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Abstract

Recent studies have shown that Discotic Liquid Crystal (DLC) Molecules can
self-assemble and show charge and energy transport properties. The dominant pi-
stacking present among these molecules offers a better flow of charge. The flow of
charge is dependent upon the separation of two stacked cores. This phenomenon
is of great importance for tailoring new generation semiconductor devices. In this
research work, the supramolecular organization of neutral and ionic Imidazolium
Triphenylene (ImTp) molecule in gas and water surface is studied theoretically
and on silicon and silver substrates experimentally. The theoretical investigation
was carried out in gas phase using DFT calculations and on surface of water
using Molecular Dynamics simulations. The experimental research work includes
surface manometry, Langmuir-Blodgett film deposition and morphology of films

using atomic force microscopy.

The self-assembly of these discotic molecules is dependent on various parameters
such as surface concentration, temperature gradient, electrostatic repulsion, irra-
diation with polarized light and doping. These materials can be tuned using these
properties and are of vital importance for device fabrication. These materials are
potential components for photovoltaic, light emitting diode, Lithium ion battery
and one dimensional conductor. In recent times, resistive switching memory de-
vices have been attracting lots of attention round the globe. Researchers have
been investigating wide range of organic and inorganic materials to find out the
most appropriate one for successful device applications. Notably, DLCs, which are
potential candidates for resistive switching operations, have not yet been explored.
This thesis deals with understanding the supramolecular organization of neutral
and ionic ImTp DLC molecules. Such studies are expected to play an important
role in designing not only the resistive switching devices but also other kinds of

devices as per their specific needs.



Chapter 1

Introduction

The notion of state of matter that can flow like liquid but has crystal like ori-
entation is termed as Liquid Crystal. The intermediate state of matter between
solid and liquid is known as mesophase and those materials which show a stable
mesophase are classified as Liquid Crystals. The mesophase has properties of both
liquid as well as solid state. Various properties such as electrical, thermal, optical
and magnetic are inherited from liquid phase and a well defined lattice structure
is inherited from crystalline phase. When the molecules are disc like shaped, they
are termed as discotic liquid crystals and are of prime concern for the scope of this

thesis work.

1.1 History

Liquid crystals are a century old and were first discovered by the Austrian chemist
Friedrich Reinitzer. Reinitzer was trying to find the melting point of choles-
terol based substances when he discovered that the molecules showed two melting
points. Further German physicist Otto Lehmann investigated this phenomenon
and classified these materials to be in an intermediate phase of matter and called

these substances as Liquid Crystals. In the 1960s, Pierre-Gilles de Gennes[I], a
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French theoretical physicist, who had been working with magnetism and super-
conductivity, developed his interest in the field of liquid crystals and soon found
fascinating analogies between liquid crystals and superconductors as well as mag-
netic materials. He was awarded with the Nobel Prize in Physics 1991 for his work
on Liquid Crystals and the modern development of liquid crystal science has since

been highly influenced by his work.

Discotic Liquid Crystals are not that old as Liquid Crystals. The discovery of Dis-
cotic Liquid Crystal molecules is credited to Sivaramakrishna Chandrasekhar[2]
et.al. who prepared these molecules and further characterized them in 1977. Fi-
nally the basic columnar structure of DLCs was verified by the brilliant x-ray
work of Levelut[3] (1979, 1983). Discotic Liquid Crystal molecules have a flat core
generally made up of fused benzene ring and alkyl chains attached to it. The flat
core allows the stacking of these molecules in a columnar structure which enhance
various property such as charge transport, effect of irradiation of polarized light

and temperature gradient.

1.2 Classification of Liquid Crystals

On the basis of transition Liquid Crystal molecules can be classified as Ther-
motropic Liquid Crystals and Lyotropic Liquid Crystals. When the transition of
phase from crystalline to liquid crystal and liquid is dependent upon the temper-
ature, then these types of LCs are termed as Thermotropic Liquid Crystals
wheras when the phase transition is dependent upon the concentration, they are
called as Lyotropic Liquid Crystals. The thermotropic LCs have a rigid core

with an alkyl chain attached to it whereas Lyotropic LCs have a soap like structure.

Liquid Crystals can also be classified on the basis of reversibility of phase. Enan-
tiotropic Liquid Crystals show intermediate phase in both directions i.e, Solid-
Mesophase-Liquid and Liquid-Mesophase-Solid whereas as Monotropic Liquid Crys-

tals show mesophase in only one direction i.e, Liquid-Mesophase-Solid.
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Fi1cURE 1.1: Classification of Liquid Crystal molecules.

Thermotropic Liquid Crystals also known as Non-amphiphilic can further be clas-
sified as in Smectic, Nematic and Cholesteric state. The smectic phase is a well
ordered two dimensional state in which molecules stack together one upon other.
The smectic phase is much closