% A comparative study of the effect of SHI on fullerene Ceo thin films with different
Se values ranging from 80 t01270 eV/A has been reported by Bajwa et al. [104].
The incident fluence ranges varying between 10*° and 10%** ions/cm?. Different ion
species like O, Ni and Au were used for irradiation process. It was observed that at
low fluences polymer formation take place but at higher fluences complete
fragmentation of Ceo i.€., amorphous carbon was observed. The measured bandgap
values and resistivity was also found to be decreased with fluence. The increased
dc conductivity and the decreased bandgap of Ceo films at high fluences of SHI
irradiation are related to the formation of a-C. It was also observed that for smaller
Se, the maximum of the polymerization is larger. Quantitative formula describes
that ion species and fluences are required for given amount of polymerization. Also,
the fluences and ion species are required for complete transformation of Ceo to a-

C. Thus, SHI irradiation caused to localized damage. The material remains non-
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conducting until with increasing fluences but at some higher fluence the material
becomes conducting because percolation paths open up. Further irradiation on this
conducting material, however, destroys Ceo molecules mainly by Sy, analogous to
damage in metallic systems.

An investigation on the modifications induced by SHI irradiation on fullerene Cro
thin films has been reported by Rahul Singhal et al. [105]. Thin films of C7o were
irradiated using 120 MeV Au ion beam with different fluences. Evaluation of radius
of damaged cylindrical zones and damage cross-section revealed the complete
amorphization of the carbon structure of the fullerene molecules at higher fluence.
The decreased bandgap with increasing ion fluences was also observed. Increased
conductivity of irradiated fullerene beyond a fluence of 1x10*2 ions/cm? shows the
transformation of C7 into a-C within each ion track. At a fluence of 3x10%
ions/cm?, the molecule is transformed into a-C.

The ordering effect in fullerene (Ceo) thin films due to energetic ion impact have
been reported [106]. Fullerene films (~500 nm) were deposited using the resistive
heating method and irradiated with 200 MeV Au ion beam at different fluence. The
improvement of vibration strength in fullerene films at low fluences was observed
along with the structural ordering at low fluences. The ordering at low fluences has
been explained in terms of ion-solid interaction. The ordering at low fluence is due
to the less heating effect in tracks halo region with much larger radii. At the higher
fluences, this ordering phenomenon is expected to vanish as the damaged core starts
to overlap. Therefore, decreased intensity of vibration modes and lattice diffraction
at higher fluence is observed.

R. Singhal et al. [107] irradiated the thin films of Ceo and C7o with 120 MeV Ag ion
beam. By analysis of damage cross-section and radius of the damaged cylindrical
zone, it was observed that C7o is more stable under high energy irradiation. As
fullerene Ceo has low thermal conductivity and the higher damage cross-section for
Ceo Is explained using thermal spike model. C7o has less damage cross section
compared with that of Ceo. At a fluence of 3x10™ ions/cm?, the fullerene is

completely transformed into a-C in both films (Ceo and Cro).
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A detailed study on the effect of energy loss of ions on the tuning of surface
plasmon resonance (SPR) wavelength of Au nanoparticles (NPs) in fullerene Czo
matrix is reported by R. Singhal et al. [108]. The SPR wavelength of Au-Cro
nanocomposite thin films was tuned using the transformation of fullerene C7 into
a-C under energetic ion impact. It was observed that the tuning range of SPR
wavelength increases with the increased electronic energy loss of incident ion
beam. It was also observed that nuclear energy loss are less effective for SPR tuning
in comparison with the electronic excitations.

Yuta maeyoshi et al. [109] have been reported the development of organic
semiconducting nanowires using high energy irradiation or single particle
nanofabrication technique (SPNT). These nanowires can be used as charge carrier
transport pathways in flexible and lightweight nano-electronics. The fabrication of
fullerene nanowires, that is also applicable to its derivatives such as pristine Ceo,
methanofullerenes of Ce1 and C71: (PCe:BM and PC71BM), and indene Ceo bis-
adduct (ICBA), is reported. The thin films of PCs1BM, PC7:BM and ICBA were
drop cast on Si substrate and irradiated with 450 MeV Xe or 490 MeV Os ion
beams. The number density of incident ions was 1x10°8 to 1x10* ions/cm?. All the
irradiated films were developed using oDCB and chlorobenzene (CB) solvents. It
IS observed that length of nanowires and density depends on the film thickness of
the film and ion fluence.

They also used these PCs1BM nanowires with controlled length and density
in the fabrication of P3HT:PCs1:BM BHJ structure based OPVs to demonstrate the
applicability of these nanowires to enhanced power conversion efficiency (PCE).
A high density of nanowires caused an abrupt decrease in PCE for both normal and
inverted cell structures, which is showing the negative effect on the device.
Formation of nanowires of using SPNT technique another fullerene derivative,
indene Ceo bis-adduct (ICBA), and incorporating them into P3HT: ICBA OPV with
optimized length has reported by Shotaro Suwa et al. [110]. Thin films of ICBA
were irradiated using 490 MeV Os particles and developed with (CB). The PCE of
OPV after incorporating optimized nanowires was found to be increased along with

the increased short-circuit current density.
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Ping Zhou et al. [111] have been studied the “2+2 cycloaddition” photochemical
reaction to drive the photo-polymerization of solid Ceo. They observed that this
reaction proceed via the triplet T, state and exhibits threshold temperature which is
near to the orientational ordering transformation of solid Ceo. 2+2 cycloaddition
reaction is very well known and resulting in the covalent attachment of two
otherwise van der Waals bonded molecules. When, two carbon double bonds on
adjacent molecules are parallel oriented and separated by less than ~4.2 A, this
reaction is active in molecular solids. Using the photochemical assistance, an
excited molecular state is formed and leads to breaking of double bonds and reform
as a four-sided ring. Below the threshold, the requirement of topochemical of
reactive double bond alignment on adjacent Ceo molecules becomes improbable and
suppressing the reaction rate.

The effect of high pressure and temperature on the structure of fullerene Cgo has
been studied by Y. Iwasa et al. [112]. Pristine Cso Shown a metastable and revert to
pristine Ceo State on reheating to 300 °C temperature at ambient pressure. All the
results show the reconstruction of a structure, bonding and electronic states which
is suggesting the chemical bonding between neighboring Ceo molecules. The
existence of two phases and photo polymerized Ceo further suggests the presence
of other metastable phases containing linked Ceo molecules.

The observation reported by A. M. Rao et al. [113] are indicating the
polymerization process of solid Ceo due to the application of visible or ultraviolet
(UV) lights. Authors also investigated the effects of polymerization on vibrational
modes of solid Ceo and found the many more lines in Raman and IR spectra of
photo-transformed phase. The existence of these line indicating the icosahedral
symmetry of Ceo molecule has been lowered supporting the proposed photo-
polymerization process. The broadening of the electronic absorption bands of Ceo
without changing their position indicates the molecular structure of the monomers
was closely related to that of Ceo wWhich is further supported by luminescence
spectra of photo-transformed Ceo films. The broadening of XRD peaks indicates
the disordering in the films. A slight shift of peak position towards the higher
scattering angle also shows the contraction in the lattice constant due to
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polymerization reactions, i.e., 2+2 cycloaddition reactions in which van der Waals

bonds between Cso molecules are replaced by covalent bonds.

2.4. Summary of some other literature review

Sr. | Materials | Modification Key Observations Ref.

No. used Process used

1. P3HT 100 MeV | Increased conductivity by two orders. | [114]
(thickness | Ag® SHI | Reordering of polymer chains which may
~10 um) | irradiation introduce polaronic defects that contribute to

increased conductivity.

2. P3HT 100 MeV | Structural and morphological modification | [115]
(thickness | Ag®* SHI | observed due to the liberation of molecular
~10 um) | irradiation fragments due to ion impact. This may cause

defects, crosslink, chain scissoring or both.

3. Polyether- {50 MeV Li%*" | Increased intensity of XRD peaks shown the | [116]
sulphone | SHI alignment of polymeric chains in a regular
and irradiation pattern. Decrement in the bandgap energy of
polyamide irradiated polymers is due to the shift of UV—
-nylon-6 visible spectra towards higher wavelength.

4. Polyethyle | 2 MeV Change in mechanical properties of PES and | [117]
ne  (PE) | electron, 10 PSF polymer were observed and explained
polysulph | and 20 MeV | using LET effects. Whereas, in the case of the
one (PSF) | proton, 20 and | aliphatic polymer of PE, LET effects is
and 50 MeV He™?, | negligible. This result indicates that
polyethers | 220 MeV C>* | appearance or not of LET effects depends on
ulphone ion irradiation | aromaticity of polymer.

(PES).

5. Polymethy | 70 MeV C°" | Analysis of absorption spectra, FTIR spectra, | [118]
I ions and XRD spectra show anomalous behavior
methacryl with fluence, which may be due to both
ate degradation (scission) and cross-linking of
(PMMA) polymer chains competing simultaneously.
foils

6. conjugate | Mini  Review | The physical properties of organic materials | [119]
d polymer | article and properties of their corresponding device
molecule depends on molecular ordering and
orders in orientation. This mini-review highlights
the solid recent progress in the various techniques
state including optimizing solution-processes,

rational chemical design, and growth of high-
quality crystalline polymer
micro/nanostructures for ordering conjugated
polymer molecules to achieve high
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performance of devices. It is a scientific
challenge to control polymer molecular
ordering with the desired alignment in the
solid state due to their high molecular weight,
complex intermolecular interactions and
easily tangled flexible chain segments in the
molecular structure, which, need to overcome
multiple free energy barriers associated with
the self-assembly process

7. Polypropy | 9.6 MeV C*" | The irradiation of polymers with O ion leads | [120]
lene (PP), | and O*"ions |to hydrogen release, higher changes of
polyethyle roughness, oxygen depletion and a shift of the
neterephth UV-visible absorption edge. The changes
alate induced by irradiation are strongly dependent
(PET), on their chemical structure and ion fluence.
polycarbo
nate (PC)
and
poly(ether
ether
ketone)

(PEEK)
foils

8. Polyanilin | 150 keV | The implantation process with Ar®" ions | [121]
e (PANI)- | Argon (Ar®) | indicating a signature of scission of polymer
polyvinyl | ion bonds and voids formation as well. Increased
alcohol dc resistivity and dielectric loss was also
(PVA) observed. The dc transport has revealed a

decrease in localization length associated with
the scission of polymer bond in the implanted
polymer.

9. poly(carbo | Xe or Au ions | The formation of nanowires with radii 7-30 | [122]
silane)- irradiation nm was observed. The radius of nanowires
poly(vinyl depends on used ion beam. The efficiency of
silane) the cross-linking reaction due to deposited
(PCS- energy along the ion tracks is responsible for
PVS), the difference in size of nanowires.
poly(meth
ylphenylsi
lane)

10. | Poly(3- Structural and | Decrement in the bandgap by 0.82 eV is due | [123]
hexylthiop | electronic to the tightly packed crystal formation and an
hene-2,5- | properties increase of 0.60 and 1.33 eV for the HOMO
diyl) and LUMO dispersion, respectively. The
(rrP3HT) creation of the structural organization and by
crystal a modulation of interchain spacing in the n-

37




stacking direction are responsible for
electronic properties engineering of the
rrfP3HT crystal.

11. | poly(3- Crystallite Efficient transport occurs mostly within the | [124]
hexylthiop | orientations, | observed interfacial layer and requires good
hene) thin | molecular interconnectivity  between  well-ordered
film packing aggregates. The ability to nucleate well-

disorder, hole | ordered, extended n- stacked aggregates off
mobility the substrate-film interface, for instance, is
more important for FET applications.

12. | Ceo, Cro, | First The intrinsic morphological difference can | [125]
[6,6]- principles have significant effects on the open-circuit
phenyl- investigation | voltage, providing a theoretical confirmation
Ce1- of morphology as an important factor in
butyric- organic photovoltaic.
acid-
methyl-
ester
([Ceo]PCB
M), and
bis-

[Ceo]PCB
M

13. | [6,6]- Molecular The phenyl ester groups needed for solution | [126]
phenyl- ordering processability create kinetic challenges for
C61- molecular ordering.
butyric
acid
methyl
ester
(PCBM)

14. | P3HT and | Diffusion of | Diffusion coefficient for disordered PCBM in | [127]
PCBM PCBM in | P3HT is strongly dependent on the annealing
BHJ P3HT temperature and weakly dependent on the

PCBM concentration.

15. | Spin- Photo Due to exposure to simulated sun light, filled | [128]
coated degradation of | and empty molecular orbitals are strongly
PCBM electronic altered, indicating that the conjugated 7 -
and structure system of the Ceo- cage has degraded. Results
evaporate emphasize the need to control the air and light
d Ceo film exposure, during all steps of the OPV

fabrication and characterization, including
during the storage and transport of materials
and films.
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2.5. Motivation of thesis problem

After analysis of earlier studies mentioned above, we were able to define the thesis

work in the following manner:

X/
L X4

Irradiation of material can alter/modify the structure and properties at nano-level
with precise control on deposited electronic energy, incident ion density and target
material.

Improvement in the electrical conductivity, a possible consequence of the
irradiation can be very useful for the organic devices.

Alteration in optical, electronic and morphological properties of the conducting
polymers can also improve the performance of the devices.

No earlier study could be found on the effect of ion irradiation of P3HT-PCBM
system at nanometer scale, very important for the OPVs. Therefore, investigations
of the structure and properties of these two materials under ion irradiation of
different energies can provide an overview on the application of these materials in

devices and also in radiation prone zones or space vehicles.
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Materials &
Methods



3.1. P3HT and PCBM materials

The conjugated rr-P3HT polymer was obtained from Sycon Bombay. The regioregularity
of P3HT polymer is > 99% and molecular weight is ~45000 g mol™. P3HT polymer was
dissolved in chlorobenzene (CB) to make solution. CB was purchased from Merck with >
99% purity. The fullerene derivative, PCBM, powder was purchased from Ossila, UK with
purity 99.5%. The molecular weight of PCBM was 911 g/mol. PCBM was also dissolved
in CB solvent to make solution.

3.2. Sample preparation technique

P3HT and PCBM thin films were prepared by spin coating technique. Spin coating
technique is a low cost and relatively fast method to produce homogeneous layer. In this
process, an excess amount of the solution is placed over the substrate, which, is stuck on a
chuck by vacuum. The substrate is then rotated at a very high speed to spread the solvent
over the substrate homogeneously by centrifugal force. The beauty of this technique is that
the thickness of the deposited film can be adjusted/controlled by optimizing rotation time,
rotation speed, the number of coatings and concentration of used solution. Generally heat
treatment is provided to the spin coated substrates after every coating. This post spin
coating heat treatment helps to obtain films with better homogenization of the composition,
density and adhesion. A schematic diagram of the spin coating process is presented in
Figure 3.1 which, describes the various stages in the process.

Applying the. m==  Rotation — Drying
solvent solution
(@)
/\ | — |
| Substrate | — | Substrate - Substrate

W/

Figure 3.1: Schematic of spin coating process.
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As received P3HT polymer was dissolved in CB solvent by stirring. The prepared
solution was spin cast on the two different substrates (glass and double side polished Si)
using a programmable spin coater (Apex equipments, NXG-m1) (Figure 3.2). The rotation
speed during the deposition was 800 rpm and spin time was 50 s. Before depositing the
solution over the substrates, the substrates were sequentially cleaned with soap solution,
deionized water, acetone and isopropanol for 15 min each in an ultrasonic bath and then
dried. After the coating process, each specimen was heated at the temperature 100 °C and
held for 10 min to evaporate the residual solvent.

The PCBM thin films were also deposited by spin coating technique by adopting above
mentioned process parameters. The thickness of P3HT and PCBM thin films were
measured using Dektak stylus surface profiler at Inter University Accelerator Centre
(IUAC), New Delhi. All the films were irradiated by high energy ions after the deposition.

Figure 3.2: Spin coating unit used for present deposition.

3.3. lon beam techniques for engineering the properties of materials

To engineer the properties of these thin films many techniques are used. These
modification processes may bring drastic changes in the properties of the materials.
Therefore, high and low energy ion beam irradiation were used, in the present study to
modify the optical, structural and electrical properties of the thin films.

3.3.1. Swift heavy ion irradiation
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Pelletron accelerator:

In the present work, 15 UD Pelletron accelerator at IUAC, New Delhi is used for high
energy ion irradiation process [129][130]. This accelerator is a Tandem Van de Graff
electrostatic accelerator. In this accelerator chain of pellets is used rather than charge
carrier belt. The digit 15 stands for 15 MV terminal voltage and UD stands for Unit
Double. This accelerator has the capability of accelerating almost all type of ions from
Proton to Uranium (except inert gases). The energy of the ion beam can be from a few
MeV (million electron volts) to hundreds of MeV depending on the type of ion species. It
has been installed at IUAC, New Delhi by the Electrostatic International Inc., USA. A
schematic diagram of Pelletron Accelerator is presented in Figure 3.3. The Pelletron
machine is mounted vertically in a stainless steel tank. This tank has the height of 26.5 m
and diameter of 5.5 m. In the top portion of the tank, there is an ion source system
consisting of a high negative potential deck, SNICS, vacuum system, power supplies and
controls of the ion source required to produce and inject the negative ions into accelerating
tank. A high voltage terminal which, can hold potential from 4 to 16 MV is placed in the
middle of the tank. This voltage terminal is about 3.81 m in height and 1.52 m in diameter.
The ceramic titanium diffusion bonded accelerating tubes are used to maintain a potential
gradient from high voltage to ground, from bottom of the tank as well as at the top of the
ground. The sulfur hexafluoride (SFs) insulating gas with high dielectric constant is filled
into the tank. The pressure of gas is around 6-7 bar. This gas insulates (to prevent
sparking/discharging) the high voltage terminal from the tank wall and is always
maintained.

Initially, the negative ions are produced from the ion source and pre-accelerated to 250
KeV. The MC-SNICS (Multi-Cathode source of negative ions by cesium sputtering) ion
source is used to generate ions. Cesium (Cs) vapor is formed by electrical heating of Cs
ion source which, falls on the area enclosed between cathode (which, is kept cooled) to
heat the surface of the ionizing material. Cool cathode condenses some of the cesium on
the front and some Cs ionizes to Cs+ ion because of hot surface. Cs+ ions are accelerated
by applying suitable voltage across the ionizer and the cathode. The Cs+ ions impinge on
the target and sputter the target atoms. The sputtered material may consist of neutral atoms

or positively and negatively charged ions. Neutral or positively charged atoms will take up
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electron/s on passing through the condensed layer of cesium and thus produce negatively
charged ions.

The dipole magnet at 90° called ‘injector magnet’ is used to analyze the ions of different
masses. This injector magnet is bent in downward direction towards the terminal. The
negative ions which, are passing through the accelerating tubes towards to the positive
terminal, get accelerated. At the terminal, they encounter with a stripper (C-foil or N2 gas
stripper) and some electrons are stripped off via stripper foil and resulting yield
transformed into positive ions. These ions are then repelled by the cathode voltage towards
the ionizer and then are made to pass through a hole to the ground potential of the extraction
electrode. After exiting from the tank, the ion beam corresponding to a particular energy
and charge state is selected and bent into the horizontal plane by analyzing magnet. At the
end, to divert the energetic ion beams to various beamlines for different experimental areas,
the switching magnet is used. The ultra-high vacuum is maintained in the whole beam line
of the accelerator. The steering magnets and quadrupole magnets are used to keep the ion
beam focused and centered. The ion beam is visually monitored by glow on quartz and
beam profile monitors (BPM). The ion beam current is measured using Faraday cups.

Interchangeable
10n sources

’ Ton accelerating tube ]
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| High voltage terminal ‘
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s | To Switching Magnet I

Figure 3.3: Schematic diagram of Pelletron accelerator at IUAC, New Delhi.

45



The final energy of the ions emerging from the accelerator is given as:
E = [Egeck + (1 + q)Vr]
(3.1)
Where ‘V71’ is the terminal potential in ‘MV’, ‘q’ is the charge state of the ion after
stripping and ‘Edeck’ IS the deck potential of the MC-SNICS source.

Irradiation procedure:

The material science beamline at IUAC, New Delhi situated at 15° angle to the right with
respect to the direction of the un-switched direct beam was used for the irradiation of the
thin films in the present study. Ultra-high vacuum (~ 10°° Torr) was maintained in the beam
line. The vacuum level of the irradiation chamber was maintained below 10 Torr using
turbo molecular pump backed by a rotary pump. The irradiation chamber was made up of
stainless steel and has the diameter about 68 cm. A four-sided target ladder which, is made
of copper is used to mount the samples (maximum 24). This ladder is installed from the
top in the irradiation chamber. The up and down motion of the ladder during the irradiation
process is controlled using the stepper motor from the remote data acquisition room. A
CCD camera with a light bulb is provided to view inside the irradiation chamber during
the experiment. A magnetic quadrupole and a steerer is used to focus the beam on the
target. The irradiation process was performed at room temperature while, keeping the beam
current constant. For attaining uniform irradiation, the beam was scanned in X- and Y-
directions in the maximum area of 1 x1 cm? using an electromagnetic scanner. The time

‘t” of rastering ion can be estimated using the following formula:

foxe}
i

t=Q{ (3.2)

Where, ‘Q’ is ionic charge state, ‘f*is fluences given in ions/cm?, A’ is the area, ‘e’ shows
the charge and ‘i’ represents the current. Using this formula, time required for particular

fluence in irradiation is calculated.

3.3.2. Low energy ion irradiation
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Low energy ion beam irradiation facility (LEBIF) was used to modify the near surface
properties of the material [131]. lon bombardment on the target materials leads to the
energy loss during their passage inside the materials and are finally stopped at a depth
determined by their acceleration energy. In this region of energy, mainly elastic collisions
play an important role. lons are accelerated to energies in the range of tens of electron volts
(eV) to a few MeVs. Low energy ion beam accelerator is made up with an ion source, an
accelerating system and magnetic mass analyzer. Inside a conventional implanter, to form
a beam of charged ions gas is injecting into the ion source. A plasma is created by ionizing
the injected gas. The acceleration of atom is also obtained by ionization. To extract the ions
from the source, an electrostatic field is applying under high vacuum (pressures < 10
Torr). While, the ion beam of solid materials is formed by heating the solid near the melting

temperature in a microwave oven.

cyclotron resonance source (b).

Low energy ion beam facility (LEBIF) was used in the present study to irradiate thin
films at low energy and high mass ions. Figure 3.4 (a) shows the image of LEBIF facility
at IUAC, New Delhi. This facility consists of an Electron Cyclotron Resonance (ECR) ion
source (Figure 3.4 (b)) installed on a high voltage deck. For the confinement of plasma
radially and axially, permanent magnet (NdFeB) was used. A high voltage deck was
utilized to place all the electronic control device and UHF transmitter (10 GHz) of the ECR

source. To control these components, optical fiber communication is used in multiplexed
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mode. The beam lines with their different components such as metal double slit, faraday
cups, UHV scattering chamber, electrostatic quadrupole triplet lens etc., the accelerating
system and the high voltage platform have been designed and developed indigenously. The
ion beams extracted from the ECR source in the form of charge. The dipole magnet is used
to analyze the mass and selected beam is injected into two available beam lines which, are
situated at 90° and 15°. The dipole magnet which, separates the two experimental beam

lines is also showing in Figure 3.4 (a).

3.3.3. Summary of SRIM data of incident ion beams on P3HT and PCBM thin films
Present work was carried out using three different ion beam with different energy and mass
of incident ions. P3HT and PCBM thin films were irradiated with 90 MeV Ni’* ions where
mass of ion was 57.94 amu and 55 MeV Si** ions having 27.97 amu mass at Material
Science beam line of Pelletron accelerator, IUAC, New Delhi. The above described
procedure was followed. To irradiate P3HT and PCBM films at low energy with high mass
ions (1400 KeV Xe®* ions having 131.90 amu mass), irradiation was carried out using
LEBIF facility at IUAC, New Delhi. The calculated value of Se, Sy and range using SRIM
software of different ions in P3HT and PCBM matrix is summarized in the following Table
3.1

Table 3.1: Summary of SRIM data

P3HT PCBM (C72H1402)
(C10H14S)

Deposition Spin Rate 800 800
Parameters Spir(1rtpirr2)e B 50 50
90 MeV Ni™* Se (eV/nm) 4788 7736

ions beam Sn (eV/nm) 8.390 13.19

Range (pm) 26.89 16.59

Current 0.2 pnA 0.2 pnA
55 MeV Si# Se (eV/nm) 1921 3146
ions beam Sn (eV/nm) 1.878 2.942
Range (um) 27.03 16.73
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Current 0.4 pnA 0.4 pnA
1400 KeV Xe** | Se (eV/nm) 746.3 1344
ion beam Sn (eV/nm) 821.6 1366
Range (A) 8905 5122

Current 100 nA 100 nA

3.4. Sample characterization techniques
After undergoing the irradiation process, the P3HT and PCBM thin films were
characterized using the following techniques:
3.4.1. X-ray diffraction (XRD)
XRD is a non-destructive, versatile analytical technique for the quantitative determination
and identification of various crystalline forms. It revels the detailed information about the
structural and physical properties of material and thin films. Therefore, it finds a wide range
of applications in material characterization [132]. XRD is based on the constructive
interference of monochromatic X-rays and a crystalline sample. The X-rays diffracted by
atoms because the wavelength of X-rays (0.5-2.5 A) is close to the atomic size (~ 1.5 A).
The interference (constructively or destructively) of diffracted X-rays with other occur if
the atoms or ions are arranged in a regular manner and depending on the path difference
(Figure 3.5). In 1913, English physicists Sir W.H. Bragg and his son Sir W.L. Bragg
developed a relationship to explain as to why the cleavage faces of crystals appear to reflect
X-ray beams at certain angles of incidence (Theta, 8). They came up with Bragg's law [133]
which, is given by Equation 3.3:

nA = 2d sinf (3.3)
Where ‘n’ is an integer, ‘A’ is the wavelength of incident x-rays and ‘d’ represents the

interplanar spacing between the lattice planes.
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Figure 3.5: Schematic of diffraction pattern (Bragg’s law).

Figure 3.6 shows the conventional layout of XRD instrument. The typical XRD
measurement starts with the production of X-rays. The X-ray will then be incident to the
sample and a diffraction pattern is obtained. Then detector will detect this pattern and
interpret the data needed for sample. It is important to have a smooth plane surface. To
diffract an X-ray beam, the reflection plane must meet the incident X-ray beam at one of
the specified angles of a crystal. It is necessary that the X-ray reflected from the different
points on these planes reach the detector in phase. When, the number of diffracting planes
are large, containing thousands of parallel planes, this condition is satisfied very accurately
and hence the diffraction maxima are sharp. Therefore, when, the crystallites are so small
that they contain only a few planes in phase, diffraction by these planes is no longer valid
for producing sharp diffraction minima. In general, reduction in crystallite size affects the
broadening of the peaks. Therefore, the broadening of the peak depends on the particle
size. The particle size was determined from the broadening of X-ray diffraction peaks using
the Scherrer’s [134]Equation 3.4.

091
- B cosf

(3.4)

Where ‘D’ is the crystallite size (A), <A’ is the X-rays wavelength, ‘B’ is the Full width at
half maxima (FWHM) and ‘0’ is the diffraction angle.
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For the current work, the orientation and crystallinity of P3HT thin films irradiated with
90 MeV Ni’* ions, were characterized by Panalytical X'pert PRO X-ray diffractometer with
a Cu-K, (A = 0.154 nm) monochromated radiation source, operating at a voltage of 40 kV
and 40 mA current. XRD data were collected at a glancing angle of 3° and by varying 26
in the range of 3-30° with a step size and exposure time of 0.02° and 1.5 s/step, respectively.

High-resolution X-ray diffraction (HR-XRD) patterns of 55 MeV Si** irradiated P3HT
thin films were measured at Elettra Synchrotron Lab, Trieste, Italy in MCX beam line at a
glancing angle of 0.5°. The energy of the X-rays was 12 keV with a wavelength of 1.033
A. The 26 is varying in the range of 2 to 10° with a step size and exposure time of 0.01°

and 1 s/step, respectively.

3.4.2. Fourier transform infrared spectroscopy (FTIR)

The infrared (IR) spectroscopy is the most promising characterization tool which, is based
on the interaction of electromagnetic radiation and chemical substance. This technique
provides the possibility of the identifying chemical bonds (functional groups), organic
molecules and the molecular structure of the organic compounds without lengthy evolution
methods. The IR spectroscopy technique is based on the vibrations of atoms in a molecule
and provides a qualitative analysis. Every molecule consists the covalent bonds; these
bonds are not rigid and can be bent or stretched. There are various type of molecular
vibrations and are illustrated in Figure 3.7.

Recorded diffraction
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Figure 3.6: Conventional layout of XRD instrument.
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Figure 3.8 is showing a conventional setup of FTIR spectroscopy. When, IR irradiations
are passing through the material, a part of IR radiations are absorbed by the sample and
remaining part is transmitted. The wavelength of absorbed IR radiation is characteristics
of stretching/ bending vibrational modes of a chemical bond. This occurs because the
incident radiation induces an oscillating dipole moment in the molecule with a frequency
equal to the frequency of the radiation. The secondary radiation emitted by the oscillating
dipole then interact with the oscillating electric field of electromagnetic radiation resulting
in an absorption on resonance. The resulting spectrum represents the molecular absorption
and transmission. The resultant spectrum is the molecular fingerprint of the sample and
absorption peaks are describing the frequency of vibrations between the bonds of the atom.
The IR spectra cannot be similar for two different components because every material has
its own unique combination of atoms. The determination of frequencies at which the
samples absorbs the IR radiations allows the identifications of the chemical structure of the
sample, since functional groups are known to absorb radiation at specific frequencies. The

amount of present material can be estimated by the size of the peak in the spectrum.
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Figure 3.7: Different vibrational modes of a molecule.
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In the present work, the FTIR spectra of pristine and irradiated thin films of P3HT and
PCBM using both, 90 MeV Ni’* ions and 55 MeV Si** ions, on double side polished silicon
substrates were monitored in a FTIR spectrometer (Perkin EImer model L1600401).
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Figure 3.8: Block diagram of FTIR Instrumentation.

3.4.3.UV-visible absorption spectroscopy

UV-visible spectroscopy is one of the powerful analytical tools in the material science.
When, an atom or molecule absorbs the energy, the electrons are promoted from their
ground state to an excited state. The absorption of different substances between the
wavelength ranges from 200-800 nm is investigated using UV-visible spectroscopy
provides information about electron energy jumps between the two distinct energy levels.
Ultraviolet and visible photons are energetic enough to promote valence electrons to higher
energy states in molecules and materials. It provides key information about the electronic
transition and hence electronic structure of the material. The absorption spectrum is
commonly presented as a graph of absorbance versus wavelength. The measured spectrum
is continuous because of combination of overlapping lines due to superposition of
rotational and vibrational transition on the electronic transitions and makes the absorption
band wider (Figure 3.9 (a)). The various possible electronic transition in the organic
molecule are shown in Figure 3.9 (b).
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Figure 3.9: Diagram of electronic energy levels (Eo represents the ground state and E*
represents the excited state) (a); Energy level diagram for different electronic transitions

The Beer-Lambert Law [135] described that absorbance is directly proportional to

the path length in the solution, ‘b’, and the concentration, ‘c’, of the absorbing species.

A = —logy, (I/IO) =e.b.c (3.5)
Where ‘A’ is the measured absorbance, ‘lo’ is the intensity of the incident light at a given
wavelength; ‘I’ show the transmitted intensity, ‘e’ is a constant of proportionality, called
the molar absorptivity. Figure 3.10 shows the schematic diagram of UV-visible
spectrophotometer. In UV-visible spectroscopy, two radiation sources, deuterium lamp and
tungsten halogen lamp, are used. The purpose of using two type of lamps is to cover the
wavelength range from 200-800 nm of the spectrum. During the operation in the visible
range, mirror M1 blocks the radiation coming from deuterium lamp and reflects the
radiation coming from halogen lamp onto the source mirror M2. When, the operation is in
UV range, mirror M1 allows the radiation is coming from deuterium lamp to strike source
mirror M2. Radiation are reflected from the source mirror M2 through an optical filter
wheel assembly. An appropriate optical filter is located in the beam path which is doing
pre-filtration of the radiation before entering to the monochromator to produce the desired
wavelength. The filter and radiation source will change automatically during
monochromator slewing. The filtered radiation passed through the entrance slit (S1) of
monochromator grating and dispersed to produce a spectrum. The selected portion of
spectrum by the grating is reflecting through the exit slit (S2) to mirror M3. The slit S2
restricts the part of spectrum to a near monochromatic radiation beam and provide spectral

band pass of 1 nm. The radiation is reflected from mirror M3 onto a beam splitter. This
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splitter allows to pass 50 % of total radiation onto plane mirror M4 and remaining 50%
radiation reflects onto plane mirror M5. Mirror M4 and M5 focus the radiation beam in the
sample cell and reference cell, respectively and the beam passes through a convex lens onto
the photodiode detector. The intensity of reference beam which, should have no absorption
of light is denoted as ‘lo’ and the intensity of sample beam is defined as ‘I’. If any sample
does not absorb the light of a given wavelength then I=1o. However, if the sample absorbs
light then 1 is less than lo and the ratio of I and lo is plotted on a graph asa function of
wavelength. Absorption may be presented as transmittance (T = 1/lo) or absorbance (A =
log lo/l). If absorption is not occurring then T =1.0 and A=0.
The bandgap can be determined using Tauc’s relation [136] for a semiconductor:
ahv = A (hv — Eg)n (3.6)

Where ‘o’ is the absorption coefficient, ‘hv’ is the photon energy; ‘A’ denotes the density
of localized state constant and ‘Ey” shows the energy bandgap. The index value “n” depends
on the transition. For direct allowed and direct forbidden transition ‘n’ has the values of
1/2 and 3/2 respectively. When, transitions are indirect allowed and indirect forbidden
transition, ‘n’ will be 2 and 3 respectively. The value of Eg can obtain by extrapolation of

the straight line portion of the absorption edge to the abscissa (hv).
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Figure 3.10: Schematic diagram of UV-visible spectroscopy.
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In the present work, the absorption spectra of pristine and irradiated P3HT and PCBM
thin films (using 90 MeV Ni’*, 55 MeV Si** and 1400 KeV Xe®* ion beams) were obtained
using a Hitachi U-3300 spectrophotometer.

3.4.4.Raman spectroscopy

To study the vibrational, rotational and other low-frequency modes in chemistry and
condense matter physics, the Raman spectroscopy technique is used. Raman is a non-
destructive technique and required no sample preparation. It can be used for both
quantitative and qualitative analysis. This technique is based on the Raman Effect which
was introduced by Indian Physicist, C. V. Raman in 1928 [137]. Raman Effect is the
inelastic scattering of photons by molecules. The transitions between the energy states are
induced by the interaction of photons with molecules and most of the photons are
elastically scattered i.e. Rayleigh scattering. In Rayleigh scattering, the emitted photons
and the absorbing photons have the same wavelength. The energy of incident and scattered
photons are different in Raman scattering. If the scattered radiation has the energy less than
the incident radiation, it is called Stokes line (Stokes radiation). While, the scattered
radiation having the energy more than the incident radiation is called anti-stokes line (anti-
stokes radiation) [138]. An energy level diagram of all type of scattering is showing in
Figure 3.11.
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Figure 3.11: Energy level diagram of Rayleigh scattering, Stokes Raman scattering and
Anti-stokes Raman scattering.
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Excitation instigates the scattering of the radiation and enhancement or reduction in the
energy of scattered radiations is associated with the spacing of vibrational energy levels in
the ground state of the molecules. Therefore, the vibrational energy of the molecule can be
measured by the energies of stokes and anti-stokes lines. Both, Stokes and anti-stokes lines
are situated at an equal distance from Rayleigh line because either vibrational quantum of
energy is gained or lost. The intensity of anti-stokes line is lesser than stokes line because
for anti-stokes line the molecule should be in the excited state. Hence, the intense Stokes
line is measured by Raman spectroscopy. A change in polarizability during molecular
vibration is an essential requirement to obtain Raman spectrum of the sample.

In Raman experiment (Figure 3.12), a laser is used to illuminate the sample because it
provides a coherent beam of monochromatic light. This incident light excites the photons
and gives sufficient intensity to produce scattered photons. The exciting laser is injected
into an optical microscope using a beam splitter and focused on the sample by an objective.
The scattered light is collected, led to the beam-splitter and into the spectrometer. These
scattered photons are separated by incident wavelength by passing through a transmission
grating. The intensity of Raman signal is recorded at each wavelength using CCD detector.
An almost real-time graph can be obtained using CCD detector and also it can take more

data in a given time.
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Figure 3.12: Block diagram of micro-Raman scattering experiment.
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For the present work, the micro-Raman spectra for both pristine and 90 MeV Ni’* ion
irradiated P3HT thin films were recorded in a Renishaw InVia Raman microscope by
exciting with the 514 nm line of an Ar laser. A laser spot size of ~4-5 pm was used during
micro-Raman measurements and by keeping power on the sample surface below 5 mW to
avoid heating effects. While, for the P3HT sample irradiated using 55 MeV Si** ion beam,
Raman spectra were recorded from STR 500 confocal micro-Raman spectrometer with an
excitation of 532 nm laser. The laser power on the sample surface was maintained at 0.2
mW.

The Raman spectra of PCBM thin films irradiated with 55 MeV Si** ion beam were
recorded using STR 500 confocal micro-Raman spectrometer with an excitation of 532 nm

laser and power ~1 mW.

3.4.5.Photoluminescence (PL):

When, a radiation of certain frequency is incident on a molecule, it gets excited and may
come back to its initial state with an emission of radiation with a lower frequency than that
of the incident radiation. This mechanism is known as ‘Luminescence." When, the emission
of radiation stops as the incident light is removed, the phenomenon is called fluorescence.
Whereas, if the emission persists longer time after removing the incident light, this
phenomenon is called phosphorescence.

Photoluminescence (PL) is a very common emission spectroscopy characterization
technique to study the properties of nanomaterial. This technique is very simple, sensitive,
contact-less and non-destructive. The experimental apparatus of PL simply consists of a
laser which, irradiates the sample and the emitted light or luminescence is analysed by a
monochromator [139]. The incident light ionizes the filled levels of the sample caused in
the raising of the electron and holes concentration in the conduction and valence bands.
This raised concentration creates higher level excitons in quantum wells and higher energy
levels of the band structure are increasing. Electron and holes are continuously
recombining after getting a new equilibrium with incident light which is pumping the
various levels of the band structure. The released energy (as photons) during the
recombination is measured by the monochromator and detector. In short, in PL experiment,

a single laser light is used to pumping the energy levels of the sample and the emitted light
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is measured. From the frequency of emitted light, the information of energy level
transitions is measured directly. An example of the slow process is shown in Figure 3.13.

In the present study, the emission spectra were recorded by exposing the P3HT samples
(for both 90 MeV Ni’* and 55 MeV Si** ion beam irradiated) to solid state laser with
excitation wavelength 532 nm at room temperature using STR-500 Raman

spectrophotometer.

CB

Figure 3.13: Schematic of Photoluminescence process.

3.4.6. Atomic force microscopy (AFM)

The AFM was developed by Gerd Binnig, Calvin Quate and Christoph Gerber in 1986
[140]. The AFM works on the principle of attractive or repulsive forces between a tip and
the sample. The forces measured in AFM include Van der Waals force, capillary forces,
chemical bonding, electrostatic forces, magnetic forces, Casimir forces, solvation forces
etc. depending on sample medium and approach distance of the tip. The Van der Waals
force is the dominant force in AFM. It is also using to obtain the images of the surface at
the atomic scale. When, the probe tip of AFM scanned the sample surface and distance
between them remains within a few nanometer, the force between the tip and the sample
cause it to deflect. This deflection is measured and correlated to the force. A block diagram

of AFM setup is shown in Figure 3.14. AFM has a micro-scale cantilever made up of
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silicon nitride or silicon. The cantilever has a sharp tip whose radius of curvature is in the

order of nanometer. During the measurement, when, the probe tip comes into contact with

the sample surface, a force will produce between the sample surface and probe tip. The
cantilever will deflect and bend because of the force between sample and tip. This force

(F) can be calculated using the following Hooke’s law, where deflection of the cantilever

IS measured.

F =—kz (3.7)

Where Kk’ shows the stiffness of cantilever and ‘z’ denotes the distance of lever bent. A

piezoelectric stage is used to mount the samples. To analyze the sample surface, probe tip

is scanned laterally and deflection of the cantilever is measured as a function of position.

There are three modes in which, AFM can be operated.

a) Contact mode: In this mode, the probe tip is in intimate contact with the surface. When,
the tip scanned across the surface and encountered with surface corrugations, the tip is
deflected.

b) Constant force mode: In this mode, the distance between the probe tip and sample
surface is adjusted continuously to maintain a constant deflection, and therefore
constant height above the surface.

c) Tapping mode: In this type of mode, a stiff cantilever and sample surface brought into
proximity. Then the cantilever starts to oscillate resulting in a change in the amplitude
or resonant frequency of the cantilever. This change is measured during the scan.
When, the cantilever oscillates, a part of tip discontinuously taps the surface of the
sample. To use this mode, the cantilever should be very stiff so that cannot be stuck
on the sample surface. This mode is useful for soft samples because of improved lateral
resolution. The lateral forces such as drag in contact mode are virtually eliminated in
tapping mode.
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Figure 3.14: Block diagram of Atomic force microscopy.

CANTILEVER

The size and stiffness of the cantilever are sensitivity factors for the force measurements.
The main advantage of using AFM is precision, higher resolution and less damage. AFM
is also having the ability of functioning as a current, physical, chemical and biosensors
[140]. Various type of surfaces such as organic, biological, insulators or conductors can
image using AFM.

For the present work, the RMS roughness of pristine P3HT and PCBM thin films as
well as after irradiating by both 90 MeV Ni’*, 55 MeV Si** and 1400 KeV Xe®" ion beams,
were measured using Bruker Nano 5 AFM setup using tapping mode.

3.4.7.Contact angle measurement

Wetting of solid substrates by the liquid is a fundamental phenomenon having significant
importance in both the technological and natural world. The solid-liquid interfacial
phenomenon (wettability) is often characterized by measuring the contact angle formed
between a solid surface and a liquid drop. Contact angle measurement is a sensitive and
relatively simple tool to evaluate hydrophilicity or hydrophobicity of any surface. The
surface heterogeneity, line tension, roughness of any surface and solid surface energy [141]

can also determine using this measurement. The wetting characteristic of any solid surface
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is dependent on intermolecular forces those are responsible for the contraction of the
surfaces which is known as surface tension.

When, a liquid droplet put on an even solid surface as shown in Figure 3.15, the
intersection of liquid-vapour and liquid-solid interfaces formed an angle called the contact
angle (6¢). The contact angle can be acquired geometrically by drawing a tangent line along
the liquid-vapour interface from the contact point. The junction where solid, liquid, and
vapor phases are coinside is known as the three-phase contact line. As shown in Figure
3.15, measured contact angle will be small if the liquid is spreading on the surface. While,
a large contact angle is observed when, the liquid beads on the surface. More precisely,
when, 6 is less than 90°, it indicates that surface wetting is favorable. When, 6. is greater
than 90°, it indicates the spreading of fluid over a large area on the solid surface (wettability

unfavorable).

YLV O =90 ° : Hydrophobic Surface
0 < 90° : Hydrophilic Surface

Figure 3.15: lllustration of contact angles formed by liquid drop on a smooth
homogenous solid surface.

The contact angle described by using Young’s equation. Thomas Young theoretically
described that the contact angle of liquid depends on the interfacial energy (surface tension)
of the liquid- vapor, solid- vapor and solid-liquid interfaces when, these phases are in
thermodynamics equilibrium. By the Young’s equation, with the assumptions that the drop
size is small and gravity effect (which deform the droplet) is negligible [142], the contact

angle between a liquid drop and solid surface can be described using Equation 3.8:
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cos O, = % (3.8)
LV

Where ysy, v1.s and y, are surface tension at the interface of solid-vapour, liquid- solid
and liquid- vapour, respectively and 6. is the contact angle [143]. This model is based on
the assumption of considering the surface to be flat and homogenous.

For the present work, the surface wettability of water droplets before and after
irradiation of P3HT and PCBM thin films were examined using Contact angle
measurement system from KRUSS drop shape analysis setup. The angle was estimated

using sessile drop fitting method using the software.

3.4.8. X-ray photoelectron spectroscopy (XPS)

Photoelectron Spectroscopy is based on collection and energy analysis of photoelectrons
emitted upon illumination of radiation onto the samples. When, X-ray radiation is using, it
is called X-ray photoelectron spectroscopy (XPS). XPS was developed in the mid-1960s
by Kai Siegbahn and his research group at the University of Uppsala, Sweden. In 1981,
Siegbahn was awarded the Nobel Prize in physics for his work with XPS. This technique
was initially known as Electron spectroscopy for chemical analysis (ESCA).

To make surface analysis by XPS, the sample is irradiated with monochromatic soft X-
rays i.e. X-rays of known energy (hv) and electron are ejected from the sample surface.
These electrons are having the binding energy (BE) Eb, which is less than the energy of
incident X-rays (Eb< hv). The energy of these ejected electrons is detected. Al K, (1486.6
eV) and Mg K, (1253.6 eV) are most commonly used X-ray sources. The incident photons
have limited penetration depth. These photon interacts with the atoms in the surface region
and causing electrons to be emitted by the photoelectric effect. These emitted electrons
having kinetic energy (KE) Ex which, can be measured in the spectrometer and is given by:

E, = hv — E, — @, (3.9)

Where @, is work function of the spectrometer. Since, by compensating for the work

function term electronically, it can be eliminated.

Ek = hV — Eb (310)
Ey = hv — Ey (3.11)
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Thus, by measuring the KE of photo-electrons, Equation 3.11 can be used to translate this
energy into BE of the electrons. The BE is referred as the energy difference between initial
and final state after emission of photo electron. XPS can determine the concentration of
the elements present at the surface using BE information. Dissimilarity in the polarizability
of compounds and chemical potential are the main cause of the chemical shift (variation in
elemental BE).

Figure 3.16 is a schematic diagram of the essential components necessary for
performing XPS. An X-ray source to produce X-rays, an electronic energy analyser, a
sample holder, an electron detector/multiplier and suitable electronics for readable
spectrum are some components those are consist by any XPS setup [139]. Ultra high
vacuum (UHV) is maintained inside the setup. Along with the BE data and elemental
identification, XPS can also provide more spectral information such as spin-orbit splitting,
chemical shifts, auger-chemical shifts, shake-up lines, plasmon loss lines. XPS also provide
the chemical state identification, quantitative analysis, useful to determine element location

or depth profiling.

QN
\\ \

X-ray source~_ /

Energy analyser
hv

Electronics

Chart

Computer
recorder

Figure 3.16: Schematic representation of the necessary components for XPS.

Electronic properties of P3HT thin films irradiated using 90 MeV Ni’* and 55 MeV Si**
ion beams were measured in an Omicron nanotechnology XPS system from Oxford

instruments (model-ESCA+) consisting of an UHV chamber attached with a
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monochromatic Al-K,, radiation source of energy 1486.7 eV and a 124 mm hemispherical

electron analyzer.

3.4.9.DC conductivity measurement:

DC conductivity is the form of electrical conductivity measurement that most of us are
familiar with. For the conductivity measurement, two methods are possible: Two probe
method and four probe method. For present work, two probe method was used. In the two
probe method, the sample is simultaneously contacted in two places and conductivity is
measured. In a DC conductivity measurement process, in principle current from a DC
source should flow through the sample and the potential difference that develops across the
sample must be measured. The resistance of the sample is measured using the Ohm’s law.

Further, to measure the conductivity of the sample, Ohm’s law can be written as follows:
V =IR (3.12)

Where ‘V’ is the potential difference across the sample when, the current ‘I’ is flowed
through it. After calculating the values of resistance ‘R’, the resistivity of the sample can

be calculated using the following formula:
p=" (313)

Where ‘p’ is the resistivity of the sample, ‘I’ is the length of the sample, and ‘A’ is the
cross-sectional area of the sample. We will assume that the length and cross-sectional area
of the sample is uniform and are therefore each of a single value. The conductivity (o) of

the sample is then simply the inverse of the resistivity and can be calculated as:
o= % (unit: Q'm?) (3.14)

To study the variation of conductivity with temperature, R-T measurement is performed
which described the charge transport/hopping phenomenon with the variation of
temperature (both high and low temperatures). The two probe method is used to carry out
the measurement. The samples were mounted on a substrate holder and the two probe
connections (contacts with the sample) are made using silver paste over the thin films. A
very thin copper wire is used to make probes and the distance between both probes was

kept minimum and constant during the measurements to avoid the contact resistance. After
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drying the silver contacts, a rough vacuum was maintained in the substrate holder. This
holder was dipped into a container which was filled with liquid nitrogen (N2). The
temperature was controlled using a temperature controller (Lakeshore temperature
controller 325) during the whole measurement. The resistance was measured using
Keithley's 6517-B electrometer. The whole setup is interfaced to a computer with lab-view
programming for controlling and monitoring of real-time measurement. The whole setup
is showing in Figure 3.17. The user can select sourcing mode (current/voltage),
compliances, output level (sourcing amplitude) for measurements and delay in
measurement. The front panel shows the real-time voltage, current, temperature, resistance
values and plot between resistance and temperature which updates after each delay time.
For the present work, the dc conductivity measurement for pristine and irradiated P3HT
thin films (using 90 MeV Ni”* and 55 MeV Si** ion beams) in the variable temperature
range was carried out by two probe method using Keithley's electrometer 6517B and
Lakeshore temperature controller 325. The vacuum in the sample holder during the

measurement was 107 Torr.

Figure 3.17: Image of R-T measurement setup at IUAC, New Delhi.
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Chapter 4

Investigations on Modifications
In P3HT Thin Films with
Electronic Excitation by

Taking Different Mass and
Energy
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4.1 Ion irradiation induced modifications of P3HT by 90 MeV Ni’* ion beam

P3HT as a semi-crystalline polymer is efficiently used as light absorbing and hole
transporting layer. In semiconducting polymeric materials, the ordering of molecules has a
remarkable effect on their optoelectronic properties. The P3HT thin films can show the
higher degree of molecular ordering via n-n stacking of adjacent molecules [144]. This
high degree of molecular ordering is an important step for enhancing the photon absorption
at a longer wavelength and increased charge carrier mobility [76][145][146]. High energy
ion beams are very useful tool to modify the properties of material in a controlled manner
for specific applications [108][147][84][148]. Nanoscale molecular structures can also be
modified by high energy ions, leading to the change in chemical, structural and optical
properties. When, such energetic ions pass through the polymer film, they can transfer their
energy to the molecules which, lead to the ionization and excitation of the atoms and/or
molecules. These modifications in the polymer are associated with the bond cleavages and
production of free radicals. These radicals are responsible for chemical transformation in
polymer via chain scission, cross-linking and bond breaking/formation. High energy ion
irradiation produces several intra-chain or inter-chain modifications in polymers.

Under this study, thin films of P3HT, deposited using spin coating method on glass and
double side polished substrates, were irradiated by 90 MeV Ni’* ions using Pelletron
accelerator available at IUAC, New Delhi. The beam was incident at normal to the film
surface to carry out the irradiation process with different fluences ranging from 1x10° to
1x10" jons/cm?. The Se and Sy, for the 90 MeV Ni’* ions in P3HT matrix is 4788 eV/nm
and 8.39 eV/nm, respectively. The range of Ni’* ions is 26.89 um calculated by SRIM 2008

programme.

4.1.1.Results and discussion

4.1.1.1. Micro-Raman spectroscopy

Figure 4.1 shows the typical micro-Raman spectrum of pristine P3HT film. There are
several Raman modes of P3HT (Table 4.1) observed in the range of 600-1800 cm™
[149][150]. The Raman bands for pristine P3HT found at 1380 and 1449 cm are supposed
to be sensitive to m-electron delocalization or conjugation length of P3HT molecules

[151][152]. But the peak position corresponding to C-C mode (1380 cm™) is insensitive to
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both excitation wavelength and molecular ordering [152]. So the main focus is only on
C=C mode at 1449 cm™,

Figure 4.2 shows the micro-Raman spectra of pristine and ion beam irradiated P3HT
films with fluences from 1x10° to 1x10™ ions/cm? It depicts that the intensity
corresponding to C=C mode increases with an increase in fluence from 1x10° to 1x10%°
ions/cm?. With further increase in fluence upto 1x10* ions/cm?, the peak intensity is
reduced with respect to the intensity of the peak at 1x10% ions/cm?. Figure 4.3 shows the
variation of FWHM with fluences (Figure 4.3-a), while, a variations of the peak height
and the normalized areal intensity with fluences are exhibited in Figure 4.3-b and c,
respectively. As discerned from Figure 4.3-b and c that the peak height and normalized
areal intensity for 1449 and 1380 cm™ modes are initially enhanced with increasing ion
fluence upto 1x10%% ions/cm?. After 1x10%° ions/cm?, when, ion fluence is increased upto
1x10% jons/cm?, the peak height and areal intensity starts decreasing. The variation of
FWHM corresponding to 1449 cm™ peak (Figure 4.3-a) shows that the FWHM is
decreasing upto the fluences of 1x10%° jons/cm? but after that when, fluences increases at
1x10 ions/cm?, the FWHM starts increasing. This decrease in the FWHM shows the

increment in the molecular ordering of P3HT corresponding to C=C mode [153].
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Figure 4.1: Raman spectrum of pristine P3HT thin film under 514 nm excitation.
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Figure 4.4 shows the change of relative areal intensity ratio of C-C mode to C=C mode
(le-c/lc=c) with different fluences. The relative areal intensity ratio for the pristine films of
P3HT was 0.079. The variation in the relative intensity shows that the ratio lc.¢/lc=c initially
increases up to 0.092 with the increase in fluence upto 1x10° ions/cm?. With further
increase in fluence (>1x10% jons/cm?), the relative ratio decreases and reaches upto 0.069.
The ordered P3HTcan be quantified by a narrower FWHM of C=C mode and the large
intensity ratio of C-C mode with respect to the C=C mode [152][153]. These significant
changes in FWHM of C=C mode and lcc/lc=c ratio confirms the molecular ordering of
P3HT with ion irradiation. The variation in FWHM and relative areal intensity ratio lc.c/lc=c

with fluences is shown in Table 4.2.
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Figure 4.2: Raman spectra of pristine and 90 MeV Ni’* ion beam irradiated thin films of
P3HT.

The molecular ordering of P3HT at lower fluence and again disordering at higher fluence
can be understood by ion polymer interaction. When, high energy ion beam interacts with
the target material, initially they transfer their energy to the electronic subsystem of the
target material by inelastic collision within the duration of 10°-10* s. Subsequently, this
energy is transferred to the atomic subsystem via electron-phonon (e-p) interaction, which

occurs at a time scale of 103-10? s. This process leads to a sharp increase in the lattice
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temperature upto few thousands of Kelvin. Beyond a certain threshold value of electronic
energy loss (Se), a transient molten state is formed in the material within a few nanometer
range radially from the ion path. This molten state remains for a very short duration of 10°
12,10 s and quenches rapidly at a rate of 10'* K/s by thermal conduction. This process
which is so called ‘thermal spike model’ [154][85] creates a modified material in the
cylindrical region around the ion path. So when, the thin films of P3HT were irradiated at
fluence 1x10° ions/cm?, these high energy ions passes through the film, lose its energy and
excite the target material. This energy is transferred within few nm cylindrical region
around the ion path and creates a high-temperature zone. This region of high temperature
quenches very fast i.e. within a picosecond. It has been shown in the literature [155] that
during the passage of ion in material, the temperature around the ion path follow the
Gaussian distribution and decreases gradiently. The temperature gradient between the track
core and halo region in various type of materials is well-studied phenomenon[156][157]
and ordering in fullerenes, graphene and CNT etc. due to the annealing in the halo regions
have already been studied in detail using this concept. A. Biswas et al. reported the
recrystallization of PVVDF with remarkable molecular structural engineering by halo region
annealing effect with high energy ion beam at low fluences [158]. The heating effect around
the ion path is shown in Figure 4.5.

The annular region surrounding the core of ion path has less heating effect than core
region and can be assumed as annealing causing the molecular ordering of P3HT at low
fluence. All the ion tracks are well separated at low fluences. With further increase in
fluence above 1x10% ions/cm?, the ordering decreases since at higher fluences (>1x10%°
ions/cm?) more and more ions pass through the film and get overlapped enhancing the
temperature of the core region to a considerable extent. Over and above the overlapping
fluence, the incoming ion will find themselves in a region of track halos created by the
previous ions. Here it is important to mention that compare to the area of track core, halo

regions are formed in much bigger areas of the target materials.
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Figure 4.3: Variation of FWHM (a), peak height (b) and normalized intensity (c)
corresponding to C=C mode (1449 cm™) and C-C mode (1380 cm™) with different
fluences of 90 MeV Ni’* ion beam.

Track core part is generally of few nm in diameter whereas, track halo may extend upto
micrometer region from the ion path depending on the material. So the ions which are
coming after the overlapping fluence will create track core regions in the halo region of the
previous ion. In these new track core regions, due to bond breaking, ordering of P3HT will
start diminishing. Due to the high energy ion beam impact, free radicals, hydrocarbons etc.
are released. The hexyl side chain may be detached during irradiation and thiophene ring
is less affected by high energy ions in contrast to the side chain. So in the present case also,
a small level of chain scission may also help to increase crystallinity due to increase in
mobility of the chain but with increasing fluences, the liberation of gaseous fragments is
also possible which, may lead to amorphization i.e. long molecular chains may be damaged
but not destroyed completely due to ion impact at higher fluence and may result in

disordering at higher fluences.
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Figure 4.4: Represents the variation of relative areal intensity ratio of C-C mode to C=C
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Figure 4.5: Schematic diagram of radial gradient of temperature around the ion path.
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Table 4.1: Summary of modes of vibrations in pristine P3HT thin films at different
wavenumbers for 514 nm excitation.

Wavenumber (cm™?) Modes of vibration
1449 cm The symmetric C=C stretching mode
1380 cm The C-C intra ring stretching mode
1206 cm The inter ring C-C stretching mode
1180 cm™ The C-H bending mode with the C-C inter ring stretching
mode
727 cmt The C-S-C deformation mode

Table 4.2: Summary of FWHM of C=C mode (1449 cm™) and relative areal intensity
ratio of the C-C mode to the C=C mode (lc-c/lc=c) for pristine and 90 MeV Ni’* ion
irradiated P3HT thin films at different fluences.

Fluence FWHM (cm™) Ic-c/ lc=c
(ions/cm?) (C=C mode)

0 27.51 0.079
1x10° 26.84 0.080
3x10° 26.67 0.086
1x10%° 26.45 0.092
3x10%° 27.47 0.085
1x10* 27.59 0.069

4.1.1.2. FTIR spectroscopy

Figure 4.6 shows the FTIR spectra of pristine and irradiated P3HT thin films which is
similar as reported in the literature by other groups [114][115][102]. The observed band at
735 cm is corresponding to methyl rock and the band at 820 cm™ is attributed to aromatic
C-H out of plain vibration which, confirms the regioregular structure of the P3HT in the
present case. The polymer having each repeating unit is derived from the same isomer of
the monomer is called regioregular polymer. Regio-regular polythiophenes having a
uniform distribution of substituents contain Head to Tail (HT) coupling exclusively. They
can acquire a planar conformation with low energy and extended m-conjugation (figure
1.4). The characteristic peak of thiophene has been observed at 1377 cm™ which is

attributed to C-S stretching mode. It is clear from the figure that the band at 1458 cm™ is
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associated with symmetric ring stretching vibrations and band at 1510 cm™ is associated

with asymmetric C=C ring stretching vibrations.
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Figure 4.6: FTIR spectra of pristine and irradiated P3HT thin films.

The relative ratio of their intensity (l1510/114s8) Shows the conjugation length and for the
present study this ratio increases from 0.03 to 0.8 for the 1x10%° ions/cm? fluence. The
increased conjugation length due to the increased molecular ordering may also be the cause
of increased conductivity [115]. The bands at 2858 cm™ and 2925 cm represent the C-H
aliphatic stretching. As shown in Figure 4.6, the intensity of prominent bands is increased
with increasing the incident ion fluences. The presence of all the modes of P3HT even at a
fluence of 1x10* ions/cm? confirms that the basic unit structure of P3HT molecule is not
significantly altered after ion irradiation at low fluence. It has been reported for regioregular
P3HT which, consists self-packing of the hexyl side chains by hydrophobic interaction,
due to the ion irradiation at the fluence of 110! ions/cm?, the self  stacking of thiophene

rings between the adjacent polymer chains may lead the chain reordering [102].

4.1.1.3. XRD studies
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XRD patterns of pristine and irradiated P3HT thin films performed at room temperature is
presented in Figure 4.7. The scattering peak at 5.22° 20 value is due to the first order
reflections for the pristine and film irradiated at fluence of 1x10%° ions/cm?, corresponding
to interlayer spacing 1.69 nm [159]. This observed peak corresponds to a-axis orientation,
with main polymer chain parallel and side chains are perpendicular to the substrate [160].
After irradiation at a fluence of 1x10'° ions/cm?, the intensity of the peak is found to be
increased which is indicating the improved crystallinity. The size of P3HT crystallite along
(100) peak was calculated using Scherrer formula described in Equation 3.4.
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Figure 4.7: XRD pattern of pristine and irradiated P3HT thin films.

The statistical analysis of (100) peak reveals the decrease in the FWHM (from 0.52° to
0.23°) at the fluence of 1x10%° ions/cm? with increase in the crystallite size (15.43 nm-
34.85 nm). All the observations are summarized in Table 4.3. The observed increase of the
P3HT crystallite size is associated with the increased ordering of the alkyl chains within
the main thiophene chain. It has been reported that the structure of rr-P3HT films consists
of crystallites embedded in an amorphous polymer matrix [161][162][163].

It is, thus, clear from the XRD spectra that the irradiation induces the increased polymer
crystallite size with pronounced a-axis orientation. In the crystallite, the polymer molecules

are well oriented and have less structural defects like chain kinks. These defects limits the
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conjugation length. Therefore, larger crystallite size leads to the large conjugation length.
Thus, the mean conjugation length should be large for irradiated samples [164]. The
increase of the mean conjugation length upon irradiation also improves the optical
absorption.

The observed intensity of the XRD peak of the film irradiated at the fluence of 1x10'!
ions/cm? is found to be decreased. A small shift in the peak position from 5.22° to 5.10°
corresponding to interlayer spacing 1.73 nm is also observed. The measured crystallite size
at this fluence is 22.49 nm. The decreased intensity and crystallite size compared to the
fluence of 1x10% jons/cm? reveals the disordering at this fluence. But the presence of (100)
peak after the irradiation at higher fluences shows that the structure of P3HT is not
destroyed due to high energy ion impact. Occasionally observed shifts in the X-ray peaks
might indicate a distortion of the crystal structure due to increasing strain, resulting from

differences in density of the pristine and irradiated zones [165].

Table 4.3: XRD and XPS analysis of pristine and irradiated P3HT thin films.

Fluences Peak | d-spacing | FWHM | Crystallite | Carbon | Sulphur | C/S
(ions/cm?) | Height (nm) °) size (nm) (at%) | (at %)
(au.)
0 767.35 1.69 0.52 15.43 88 12 7.33
1x101° | 1261.62 1.69 0.23 34.85 89 11 8.09
1x10'* | 1090.93 1.73 0.35 22.49 87 13 6.69

4.1.1.4. XPS analysis

Figure 4.8 shows the XPS survey scan of pristine P3HT films exhibiting only carbon and
sulphur peaks at the BEs of 285.0 eV (C 1s) and 164.4 eV (S 2p), respectively [166]. Figure
4.9 shows the high resolution spectra of C 1s and S 2p peaks for both pristine and ion beam
irradiated P3HT thin films. The existence of carbon and sulphur species after ion beam
irradiation with fluences of 1x10% and 1x10*! ions/cm? indicates the presence of thiophene

units.
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Figure 4.8: Typical XPS survey scan of pristine and irradiated P3HT thin films.

C1s peak resolved into two sub-peaks at 285.0 and 286.1 eV. The peak at a BE of 285.0
eV is attributed to C-C/C-H bonds, whereas, the low intensity peak at 286.1 eV corresponds
to the C-S bonds [167]. Sulphur core line was found in doublet state (S 2pa2 and S 2p1/2)
in consistence with the spin-orbit splitting in the expected ratio of 2:1 for the pristine film.
The S 2p peak at a BE 164.4 eV has been assigned to the S-C bonding in P3HT. The C/S
ratio (Table 4.3) increases from 7.33 to 8.09 for P3HT thin film irradiated at the fluence of
1x10'° ions/cm? but decreases to 6.69 after ion irradiation at fluence of 1x10*! ions/cm?.
This decrease in C/S ratio indicates a damage occurring at the fluence of 1x10*! jons/cm?.
Removal of more C atoms than S atoms from the surface region may be due to higher
sputtering yield of C atoms. The absence of the shake-up peaks on the higher BE side of C
Is indicates that the © conjugated system is not broken into smaller conjugation length
[168] in P3HT thin films after ion irradiation. For the pristine and ion irradiated P3HT thin
films at a fluence of 1x10%% ions/cm?, the shape and position of both the peaks (C 1s and S
2p) are not changing much, representing that the nature of the chemical bonding of
thiophene units near the films surface is not affected by irradiation [169] up to the given
fluence. However, a small shift (0.4 eV) in both C1s and S 2p peak positions towards the
higher BE side can be noticed at a fluence of 1x10'! ions/cm?, indicating the surface

charging effect in the absence of a significant number of C atoms with respect to the
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samples irradiated at a fluence of 1x10%° jons/cm? (mentioned above). That could also be

the reason behind the change in shape of the S 2p peak.
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Figure 4.9: High resolution spectra of C 1s and S 2p of pristine and irradiated P3HT

films.

4.1.1.5. Optical studies

To study the optical properties, the absorption spectra have been observed of P3HT thin
films deposited on glass substrate. Figure 4.10 illustrate the UV- visible absorption spectra
of pristine and irradiated films of P3HT at different fluences. In the spectra, the absorption
of P3HT is shown in the visible region i.e. 400-800 nm. The two broad peaks observed at
518 nm and 551 nm, which has been attributed to the n-n* transition of the P3HT backbone
[76]. One shoulder is also observed at 599 nm which is due to the inter-chain interaction
of pristine P3HT thin films. The effect of high energy ion beam irradiation demonstrates
the marginal increase in the intensity of absorption peak with increasing incident fluences.

It can also be seen from Figure 4.10 that even at the highest fluence (1x10*! ions/cm?), the
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absorption peaks are observed at the 518 nm, 551 nm and 599 nm, respectively i.e. no
feature of absorption has vanished. The inset of Figure 4.10 shows the Tauc plot of P3HT
films. The variation in the optical bandgap of pristine and irradiated P3HT thin films has
been evaluated from Tauc's relation described in Equation 3.6. The relation between
absorption coefficient a, optical bandgap Eg and the energy of incident photon hv are called
Tauc relation [136].

The optical bandgap of the pristine P3HT thin film is 1.96 eV and for sample irradiated
at a fluence of 1x10! ions/cm?, it is about 1.94 eV. The change in the bandgap of P3HT
films after ion irradiation is marginal. The variation in the bandgap of pristine and irradiated

samples at different fluences is shown in Table 4.4.
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Figure 4.10: UV-visible absorption spectra of pristine as well as 90 MeV Ni’* ion beam
irradiated thin films of P3HT. The inset shows the Tauc plot of pristine and 90 MeV Ni’*
ion irradiated P3HT thin films.

Figure 4.11 (a) is showing the PL spectra of pristine and irradiated P3HT thin films
taken at room temperature. The spectra are similar to those reported earlier [170][171]. It
is observed from the PL spectra that the emission peak intensity and peak position varies
with the ion fluences. The PL peak intensity increases at the fluences of 1x10° and 1x10%°

ions/cm? and then decreases at fluence of 1x10! ions/cm?, but still higher than the intensity
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of pristine peak. The increase in observed PL intensity is due to the increased molecular
ordering by incident ions. It has also been reported [171] that polymer chains self-organizes
to form aggregates in the films and explaining the correlation with the conjugation length.
The detailed analysis of PL line shape based on H-aggregates consistent with m-stacks
theory has been reported [145][172]. Figure 4.11 (b) shows the normalized PL spectra. It
could be observed that the PL peak shifts with 0.05 eV towards lower energy after
irradiation. This indicates a change in the polymer conformation. A red shift in
luminescence spectra generally occurs due to the increased conjugation length favouring
higher delocalization of electrons in the polymer chains. The increased conjugation length

is also confirmed from the XRD and FTIR analysis in the present study.
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Figure 4.11: (a) PL spectra of pristine and 90 MeV Ni’* ion beam irradiated P3HT thin
films at room temperature. (b) Normalized PL spectra of P3HT thin films.

In order to see the effect of high energy ion beam irradiation on P3HT film's color
(absorption and emission spectra), the photographs are provided (Figure 4.12). It is clear
from the photographs that there is no change in color of the films upto 1x10% jons/cm?

fluence, but at the highest fluence which is 1x10% ions/cm?, a small variation in color has

been observed.
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Figure 4.12: Optical images of pristine and irradiated P3HT samples.

4.1.1.6. Surface measurements

The physical changes in morphology of P3HT films of pristine and irradiated samples have
been observed by AFM images which shown in Figure 4.13. The morphology displayed
in Figure 4.13 of P3HT thin films was traced by AFM tips in tapping mode over the 1x1
um? area. The RMS roughness of pristine films was 4.89 nm. After undergoing irradiation
at 1x10°, 3x10°, 1x10%°, 3x10'%and 1x10 ions/cm?, the roughness becomes 4.39 nm, 2.87
nm, 3.36 nm, 3.44 nm and 3.66 nm, respectively. Thus the surface become smooth as the
fluence is increased upto 3x10° ions/cm?. On further increasing the fluence to 1x10%
ions/cm?, the surface becomes less smooth (3.66 nm) compared to the film which was
irradiated at 3x10° ions/cm? but still the surface roughness is less compared to the
roughness of pristine film. So there is an overall decrease in the roughness of films with
ion irradiation. The summary of variation in roughness is shown in Table 4.4. Figure 4.13
also shows the change in the texture of the film after irradiation at different fluences. With
increasing fluence, coarser texture with the thin hill-like feature has been observed.

Table 4.4: Summary of optical bandgap, RMS roughness and contact angle of pristine
and 90 MeV Ni’ ion irradiated samples at different fluences.

Fluence (ions/cm?) Bandgap (eV) Roughness (nm) Contact angle (°)
Pristine 1.96 4.89 100.3
1x10° - 4.39 102.7
3x10° - 2.87 105.5
1x10%0 1.96 3.36 97.5
3x1010 - 3.44 96.2
1x10% 1.94 3.66 91.0
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To study the nature (hydrophilic or hydrophobic) of pristine and irradiated P3HT thin
films, wettability measurement has been performed. Figure 4.14 (a-f) shows the contact
angle images between the water droplet and surface of pristine and 90 MeV Ni’* high
energy ion beam irradiated thin films of P3HT. The angle was estimated using sessile drop
fitting method using the software. From Figure 4.14 (a), it can be seen that the surface of
the pristine film is hydrophobic (angle > 90°) in nature because the contact angle between
the water droplet and P3HT film surface is 100.3°. Initially with an increase in the fluences
upto 3x10° ions/cm?, the angle between the water droplet and film surface is increased at
105.5° but after the fluence of 3x10° ions/cm?, the contact angle starts decreasing. For the
highest fluence (1x10* ions/cm?) the contact angle decreases upto 91.0°. The variation in

the wettability with increasing fluences has been described in Table 4.4.

30.0 nm Pristine 0. 1x10° jons/cm?

Figure 4.13: Three dimensional AFM micrographs of pristine and 90 MeV Ni*
irradiated P3HT thin films at different fluences.
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Figure 4.14: Contact angle measurement images of pristine and 90 MeV Ni’* ion
irradiated P3HT films.

4.1.1.7. DC-conductivity measurement

Figure 4.15 and 4.16 is showing the dc conductivity (c4c) Variation as a function of 1000/T
and T4 respectively in the temperature range of 200 to 400 K for the pristine and irradiated
thin films of P3HT. The Mott’s 3-dimensional variable range hopping (3D-VRH) model
[173] has been used to explain the charge transport mechanism for P3HT
[174][175][176][177][178]. According to the Mott’s model, the dc conductivity can be

written as:
Og4c = Oy €Xp {— (%)m} (4.2)

Where ‘oo’ and “To” are constant and ‘T’ is the temperature. Here m = ﬁ, in which, ‘d’

is the dimensionality. Thus for 1D, 2D and 3D hopping charge transport 'm’ has values as

1/2, 1/3 and 1/4 respectively. In order to get the proper value of ‘m’, three different curves
m

of log o4dc versus (%) was plotted using the values of m = 1/2, 1/3 and 1/4. Among all

these three curves, for the value of m = 1/4, the curve resembles more to a straight line
(Figure 4.16) and therefore m = 1/4 was used in the present study for further calculations.
Therefore, in the present study, the Mott’s 3D VRH mechanism of TV type seems to be
more appropriate and dc conductivity of P3HT thin films can explained using Mott’s 3D

VRH model which indicates that the charge transport occur by phonon assisted hopping
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i.e. thermally activated jumps between the localized sites. The temperature range where

Equation 4.1 is valid should give activation energy as:

_ —d(no)

4 Cly) 2

Where ‘Kg’ is Boltzmann constant. The parameters of Equation (4.1) can be correlated
with the following expression:

E, = mKyT, (%)m_1 (4.3)
Equation 4.3 shows that a plot of log Ea and log T should give a straight line with the slop
of —(m-1). The plot between log Ea and log T is given in Figure 4.17 and found the
behaviour of activation energy with temperature matches with a straight line with m= 1/4.
This further confirms that the Mott’s 3D VRH mechanism of type T-Y* explains the charge
transport mechanism in pristine and irradiated P3HT thin films. Further, the various Mott’s
parameters associated with charge transport have also been evaluated. To and oo can be
described as:

_ AaB
To=onen (44)
And
0-0 = eZRZﬁoN(EF) (45)

Where ‘To’ is the characteristic temperature, ‘A’ is dimensionless constant ~ 18.1
[179][180][181], ‘o’ is the exponential decay coefficient of the localized states which, are
involved in the hopping process and is equal to the width of the thiophene monomer unit
(ot ~3.185 A) [182] since the electrons are always delocalized to the extent of w-orbitals
on the monomer units, ‘N(Er)’ is the density of states at Fermi level. In Equation 4.5, ‘e’
is the electronic charge, ‘oo’ is the conductivity at infinite temperature, ‘vo’ is the phonon
frequency (~10'2 Hz) and ‘R’ is the average hopping distance between two sites. Where
‘R’ can be calculated from:

R= {;}1/ ' (4.6)

SH(XKBTN(EF)
The average hopping energy ‘W’ can be estimated by using following formula:
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Figure 4.15: The plot of log of dc conductivity (oqc) as a reciprocal of Temperature

(1000/T)

(4.7)

in the range of 200-400 K for pristine and 90 MeV Ni’* ion irradiated P3HT thin films.
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Figure 4.16: The log of dc conductivity (odc) plotted as a function of reciprocal of
Temperature (T-¥4) in the range of 200-400 K for pristine as well as 90 MeV Ni’* ion

irradiated P3HT thin films.
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Figure 4.17: Plot of log Ea versus log T in the temperature range 200-400 K for pristine
and 90 MeV Ni’ ion irradiated P3HT thin films.

For the present study, the value of all Mott’s parameters To, N(Ef), R, W at 300 K has
been calculated using Equations (4.4)-(4.7) and summarized in Table 4.5. In this
calculation, the density of states calculated from Equation (4.4) is based on the assumption
that the wave function localization length remains independent of temperature and
conductivity.

The results of Mott’s parameters (Table 4.5) shows that at room temperature (300 K),
the dc conductivity has been found to be increased at the fluence of 1x10*° jons/cm? and
the density of states at Fermi level of pristine and irradiated thin films is ~10* cm3eVv!
which are in good agreement with the wvalues of previously reported
[174][178][179][180][181][183][184]. The value of To has been estimated from the slop of
log oqc versus T-Y* and found to decrease with increase in the conductivity (Table 4.5).
The calculated results for the present study fulfil the Mott’s requirement that aR >> 1 and
W >> KgT for the conductivity by hopping to distant sites. This further indicates that three-
dimensional variable range hopping is dominated for pristine as well as irradiated samples

for the conduction.
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Table 4.5: Summary of Mott's parameters at room temperature (300 K) for pristine and
irradiated thin films.

Fluences | Conductivity Ea To (K) N(EF) RA) | W aR
(ions/cm?) | 6dc (Ohmr (eV) (cmBeVv1) (eV)
lemt) at 300 | At 300
K K
Pristine 2.48x10°® 0.215 | 3.65x10% | 1.8x10'° | 39.8 | 0.211 | 12.5
1x10° 4.40x10° 0.200 | 2.77x10® | 2.3x10'° | 37.2 | 0.202 | 11.7
1x10% 1.35%x10° 0.189 | 2.21x10® | 2.9x10Y | 35.0 | 0.190 | 10.9
1x10%t 4.88x10° 0.197 | 2.60x10® | 2.5x10'° | 36.5 | 0.196 | 11.5

4.2 Effect of high energy ions on the different properties of P3HT thin films by 55 MeV
Si** ion beam
P3HT is a promising donor material in various organic electronic devices, therefore
fundamental studies on structure property correlation with regard to charge transport,
optical and mechanical properties, morphology, etc. have been analyzed in details earlier
[172][174][171][153]. P3HT is a semi-crystalline polymer consisting of a - conjugated
backbone with thiophene monomer unit and alkyl side chains. The crystallinity of
conjugated polymer is due to the formation of multiple helices or chain folding. The
polymer backbone provides the advantage for the functional properties such as anisotropic
charge transport with characteristic absorption in the low-energy part of the spectrum
[185][186]. The charge transport depends upon the extent of z- conjugation along the
backbone and also on intermolecular chain interaction along with the morphology.
Impingement of SHI can produce the collective excitation followed by a large excited
volume surrounding the ion path. This excitation can rotate the backbone bonds and
different conformations may be acquired. Moreover, after cooling, the regular section of
chains may pack together and regions of crystallinity are formed [85]. In the present
section, the effect of 55 MeV Si** swift heavy ion beam bombardment on P3HT thin films
in order to evaluate the changes in the structure of the thin film in nanometer level in a
different beam parameter and the subsequent effect on the transport and other properties.
The incident ions have almost half of the electronic energy loss in comparison to the

previous section.
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Thin films of P3HT, deposited using spin coating method on glass and double side
polished substrates and then irradiated by 55 MeV Si** ions at IUAC, New Delhi. The beam
was incidence at normal to the film surface to carry out the irradiation process with
different fluences ranging from 1x10%° to 1x10*? ions/cm?. The Se and S;, for the 55 MeV
Si** ions in P3HT matrix is 1921 eV/nm and 1.878 eV/nm, respectively. The range of Si**
ions in P3HT matrix is 27.03 um calculated by SRIM 2008 software.

4.2.1. Results and discussion

4.2.1.1. Micro-Raman analysis

To analyse the structural alteration, micro-Raman analysis have been performed on the
P3HT thin films. Figure 4.18 represents the micro-Raman spectra of the pristine P3HT
thin film at 532 nm excitation. The observed spectrum of P3HT confirms the presence of
intensive Raman bands in the range of 500-2000 cm™. The Raman band observed at 725
cmtand 1186 cm™ are assigned to C-S-C ring deformation and C-H bending, respectively
[153][149]. The band at 1208 cm™ is related to C-C inter-ring stretching. The bands at the
position of 1380 cm™ and 1448 cm™ are corresponding to C-C skeletal stretching and C=C
symmetric ring stretching, respectively.

To observe the effect of energetic ions on structural properties of P3HT thin films, we
analyze the regions from 1350 to 1500 cm™ (Figure 4.19) as this region is supposed to be
sensitive to n-electron delocalization or conjugation length of P3HT molecules [152]. The
Lorentzian function was used for fitting the peak around 1448 cm™. For the P3HT films
irradiated at the fluences of 1x10% and 1x10% ions/cm?, an increase in the intensity
corresponding to 1448 cm™ band is observed which, indicates an ordering in the polymer
matrix. A modified material is created in cylindrical region around the ion path when, high
energy ion beam interacts with the target material, according to the Thermal Spike model
[85][154]. There is less heating effect in the annular region which surrounds the core of the
ion path. The ordering due to this less heating effect is very well known phenomena and is
responsible for the molecular ordering of P3HT at low fluences in the present study also.
However, a significant decrease in the peak intensity is observed when, the films are

irradiated with a fluence of 1x10% jons/cm?. At high fluence, more ions pass through the
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polymer film increasing the overlapping of the core region. Ordering of P3HT will start
diminishing in track core regions, due to bond breaking at higher fluences.

Figure 4.20 summarizes the variation of FWHM and relative intensity ratio (lc-c/lc=c)
with incident ion fluences. The decrease in the FWHM and increment in the relative
intensity ratio (le-c/le=c) (up to 1x10! jons/cm? fluence) described the increased molecular
ordering and enhanced effective conjugation length along polymer backbone
[153][149][187][188]. It has been reported using Raman simulation that the intensity ratio
(le-c/lc=c) increases with increasing chain length without any significant change in the peak
position. Also, the enhancement in the relative C — C mode intensity might be relevant to

the electron-phonon coupling of this mode and responsible for increased charge transfer

from C = C bonds [153].
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Figure 4.18: Raman spectrum of Pristine P3HT thin film confirming the presence of all
Raman active modes of P3HT.
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Figure 4.19: Raman spectra of 1380 cm™ and 1448 cm vibrational peaks for pristine
and irradiated P3HT thin films.
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Figure 4.20. Variation of FWHM and relative intensity ratio (lc-c/lc=c) corresponding to
1448 cm peak for pristine and irradiated P3HT films.

4.2.1.2. FTIR studies
Figure 4.21 shows the FTIR spectra of both pristine and irradiated P3HT thin films at
different fluences of 1x10%°, 1x10'* and 1x102 ions/cm?. In Figure 4.21, the entire FTIR

spectra are vertically shifted for clarity. Pristine P3HT spectra showed FTIR characteristic
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features similar to those reported earlier [174][189]. The FTIR band observed at 735 cm™
is corresponding to methyl rock. The band observed at 821 cm™ confirmed the presence
for aromatic C-H out of plain vibrations and is the characteristic of (3-hexylthiophene-2,
5-diyl). The band at 1380 cm™ corresponds to the carbon-to-sulphur (C-S) single bond
stretching vibrations. The two bands observed at 1460 cm™ and 1508 cm™ are related to
carbon-to-carbon double bond (C=C) symmetric ring stretching and C=C asymmetric ring
stretching vibrations respectively. The spectra further show the C-H aliphatic stretching at
2857 and 2923 cm™*. The band observed at 821 cm™ indicates the structure of P3HT is rr-
P3HTchains.

1460 735
2857 c=C methyl reck]
11 1C-H Aliphatic ser A0 ]
2960:: ; 11 CSband I

:\E: H Pristing +s » stretching = &
(R H C .
o :

'1'.\(1IJ1|:l ions.h::m2

131 (‘.‘1 1 it:-r'ls!-::n‘l2

% Transmission

1x10"2 jonsiem?

E':“"n

v S 3 :
3054 4 - 1503 .. < 1376
(A C=CiiiCS5 * aMme !l
C-Haromatic o505 C-H out of glain

3500 3000 2500 2000 1500 1000 500
Wavenumber {cm'1)

Figure 4.21: FTIR spectra of as deposited as well as irradiated thin films of P3HT.

It can also be seen from Figure 4.21 that FTIR spectra of P3HT irradiated at the fluences
of 1x10%° and 1x10 ions/cm? are different from that of the pristine counterpart. The
intensities of the characteristic IR bands are significantly increased. To analyze the effect
on structural modification, mainly the ratio of two peaks (lisos/l1460) is used . The
relationship between intensity ratios with the effective or average conjugation length has
been reported [186][190] The intensity ratio, lisos/lise0, Can be used to analyze the
conjugation length of P3HT which is increased from 0.08 to 0.14 for the sample irradiated
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at 1x10' ions/cm? fluence. Larger conjugation length and better ordering of polymer
matrix are indicated after the irradiation [171]. The IR spectrum of P3HT film, irradiated
at 1x10%2 ions/cm? fluence, is also showing all the features of P3HT and none of the peaks
of the pristine materials disappeared, showing slight change in structure produced by large
energy density deposition during irradiation. A small feature at 3054 cm™ is observed and
the intensity of which increased after the irradiation by the ions. This band is related to
aromatic C-H stretching and the increase in its intensity signifies better ordering of the
polymer structure [171]. This change in the intensity anticipates that high energy density
deposited along the ion path in host polymer during the irradiation. After irradiation with
the high energy ions, the deposited energy may be responsible for the induced
modifications. The irradiation process at low fluences induced the enhanced crystallinity
along with the conjugation length because of the less heating effect in the halo region of
the ion path. But with increased fluences, the overlapping of ion tracks increases which,
further increases the bond breaking or chain scissoring provoking structural deformation
[85]. Therefore, the increased intensity of C=C ring stretching bands (Figure 4.21) and the
absorption band at 3054 cm™ provides confirmation of the better ordering of the polymer

after the irradiation by energetic ions.

4.2.1.3. HR-XRD analysis

The HR-XRD pattern (using X-ray source 12 keV with a wavelength of 0.1033 nm) of spin
coated pristine P3HT thin film (~ 300 nm) is presented in Figure 4.22 (a & b) showing the
presence of diffraction peaks at 26 = 3.6°, 7.1° and 10.7° which are assigned to first order
(100), second order (200) and third order (300) reflections, respectively. The Bragg angles
(20) in the present study differ with those reported earlier [191] since a different
wavelength (A=0.15418 nm, Cu Ka) of the X-rays were used in the earlier studies and
according to Bragg’s law (nd = 2d sinf), the angle (0) will change if the wavelength of
incident X-rays changes, for the same d-spacing value (d). All the well-defined diffraction
peaks are attributed to a coherent ordering, self-organized lamellar structure with an
interlayer spacing. This interlayer spacing is originated by polymer main chains which are
stacked parallel and separated by regions of alkyl side-chains [192][193][164]. The d-

spacing values for the most intense peak, presented in Table 4.6 are found to be in the
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range of 1.64 to 1.69 nm for pristine and irradiated thin films. The observed d-spacing
values are in good agreement with those of earlier reports [168][194]. It can be concluded
that most intense (20= 3.6°) peak (Figure 4.22 (a)) originating from polymer crystallite
corresponds to the a-axis orientation (100) pointing the direction of the alkyl chains i.e.
main polymer chains are parallel and alkyl side chains are perpendicular to the substrate
(Figure 4.23) [195][196]. Figure 4.22 shows the enhancement of the intensity of XRD
peaks of the samples after high energy ion irradiation and retains their position (upto 1x10*!
ions/cm? fluence). Furthermore, the crystallite size or mean diameter can also be

determined using Scherrer’s formula described in Equation 3.4 [194][197].
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Figure 4.22: HR-XRD patterns of P3HT thin films for different peaks before and after
irradiation with 55 MeV Si** ion beam.

The mean crystallite diameter, (summarized in Table 4.6), show an increase in
crystallite size along (100) peak with irradiation upto the fluence of 1x10%* ions/cm?. This
increase in the crystallite size indicates towards the increased ordering of alkyl side chains
associated with the main thiophene chains and also suggests that high energy ion irradiation
at low fluences (up to 1x10'! ions/cm?) could improve the overall crystallinity of P3HT
thin films remarkably. The polymer molecules within the crystallites are very well oriented
and have less structural defects which, limit the length of conjugation. Therefore, the mean
conjugation length in the crystallite is larger in SHI irradiated samples having large
crystallite size [164]. Upon SHI irradiation, high energy produces a large excited volume
due to collective excitation which, causes bond breaking and/or cross-linking depending
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on the incident energy. Closely packed regions by crosslinking, chain folding or by

single/multiple helices formation are formed by the increased density of polymer due to

irradiation. This contributes to the production of large crystalline regions in polymer films

and the increased crystallinity [198]. However, At the highest fluence, 1x10%2ions/cm?, the

diffraction pattern (Figure 4.22) shows the decreased intensity and slight shift towards the

lower 20 value, which indicates the structural distortion at this fluence due to increasing

strain produced from the density differences of the pristine and irradiated zones [165] or

change in interplanar spacing. Thus, an optimum fluence is necessary to produce highly
crystalline P3HT.
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Figure 4.23: Schematic of possible a-axis orientation (main polymer chains are parallel
and alkyl side chains are perpendicular to the substrate) of the thiophene crystallites with
respect to the substrate.

Table 4.6: Summary of different parameters calculated using HR-XRD spectra for
pristine and irradiated thin films of P3HT.

Peak Fluence Peak height | d-spacing | FWHM (°) | Crystallite
Position | (ions/cm?) (nm) Size (nm)
(20)
3.6 0 1411.70 16.4 0.43 12.41
1x10%0 4865.15 16.4 0.42 12.52
1x10%! 5917.46 16.4 0.41 13.02
1x10%2 3863.72 16.9 0.44 12.12
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4.2.1.4. XPS analysis

Figure 4.24 shows the high resolution spectra of C 1s and S 2p peaks for both pristine as
well as irradiated P3HT thin films. Two sub peaks at 285.0 and 286.1 eV of C1s peaks is
observed which are attributed to C-C/C-H bonds and C-S bonds, respectively [167].
Similarly, Sulphur core line was found in doublet state (S 2ps2 and S p12) in consistence
with the spin-orbit splitting in the ratio of 2:1 for the pristine film. The peak situated at
164.4 eV is assigned to S-C bonding in P3HT film. After irradiation at different fluences
such as 1x10%°, 1x10* and 1x10'?ions/cm?, both peaks of carbon and sulphur species are
existing which is indicating the presence of thiophene units even after irradiation at highest

fluence (1x10% ions/cm?).

(@) (b)

1x1012 jons/cm? 1x1012 jons/icm? S2p

1x1011 ionsicm? 1x1011 jons/cm?

1x1010 jonsfcm?2 1x1010 jons/icm2

Intensity

Pristine Pristine

289 288 287 286 285 284 283 168 167 166 165 164 163 162

Binding Energy (eV)

Figure 4.24: High resolution spectra of C 1s and S 2p of pristine and irradiated P3HT

films.
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The confirmation regarding sustainability of conjugated system after irradiation i.e. n-
conjugated system is not broken into smaller conjugation length is observed by the absence
of the shake-up peaks on the higher binding energy side of C 1s spectra [168]. The shape
and position of both peaks (C 1s & S 2p) is not changing upto the fluence of 1x10%°
ions/cm? indicating that chemical bonding of thiophene units are not affecting by
irradiation. After that at the fluence of 1x10* ions/cm?, aslight shifting in peak position is
observed for the both peaks. While, at the highest fluence, 1x10*2? ions/cm?, a shift of 0.8
eV for the C 1s peak and 0.6 eV shift for the S 2p peak towards the higher BE side is
observed. This shift in the BE position suggesting the charging effect due to the lack of C

atoms near the surface.

4.2.1.5. Optical studies

The absorption properties of P3HT thin films have been analyzed using UV-visible
absorption spectra. As shown in Figure 4.25, the spectra of pristine and irradiated films at
different fluences ranging from 1x10%° ions/cm? to 1x10* ions/cm? consisting the two
broad peaks observed at 518 nm and 550 nm are corresponding to w-n* transition of the
P3HT backbone [76]. Due to the inter-chain interaction of P3HT thin films, one shoulder
is observed at 600 nm which depict the higher crystallization of inter-chain interaction in
semiconducting polymer [199]. The enhanced absorption intensity has been observed after
the irradiation upto the fluence of 1x10!! jons/cm?, while, at highest fluence (1x10%?
ions/cm?) the intensity of the absorption spectra is found to be reduced. Further, the
bandgap for pristine as well as irradiated samples was calculated using Tauc’s relation
(Equation 3.6) and observed (inset of Figure 4.25) a slight variation after ion irradiation.
The variation in bandgap with incident ion fluence is summarized in Table 4.7. For pristine
sample, bandgap measured at 1.92 eV while, at highest fluence (1x10'? ions/cm?) it reduces
at1.89eV.
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Figure 4.25: Optical absorption spectra of pristine and irradiated P3HT thin films (a).The
bandgap variation with different fluences (b).

Figure 4.26 is showing the PL emission spectra of P3HT thin films at room temperature
and found as similar with earlier reports [171]. The variation in emission peak intensity
with the ion fluences is observed. The enhancement in the PL peak intensity is observed
upto the fluence of 1x10* ions/cm? and then decreases at fluence of 1x10'2 jons/cm?, but
still higher than the intensity of pristine peak. The increase in observed PL band intensity
is due to the increased molecular ordering by incident ions. It has been reported [171] that
polymer chains self-organizes to form aggregates in the films. The detailed analysis of PL

line shape based on H-aggregates consisting with n-stacks theory has been reported [172].
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Figure 4.26. Emission spectra of pristine and irradiated P3HT thin films.
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4.2.1.6. Surface measurements

Modifications of the surface produced by high energy ion impingement have been analyzed
by atomic force micrographs. Figure 4.27 shows the 3D images of pristine and irradiated
P3HT thin films. The variation in the surface RMS roughness after the ion beam irradiation
indicated the surface properties is also dependent on the incident ions. The variation of
roughness with incident ion fluences has been summarized in Table 4.7. It has been
observed that the roughness increased upto the fluence of 1x10* ions/cm? which is due to
the ion irradiation induced sputtering at the surface. This increase in surface roughness is
considered to be an effect of polymer self-organization and phase separation [200].
However, the decrease of roughness at highest fluence (1x10%2 ions/cm?) is due to the

formation of the overlapping ion tracks and the merger of the modified impressions.

Pristine 1x101% jons/cm?

Figure 4.27: Three dimensional AFM micrographs of pristine and 55 MeV Si** ion beam
irradiated P3HT thin films.

Contact angle measurement is a powerful tool to characterize the wettability of any
polymer surface and can be described using Young’s equation. The topographical change

99



due to the incidence of energetic ions is analyzed using contact angle measurement. Figure
4.28 shows the wettability variation with the incident ion fluences. It has been reported
[142] that the surface of any material is not flat ideally i.e. it is having some roughness.
The impingement of energetic ions on the thin films surface can alter/modify the area of
contact with droplet which, further results in the alteration/modification in the interaction
of water molecule with the surface of the thin film. Therefore, to include the surface
roughness factor, Wenzel introduced roughness term in the Young’s equation [142] and
describe that with increasing the surface roughness, the hydrophobicity of the surface
becomes more hydrophobic and hydrophilic surface becomes more hydrophilic. So, the
wettability of any surface is altered with the change in the roughness. Table 4.7
summarizing the contact angle variation with fluences along with the roughness of the film
surface. In the present study also, it is observed that similar to the surface roughness, the
contact angle is also increasing upto the fluence of 1x10 jons/cm? to 104.23° and
decreased to 102.78° at the highest fluence (1x10'? ions/cm?). From AFM studies it is clear
that the roughness of the film enhances upto this fluence and after that it decreases which
is also supporting the fact i.e. when, the roughness increases the hydrophobic surface

becomes more hydrophobic.

‘ Pristine-100.37° l

1x1011 -104.23° l 1x102-102.78° l

Figure 4.28: Snapshots of contact angle measurement of pristine and irradiated P3HT
thin films.

1x10'°-100.35° l
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Table 4.7: Summary of different parameters of irradiated P3HT thin films.

Fluence Bandgap (eV) | Roughness (nm) Contact angle
(ions/cm?) (degree)
Pristine 1.92 17.3 100.37
1x10%° 1.91 17.5 100.35
1x10% 1.90 18.5 104.23
1x10%2 1.89 17.2 102.78

4.2.1.7. Electrical conductivity

DC conductivity measurement is performed using two probe method to measure the effect
of irradiation and subsequently improved crystallinity. It is observed that conductivity is
increased after irradiation with energetic ions. Table 4.8 shows that the room temperature
(300 K) dc conductivity increases with incident ions up to the fluence of 1x10! jons/cm?.
This enhancement in the conductivity may be ascribed to the better ordering of polymer
chains by displacement of atoms leading to closely packed chains after high energy ion
irradiation. Due to the high energy ion irradiation, the molecular ordering takes place which
may include either or both rotational and translational rearrangements of the polymer.
During the entire structural transformation, the fundamental lamellar unit remains
undamaged. There may also be a possibility of the production of defects during the chain
reordering. Reordering of polymer chains at lower fluences may give rise to a large number
of polaronic defects. The increased ordering shows more delocalized = bands associated
with better conductivity. A higher value of electrical conductivity after the irradiation may
be related to the increased delocalization of n-electron and consequently the crystallinity
leading to lower scattering of charge carriers [180][201]. But at further higher fluence
(1x10* jons/cm?), the conductivity of the polymers is reduced due to increasing disorder
by creating more defects.

Generally, the dc conductivity of any conjugated polymers consists of three components

oB, oH and ot [101]:

Gdc = 0B+ OH +OT (4.8)
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In Equation 4.8, ‘os’ describe the conductivity due to the intra-chain transport of charge
carriers and can be explained with band conduction mechanism. This type of conductivity
generally observed at high temperature. The second term ‘o1’ showed the conductivity due
to hopping of charge carriers between polymer chains (inter-chain transport) and observed
at intermediated temperature. The last type of conductivity ‘cr’ is due to the thermally
activated tunneling and observed at low temperature. In the present study, the conductivity
due to hopping of charge carriers between the polymer chains contributes more in the
conduction mechanism. But in the lower temperature region, the conductivity becomes
independent with temperature and the charge transport mechanism can be attributed to the
tunneling between the polymer chains [202].

Figure 4.39 (a) and (b) show the variation of DC conductivity as a function of
temperature (1000/T and T-Y*) in the temperature range of 230-350 K for the pristine as
well as irradiated P3HT thin films. The conductivity data plotted against 1000/T and T4
manifests that the phonon-assisted hopping or thermally initiated jumps between the
localized states are responsible for the carrier transport [173]. Therefore, Mott’s 3D-VRH
model is adopted to explain the temperature variation of dc conductivity in the present
study. According to this model, DC conductivity (cd4c) can be expressed as Equation 4.1.

The plot of log oqc versus (T)™ showed a straight line with m=1/4 and also has a
linearity factor of 0.99, which confirms the Mott’s 3D VRH mechanism for TY* type
(where m has value 1/4) is more appropriate [203] to explain the conduction mechanism.
The temperature region where Equation 4.1 is valid should give [174][173] the activation
energy as Equation 4.2 & 4.3, where Equation 4.3 revels that a plot of log (Ea) versus

log T should have a straight line slope with —(m-1).
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Figure 4.29: The plot of dc conductivity (cdc) as a function of (a) reciprocal of
temperature, 1000/T; (b) TY* in the range of 230-350 K and (c) plot of log activation
energy (Ea) versus log temperature (T) of pristine and irradiated P3HT thin films.

It can also be seen from Figure 4.29 (c) that the activation energy is showing decrement
with decreasing temperature. In the present case also, the variation of log Ea with log T
(Figure 4.29 (c)) shows the straight line with the value of m=1/4 which may satisfy the
variation of activation energy with temperature. This further supports the applicability of
Mott’s 3D VRH mechanism of type T~ for the explanation of charge transport [173][174].

The effect of irradiation on different Mott’s parameters such as characteristic
temperature (To), density of state at Fermi level [N(Ef)], average hopping distance (R),
average hopping energy (W) at room temperature associated with the transportation of
charge have also been calculated using Equation 4.4 to 4.7 and are presented in Table 4.8.
All the parameters are in good agreement with previous reports [183][204][205]. To
obtained from the slop of log o4 versus TV decreases with increase in fluences. These
results are consistent with the requirement of the Mott’s parameters that are aR >> 1 and

W >> KgT for the conductivity by hopping to distant sites. The temperature dependent
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activation energy and calculated Mott’s parameters indicate that the conduction mechanism

for irradiated samples can be described successfully using 3D VRH model.

Table 4.8: Details of calculated Mott’s parameters for pristine and 55 MeV Si** ion beam
irradiated P3HT thin films.

Fluences | Conductivity To | Activatio N(Ev) R wW aR
(ions/cm? | (ohmt cm™) (K) | nEnergy | cm3eVvY) | (A | (eV)
) At300K | (x108) | (eV) (x10%9)
At 300 K
0 2.48 x 10°° 3.63 0.211 1.79 39.6 | 0.215 12.4
1x10% 4,74 x 10 2.52 0.195 2.58 36.1 | 0.197 11.3
1x10* 7.33x10°® 2.07 0.186 3.14 34.4 | 0.187 10.8
1x10% 1.12 x 10°® 4.06 0.220 1.6 40.8 | 0.293 12.8

4.3 Study of P3HT thin films under exposure of 1400 KeV Xe®* ions

Based on the results of two different ion beam (55 MeV Si** and 90 MeV Ni’*) irradiation
on P3HT thin films, Xe®* ion beam with 1400 KeV energy was used to analyse the effect
of high mass ions with high incident ion fluences and low electronic and nuclear energy
losses. Hence thin films were deposited using spin coating method over glass substrates.
The thickness of the films was ~300 nm measured by Dektak Stylus surface profiler at
IUAC, New Delhi. Thin films were irradiated by 1400 KeV Xe®* ions using Pelletron
accelerator. The beam was incidence at normal to the film surface to carry out the
irradiation process with different fluences, 1x10*?, 1x10%* and 1x10'* ions/cm?. The S, and
S for the Xe®* ions in P3HT matrix is 746.3 eV/nm and 821.6 eV/nm, respectively. The
range of Xe>* ions is 8905 A calculated by SRIM 2008 software.

4.3.1.Results and discussion

4.3.1.1. Micro-Raman analysis
The Raman spectra for the pristine P3HT thin films is similar to Figure 4.18 which,
confirms the presence of all Raman active bands of P3HT. To analyse the effect of low
energy ions on structural properties, range between 1350 to 1500 cm™ was chosen as the

Raman peaks in this range is sensitive to m-electron delocalization or conjugation length
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of P3HT molecules [151][152]. Figure 4.30 (a) is presenting the zoom image of two
Raman active modes (situated at 1380 and 1448 cm™) for pristine and irradiated P3HT
thin films to observe the irradiation effect. It can be observed from the Figure 4.30 (a)
that the Raman intensity corresponding to C=C mode (1448 cm™) is decreasing with
increasing incident ion fluences. The variation in the calculated FWHM corresponding to

C=C mode (1448 cm™) is showing in Figure 4.30 (b) and found to be increased with

incident fluences.
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Figure 4.30: (a) Raman Spectra of pristine and irradiated P3HT thin films. (b) Variation
of FWHM with incident fluences corresponding to 1448 cm™ Raman band.

This increment in the FWHM is not supporting the increased molecular ordering
because for molecular ordering the FWHM of C=C mode should be decreased. Therefore,
the reduced intensity and increased FWHM describing the damage is producing while, thin
films were subjected to high mass ions with high fluences of incident ions. As high mass
ions incident on target material, it will produce more damage to material as the interaction

of ions with target will be large.

4.3.1.2. UV-visible absorption spectroscopy
The absorption spectra for pristine and irradiated P3HT thin films is showing in the
Figure 4.31 (a). The spectra for the pristine films is showing the presence of all features
as reported earlier [76]. While, for the film irradiated at the fluence of 1x10%? ions/cm?

the absorption peaks are less intense and slightly shifted toward lower wavelength. When,
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the incident fluence is increased upto 1x10% ions/cm?, the absorption features are started
to be faded and large shift towards the lower wavelength was observed.

At the highest fluence (1x10* ions/cm?), it is observed that all the absorption features
are vanished. Therefore, when, calculating the bandgap (Figure 4.31 (b)) for these films
using Tauc’s relation (Equation 3.6), it was observed that bandgap is also increasing after
the irradiation (from 1.95 to 2.12 eV for the highest fluence at 1x10*2 jons/cm?) with Xe>*
ions of 1400 KeV energy. Hence, it is further concluded that irradiation of P3HT thin films

with high mass ions at high fluences can produce damage.
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Figure 4.31: (a) Absorption spectra of pristine and irradiated P3HT thin films. (b) Tauc
plot for determining the bandgap values of pristine and irradiated samples.

4.3.1.3. Surface measurements

Figure 4.32 show AFM images for pristine and irradiated P3HT thin films. AFM
micrographs shows the surface texture is also dependent on the incident ion fluences. For
the pristine thin film, small hill like features are observed while, at the highest fluence
(1x10* ions/cm?) thin wire like structure are formed. Further, the RMS surface roughness
for the pristine sample was observed to be ~ 8.22 nm. It increases and attains a maximum
RMS value of ~ 8.69 nm for the film irradiated at 1x10'? jons/cm?. Further increase in
incident ion fluence leads to a slight reduction in RMS roughness to ~ 7.81 nm and 6.98
nm for the fluences of 1x10% and 1x10'* ions/cm?. Table 4.9 shows the surface roughness

variation with incident fluence and found the variation in RMS value is very low.
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Figure 4.32: Images of AFM micrographs for pristine and irradiated P3HT thin films.

Table 4.9: Summary of roughness variation of irradiated P3HT thin films.

Fluence (ions/cm?) Roughness (nm)
0 8.22
1x10%2 8.69
1x10%1 7.81
1x10 6.98

4.4, Summary

In this chapter, the ion irradiation study of P3HT thin films is presented. Thin films of
P3HT (thickness ~300 nm) were deposited using spin coating method and irradiated using
three different ion beams (Ni’*, Si*" and Xe®") at different fluences. The molecular ordering
along with the increased crystallite size and conjugation length is observed with high
energy ion beams at low fluences, while, at higher fluences ordering phenomenon starts to
diminish due to bond breaking. While, using high mass ions with low energy (Xe®"), the

structural damage is observed with increasing incident ion density.
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Chapter 5

Investigations on Modifications
In PCBM Thin Films with
Electronic Excitation by
Taking Different Mass and
Energy
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5.1 Electronic excitation induced modifications of optical and morphological
properties of PCBM thin films under 90 MeV Ni'* ion irradiation

The other material PCBM acts as an acceptor and charge carrier transporting material
[78][79]. PCBM was synthesized in1995 by Hummelen et al. [206] and now is extensively
utilized for OSC because of its good solubility in different organic solvents, higher electron
mobility, high thermal stability and higher electron affinity [78][207]. Several attempts
have been done to improve the performance of OPVs and device stability using different
perturbations such as using different concentration of PCBM material, using different
solvents, annealing etc. The SHI irradiations is a beneficial tool to customize the properties
of fullerene [208][209][108][210] as well as fullerene derivatives so that it can be used at
nano/atomic scale. The modifications produced by SHI such as fabrication of conducting
nanowires, alteration of optical properties, structural changes and many others are very
much interesting. Hence, many studies show that the properties of fullerene molecules and
its derivates can be altered using energetic ion irradiation.

Under this study, thin films of PCBM, deposited using spin coating method on glass
and double side polished substrates, were irradiated by 90 MeV Ni’* ions using Pelletron
accelerator. CB was used as a solvent for PCBM solution. The beam was incidence at
normal to the film surface to carry out the irradiation process with different fluences
ranging from 1x10° to 1x10*! ions/cm?. The Se and Sy, for the 90 MeV Ni’* ions in PCBM
matrix is 7736 eV/nm and 13.19 eV/nm, respectively. The range of Ni’* ions is 16.59 um
calculated by SRIM 2008 software.

5.1.1.Results and discussion

5.1.1.1. UV-visible absorption spectroscopy

Figure 5.1 shows the absorption spectra of pristine and 90 MeV Ni’* irradiated thin films
of PCBM on glass substrate. The incident fluences were 1x10° 3x10°, 1x10%°, 3x10% and
1x10 jons/cm?. The absorption spectrum of PCBM thin film is showing the absorption in
the ultraviolet region (<400 nm wavelength) which is similar to the parent Ceo molecule.
The absorption peak of PCBM films was found at 335 nm in the form of intense peak
which, arises due to interband transition among the n orbitals. A tail was also observed in

the absorption spectra of pristine and irradiated thin films which is extending to 700 nm.
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This tail is not due to light scattering or some other experimental facts. The absorption peak
at 335 nm was found to be present even after irradiation at highest fluences (1x10*
ions/cm?) which gives some indications that the lamellar structure of PCBM molecule is
not destroyed due to high energy irradiation. Figure 5.2 shows the graph between (ahv)Y/?
and hv (photon energy) which depict the variation in optical bandgap of PCBM thin films
after irradiation. The optical bandgap (energy gap) between the HOMO and the LUMO,
was evaluated using following Tauc’s relation (Equation 3.6) [211][212][136].

—o— pristine
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Figure 5.1: UV-visible absorption spectra of pristine and 90 MeV Ni’* ion beam
irradiated PCBM thin films.

From Figure 5.2, the measured optical bandgap of pristine film is 2.1 eV. At a fluence
of 1x10% jon/cm?, the bandgap is decreased to 2.0 eV. After irradiation of thin films at
highest fluence (1x10'! ion/cm?), the energy gap is evaluated to be 1.8 eV. The effect of
high energy ion beam on the optical bandgap of PCBM thin films is summarized in Table
5.1. This decrease in bandgap might be due to the modification of the HOMO or the LUMO
molecular levels of PCBM molecules. High energy ions deposit kinetic energy along the
ion trajectory. This energy is sufficient to produce the high density radicals in the host
materials due to gelation resulting via cross-linking reactions which, leads to the

polymerization reaction of PCBM molecules [109]. Many groups have reported the
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polymerization in fullerene and its derivatives under different perturbations and explained
with the help of 2 + 2 cycloaddition reaction in which, two carbon double bonds on adjacent
Ceso molecules (which are parallel oriented) are broken and reform as single bond between
the molecules [113][111][112][213]. These polymerization reactions results in the

modifications of molecular orbitals of PCBM.
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Figure 5.2: Variation in optical bandgap of pristine and irradiated PCBM films.

Table 5.1: Summary of variation in optical bandgap.

Fluences (ions/cm?) Bandgap (eV)
Pristine 2.1
1x10%° 2.0
1x10% 1.8
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5.1.1.2. FTIR spectroscopy

The chemical composition of pristine and irradiated thin films of PCBM were observed by
FTIR spectroscopy. Figure 5.3 shows the measured FTIR spectra of pristine and 90 MeV
Ni™ swift heavy ions irradiated thin films of PCBM on double sided silicon substrate at
different fluences. It clearly reveals the presence of parent Cso molecules (612 cm™ and
1436 cm™) and Carbon—Hydrogen (C-H) single bond bending (739 cm™). Carbon—-Oxygen
(C-0) single bond (1107 cm™) vibration and Carbon-to-Oxygen (C=0) double bond

stretching mode (1733 cm™) were also observed by FTIR spectra.
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Figure 5.3: The measured FTIR spectra of pristine and irradiated PCBM thin films.

Figure 5.4 shows the decrease in the intensity of peaks (Ceo, C-O, C=0) with the
increase in the irradiation fluence. From the Figure 5.4, it is depicted that with ion
irradiation at highest fluence (1x10'! ions/cm?), the band intensity corresponding to
different vibration is decreased in a fraction with respect to the intensity of pristine film
bands. The considerable decrease in the intensity of C-O bond and C=0 bond indicates that
the side chain of butyric acid methyl ester and phenyl ring were also affected due to high

energy ion irradiation but structure is not completely destroyed. The abrupt decrease in the
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intensity of Ceo cage in comparison with the other peaks is observed. It may be due to the
effective chain reaction due to polymerization which was induced by high energy ion
irradiation. The electronic excitation, induced by the high energy ions, produces radicals
in Ceo molecules. These radicals initiates the cycloaddition reactions in fullerene molecule
which leads to the chain reaction and polymerization in PCBM [113][111][112][213].
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Figure 5.4: Variation of FTIR peak intensity of pristine and irradiated PCBM thin films.

5.1.1.3. Surface analysis

The surface morphology of pristine and ion irradiated PCBM thin films on double sided
silicon substrate was examined by AFM in tapping mode and is shown in Figure 5.5. It is
clear from the figure that the surface morphology of PCBM thin films also considerable
affected by the high energy ion irradiation. The films irradiated with increasing fluences
shows that surface roughness is increased from 0.9 nm to 5.0 nm for the fluence 1x10%°
ions/cm?. After that, at the fluence of 3x10%° ions/cm? roughness was decreased to 0.8 nm
and at highest fluence (1x10** ions/cm?), the roughness was minimum at a value of 1.4 nm.
After irradiation at a fluence of 1x10% ions/cm?, the energy loss of incoming ions over
1x1cm? area of film is sufficient to releases the stress in the film and surface of film starts
to become smooth after this fluence. The RMS roughness of pristine and irradiated thin

films are listed in Table 5.2. The rougher surface might be an advantage for increasing
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contact area of active layer with top metal contact in OSC devices which can increase the
short circuit current density [214] and in this respect, film irradiated at a fluence of 1x10%°
ions/cm? shows optimum results. It has also been reported that for OPV devices
morphology is also very important. The PCBM in the blend of P3HT: PCBM for organic

solar cells devices can affect the efficiency because of morphology.

10.0 nm_ Pristine

Figure 5.5: Three dimensional AFM micrographs of pristine and irradiated thin
films of PCBM.

Table 5.2: Summary of measured roughness of pristine and irradiated PCBM thin

films.
Fluences Roughness (nm)
(ions/cm?)
Pristine 0.9
1x10° 1.1
3x10° 1.2
1x10%0 5.0
3x10%° 0.8
1x10%* 14
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5.2  Influence of high energy ion (55 MeV Si**) irradiation on fullerene derivative
(PCBM) thin films

In order to investigate the impact of high energy, 55 MeV Si** ion beam have been used to
irradiate the thin films of PCBM and analyzed using different characterization techniques
before irradiation as well as after irradiation. The optical, structural and morphological
modifications due to high energy deposition have been studied and observed that the SHI
irradiation induced polymerization reactions may causes to the alteration in the properties.
This study is also given a glimpse over the applicability of PCBM material in high radiation
zones such as in space.

Thin films of PCBM, deposited using spin coating method on glass and double side
polished substrates and then irradiated by 55 MeV Si** ions. The beam was incidence at
normal to the film surface to carry out the irradiation process with different fluences
ranging from 1x10%° to 1x10%2 ions/cm?. The Se and Sy, for the 55 MeV Si** ions in PCBM
matrix is 3146 eV/nm and 2.942 eV/nm, respectively. The range of Si** ions is 16.73 pm
calculated by SRIM 2008 software.

5.2.1. Results and discussion

5.2.1.1. UV-visible absorption spectroscopy

The optical absorption properties of PCBM thin films have been studied using UV-visible
absorption spectra. Figure 5.6 shows the UV-visible absorption spectra of pristine as well
as irradiated PCBM thin films at different fluences in the wavelength range of 300—-800
nm. Due to the inter band transition among the = orbitals, a small absorption peak at 335
nm (ultra-violet region) arises, shown in Figure 5.6. The existence of less intense peak
(335 nm) at the highest fluence of 1x10%2 ions/cm? with respect to the pristine peak
represents the sustainability of the structure of PCBM molecules after high energy
deposition. The inset of Figure 5.6 shows the Tauc’s plot of pristine and irradiated PCBM
thin films [136][212][211]. Tauc’s plot is used to analyse the effect of irradiation on optical
bandgap at the fluences of 1x10%° ions/cm? and 1x10* ions/cm?. The bandgap at the highest
fluence of 1x10'? ions/cm? could not be measured as at the highest fluence, the edge of
absorption spectrum is not in the bandgap range which might be due to the more damage

produced at this fluence and amorphization takes place. For the pristine PCBM film, the
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indirect bandgap calculated from Tauc’s plot is 2.1 e¢V. This optical bandgap is decreased

up to 1.8 eV at the fluence of 1x10™ jons/cm? which is same (~1.8 eV) as previously

reported [215] bandgap at this fluence and it decreased to 1.7 eV at the fluence of 1x10%°

ions/cm?. The variation of bandgap has been listed in Table 5.3.
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Figure 5.6: UV-visible absorption spectra of pristine and irradiated PCBM thin films.
The inset shows the Tauc’s plot of pristine and irradiated thin films at fluences of 1x10%°

ions/cm?and 1x10! ions/cm?.

This decrease in the optical bandgap at low fluences is presumably due to the result of

polymerization reactions which are generated by high density radical [109]. At the higher

fluences, such as 1x10'! jons/cm?, these polymerization reactions may also be affected due

to increased energy deposition with increased incident fluences, which might be the cause

of greater decrease in bandgap at lower fluences. These high-density radicals are produced

due to the high energy deposition of incident ions. The polymerization reactions in

fullerene is believed to be of 2+2 cycloaddition reaction (Figure 5.7 (a) and (b)). When,
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two double bonds of fullerene molecules face each other, it forms covalent bond between
fullerene molecules which is rectangular in appearance [104][113][111][112][213]. These
polymerization reactions induced by deposited energy leads to the molecular orbital
modifications of PCBM films. At the higher fluence i.e. 1x10%2 ions/cm? the polymerization
may not be possible as the irradiations events overlap with each other which cause the

amorphization. Due to multiple events at each place, the absorption intensity increased.

Table 5.3: Summary of variation in the optical bandgap, surface RMS roughness and
contact angle of pristine and 55 MeV Si** ion beam irradiated PCBM thin films.

Fluences Bandgap (eV) | Roughness (nm) | Contact Angle
(ions/cm?) )
Pristine 2.1 0.9 88.2
1x10% 1.7 - -
1x10™ 1.8 1.6 90.3
1x10*2 - 2.3 92.4
(a) |
VY
[+ |
C C C C
N\ N\ |
2+2 Cycloaddition reaction
(b) _
”Y ;( < p Y‘D\f o 7\\ :P‘“ P Y’Dj {) Q
JH O O P SHA S Gy v ) .8
[I P Il [l > 1] [l ) 1] [l < ]
\1 ¢ P “L(" }«,’ o M ‘\," f - Y ¢ e
L"—)‘\:' <1' s > ﬂfﬁ‘/i_y > ’\\/,A‘/)‘“' o o ;{“' 3

—

Figure 5.7: (a) Schematic of ‘2+2 cycloaddition” reaction of adjacent molecules where
carbon double bonds faces each other. (b) Schematic of the expected polymerized
fullerene molecules.
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5.2.1.2. FTIR spectroscopy

The modifications in chemical compositions of IR active modes of PCBM thin films were
investigated using FTIR spectroscopy. Figure 5.8 is showing the IR spectra on silicon
substrate of PCBM thin films before irradiation as well as after irradiation. The observed
band at 1733 cm™ in Figure 5.8 is corresponding to carbon-to-oxygen (C=0) double bond
stretching mode. The carbon-oxygen (C—O) single bond vibration mode at 1107 cm™ and
carbon- hydrogen (C-H) single bond bending mode at 739 cm™ were also found to be
presented by FTIR spectra. The observed band at 612 cm™ and 1436 cm™ in Figure 5.8
confirms the existence of parent molecule Cgo. After irradiation, the decrease in the
intensity of IR absorption spectra showing the degradation of the PCBM. The variation in
the normalized areal peak intensity was also calculated using different IR bands and
described in Figure 5.9. It has been observed from the Figure 5.9 that the areal intensity
corresponding to the 612 cm™ and 1107 cm™ peaks which are attributed to the Cso and C—

O bands of PCBM thin films decreases with increased fluences.
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Figure 5.8: The measured FTIR spectra of pristine and irradiated PCBM thin
films.
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The measured variation of the normalized areal intensity with incident ion fluences
confirmed that the parent molecule Cso and side chains are also affected by high energy ion
beam irradiation as incident ion deposited its energy and produced damage in the target
material. The splitting of the IR band at 1436 cm™ which is corresponding to the fullerene
Ceo molecule was observed after irradiation at the higher two fluences (1x10*! and 1x10%?
ions/cm?). Energetic ions produce radicals after high energy deposition, these radicals are
responsible for the cycloaddition reactions that converts two intramolecular sp? double
bonds in two intermolecular sp® single bonds in fullerene molecules and polymerization of
fullerene molecules occur at low fluences. The abrupt and large decrease in the normalized
areal intensity of the peaks corresponding to Ceo and C—O bands at the highest fluence
(1x10* jons/cm?) indicates the initiated damage by high energy ions which is due to the
multiple events of ion irradiation as discussed earlier. This damage produced by energetic

ions leads to the amorphization in the PCBM film.
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Figure 5.9: Normalized areal intensity variation of FTIR peak for pristine and
irradiated
PCBM thin films.
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5.2.1.3. Micro-Raman analysis

Raman spectroscopy technique is a very efficient tool to analyse the structural changes
induced by high energy ion irradiation in the host matrix. PCBM is somewhat different
from fullerene Ceo as the side chain in the PCBM grafted onto Ceo molecule which, brings
the advantages that PCBM is more soluble in common organic solvents in contrast to Ceo.
A less number of studies have been published on Raman analysis of PCBM
[216][217][218][219]. Figure 5.10 depicts the Raman spectra of as-deposited PCBM film
along with ion beam irradiated thin films of PCBM at different fluences. There are three
Raman vibration modes corresponding to the wavenumber of 1428 cm™, 1462 cm™ and
1568 cm™ for the pristine PCBM thin film. Among these three bands, the most intense band
located at 1462 cm™ is corresponding to Ag(2) ‘‘pentagonal pinch mode” analogous to that

of Ceo molecule.
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Figure 5.10: Raman spectra of pristine and 55 MeV Si** ion beam irradiated thin
films of PCBM.

These Raman-active vibrational modes showing the progressive decrement in the

intensity as the incident ion fluence increases, but it is not faded entirely even after
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irradiating at higher fluence. The energy deposition by high energy ions results in the
splitting of the PCBM molecules which is further confirmed by decreased intensity of
Raman peaks with incident high energy ions. At high fluences, the energy deposited is
large, so the number of breaking molecule will be large. But PCBM is not completely
amorphized at highest fluence (1x10* jons/cm?) due to the overlap of ion tracks because
of the small electronic energy loss (3146 eV/nm) of 55 MeV Si** ion beam in PCBM film.
The subsided intensity of Raman peaks can be concluded by Thermal Spike Model. This
model explains that when, energetic ions are incident on the target film, they transfer their
energy by electron-phonon coupling to the material in 10*-10"*2 s. Due to the energy
transferred to the material, the lattice temperature increases up to ~10* K. After a certain
threshold of electronic energy loss, a molten state is formed within the nanometre region
for a very short duration of 1012-101 s, This molten state then quenches with the very fast
rate of 10 K/s by thermal conduction. This rapid quenching results in the modified
material within the cylindrical region [154][85]. To observe the damage trend, the variation
of normalized areal intensity with incident fluences for all peaks is showing in Figure 5.11

and confirms that more damage is produced at higher fluence due to overlapping effect.
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Figure 5.11: Curve between the normalized areal intensity of three Raman modes (1428
cm?, 1462 cm, 1568 cm™) with different fluences of 55 MeV Si** ions.
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5.2.1.4. Surface analysis

To study the surface morphological modification, AFM has been performed. Figure 5.12
(a) represents the 2D AFM micrographs of PCBM thin films before as well as after
irradiation. The AFM images were obtained in tapping mode on a double side polished
silicon substrates. The measured RMS roughness of as-deposited film, as well as post-
irradiated thin film, has been summarized in Table 5.3. It has been investigated that, the
roughness of PCBM film before the irradiation (pristine) was 0.9 nm. When, the incident
ion fluence was increased at 110! ions/cm?, the film’s surface roughness was found to be
increased to 1.6 nm which is further increased up to 2.3 nm for the fluence of 1x10%2
ions/cm?. The incident ions created the ion tracks into the film and produce the ion beam
irradiation induced sputtering which causes the increased surface roughness.

To analyze the surface modifications due to ion impact, further, the contact angle
between the films surface and the water droplet has been measured for pristine as well as
irradiated PCBM thin films. The contact angle generally described by using Young’s
equation and quantifies the wetting property of a solid surface using liquid drop. The
Young’s theory has been described in section 3.4.7 in detail. Figure 5.12 (b) shows the
snapshot of the contact angle measurements of PCBM thin films. For pristine film, the
measured angle between water droplet and PCBM film surface is 88.2° which, shows the
hydrophilic nature (<90°) of the pristine PCBM thin film. When, thin films were irradiated
with high energy ion beam, it affected the surface of the film and the angle between the
water droplet and PCBM film surface increased to 90.3° and 92.4° for the fluences of
1x10% and 1x10%2 jons/cm?, respectively. This small increase in contact angle after high
energy ion irradiation depict that there is a slight change in the wettability of the film due
to high energy ions. The variation of contact angle with incident ion fluences has been

summarized in Table 5.3.
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(a) AFM Images
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Figure 5.12: (a) Two-dimensional (2D) AFM height images and (b) Contact angle
images of a water droplet with pristine and ion irradiated PCBM films at the fluences of
1x10* ions/cm? and 1x10*2 ions/cm?,

5.3 Study of fullerene derivative (PCBM) thin films under exposure of 1400 KeV Xe>*
ions

After analyzing the effect of two different ion beam (55 MeV Si** and 90 MeV Ni’*) on
PCBM thin films, Xe>* ion beam with 1400 KeV energy was used to analyze the effect of
high mass ions with high fluences. While, the value of Se and Sy are almost equal but less
than the value for other two ion beams (55 MeV Si** and 90 MeV Ni’*). Hence, thin films
of PCBM were deposited using spin coating method over glass and double side polished
substrates. The thickness of the deposited films was measured using Dektak Stylus surface
profiler and was around to be 100 nm. These thin films were then subjected to irradiation
with 1400 KeV energy of Xe®* ion beam. Fluences, 1x10*2, 1x10%* and 1x10%** ions/cm?,
were used for irradiation process. The Se and S, for Xe®" ion in PCBM matrix is 1344
eV/nm and 1366 eV/nm, respectively. The range of Xe%* ions is 5122 A calculated by
SRIM 2008 software.

5.3.1. Results and discussion:
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5.3.1.1. Micro-Raman spectroscopy

Figure 5.13 represents the Raman spectra of as deposited and ion beam irradiated PCBM
thin films. Studies of PCBM based on Raman analysis are very less reported
[216][217][218][219]. There are three Raman active vibration mode corresponding to
1428, 1462 and 1568 cm™ wavenumber are observed in the Raman spectra for the pristine
PCBM film. The most intense band (1462 cm™) is corresponding to Ag(2) “pentagonal
pinch mode” which is analogous to that of Ceo molecule. After the irradiation with high
mass ions (Xe®") at high fluence and low energy, the intensity of Raman modes is
decreasing. On the other hand, all the band started destroyed at the fluence of 1x10%
ions/cm?. These bands started to merge and two peaks are appearing after the irradiation
with the fluence of 1x10% ions/cm?2. While, at the highest fluence, 1x10* ions/cm?, all
bands are merged and two broad bands around at 1435 cm™ and 1564 cm start evolving.
These two broad bands may be the characteristic D and G bands of a-C. Hence, it is
observed that the irradiation with high mass ions with low energy are destroying the

structure of the PCBM material.
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Figure 5.13: Raman Spectra of pristine and irradiated PCBM thin films.
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5.3.1.2. UV-visible absorption spectroscopy
To investigate the effect of high mass ions on optical absorption properties, UV-visible

absorption measurement have been done. Figure 5.14 showing the absorption spectra of
pristine and irradiated PCBM thin films. The absorption spectra of pristine films is showing
a small peak around 335 nm which is due to the inter band transition among m-orbitals.
After the irradiation at the fluence of 1x10'? jons/cm?, the absorption feature is faded.
Further increasing the incident fluences upto 1x10!3 and 1x10% ions/cm?, the absorption

features has vanished which is indicating the produced structural damage after irradiation.
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Figure 5.14: Absorption spectra of pristine and irradiated PCBM thin films.

5.3.1.3. Surface analysis
The modifications produced by irradiation has been observed using AFM microscopy.

Figure 5.15 represents the AFM images of pristine and irradiated PCBM thin films. The
measured RMS roughness for the pristine sample was 0.9 nm. When, the film was
irradiated at the highest fluence, 1x10* ions/cm?, surface roughness increased and attains
its maximum value of 1.42 nm. When, the energetic ions incident on the target surface, it

will lead to the ion beam induced sputtering which causes the increased surface roughness.
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Figure 5.15: Three dimensional AFM micrographs of pristine and irradiated PCBM thin
films.

5.4. Summary

In this chapter, the ion irradiation study of fullerene derivative (PCBM) thin films is
presented. Thin films of PCBM were deposited using spin coating method with the
thickness ~100 nm and irradiated using three different ion beams (Ni’*, Si** and Xe>*) with
different electronic energy losses. The optical analysis shows the decrease in bandgap after
irradiation with high energy ion beams. FTIR and Raman band intensity are also found to
be decreased due to energy deposited cycloaddition reactions. While, using high mass ion

beam (Xe>"), all structural features found to be vanished.
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Chapter 6

Conclusion
&
Future Aspects



6.1. Conclusions

The thesis summarizes the investigation carried out on the effect of ion beam irradiation

(90 MeV Ni™*, 55 MeV Si** and 1400 KeV Xe>* SHI) on the different properties of P3HT

and PCBM thin films (thickness ~ 300 nm and 100 nm, respectively) prepared by spin

coating on glass and double side polished silicon substrates. The following conclusions
could be drawn from the study:

+ Irradiation from both ion beams (90 MeV Ni’* and 55 MeV Si*") resulted in the
enhancement in the room temperature dc conductivity for the optimized fluence
1x10'% jons/cm? for 90 MeV Ni’* ions and 1x10* ions/cm? for 55 MeV Si** ions.

+ The variation of dc conductivity in P3HT thin films with temperature is measured using
two probe method and hopping of charge carriers between the polymer chains
contributes more in conduction mechanism is observed in the present study. But in
lower temperature region, the conductivity becomes independent with temperature and
charge transport mechanism can be attributed to the tunneling between polymer
chains.

+ The changed/increased conductivity was due to the increased mobility of charge
carriers, organization and delocalization length of m electron. The increased
conductivity is ascribed to the better ordering of polymer chains by displacement of
chains leading to the closely packed chains after irradiation with highly energetic ions.

+ The increased ordering, crystallinity and conjugation length of P3HT favoring higher
delocalization of electrons in polymer chains. Therefore, more delocalized n bands
associated with better conductivity at low fluences which is further supported by FTIR
studies, XRD studies, optical spectra and Raman spectra.

+ The molecular ordering of P3HT at lower fluences and again disordering at higher
fluence were also confirmed from the decreased FWHM and increased intensity ratio
in Raman spectra. The optimized fluence where maximum enhancement in the
intensity obtained, was 1x10%° ions/cm? for 90 MeV Ni’* ions and 1x10*! ions/cm? for
55 MeV Si** ions. While, irradiation using 1400 KeV Xe®* ions producing damage
from the initial fluence (1x10*? jons/cm?).

+ FTIR spectroscopy analysis confirms the enhanced intensity of IR active modes after

irradiation along with the enhanced relative intensity ratio which is also confirms the
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increased conjugation length for both (90 MeV Ni’*and 55 MeV Si**) SHI irradiation
within the optimized fluences.

+ The increased crystallinity upto optimized ion fluences for both ion beams was
obtained. The crystallite size was increased from 15.43 to 34.85 nm along the (100)
peak of P3HT after the 90 MeV Ni’* ion irradiation. While, for the 55 MeV Si** ion
beam, crystallite size was found to increase from 12.41 to 13.02 nm. This enhancement
is concluded to be due to the increased ordering of the alkyl chains within main
thiophene chain. Also, the conjugation length within the crystallite is larger because
of well orientation and less structural defects.

+ XPS analysis of high resolution peaks (C and S) of P3HT confirms the n-conjugated
system is not broken into smaller conjugation length and the nature of chemical
bonding of thiophene units near the film surface is not much affected after irradiation
from both ion beams upto optimized fluence.

+ Slight enhancement in the absorption peak intensity and slight variation in the bandgap
was obtained after irradiating P3HT thin films using both, 90 MeV Ni’* and 55 MeV
Si**, ion beams. The increased peak intensity of emission spectra and slight red shift
also indicating change in the polymer conformation and increased conjugation length
upto optimized fluence for both incident ion beam.

+ The optical bandgap using absorption spectra of PCBM thin films were demonstrated
to be tunable by using SHI irradiation. Bandgap was found to be decreased from 2.1
to 1.8 eV (at 1x10' ions/cm?) when, PCBM films were irradiated by 90 MeV Ni’* and
55 MeV Si** ions. This decrement in the bandgap is concluded to be due to the 2+2
cycloaddition polymerization reaction of PCBM molecules.

+ The structural damage at higher fluences is also observed by FTIR and Raman studies.
The measured surface RMS roughness was also increased after irradiation which might
be favorable to increase the short circuit current density by increasing the contact area
between top electrode and active layer.

+ Irradiation of P3HT and PCBM thin films using high mass ion (Xe®*) with low energy
(1400 KeV) is producing damages in the material. Therefore, optimized energy of
incident ion, mass of the used ion species and incident ion fluences are most important

parameters to get rid from large damage of material.
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6.2. Future scope of this work

+ The modifications produced by high energy ions in the properties of P3HT-PCBM
bilayer structure may be studied to investigate the device performance.

+ The analysis of the effect of these energetic ions on blend structure of P3HT-PCBM
may also be studied as blend will be used in device.

+ The optimization of parameters and stability of films are also required to use this study
in devices.

+ A study including other conducting polymer such as PTB7, PCTDTBT etc. under SHI
irradiation impact may also be studied.
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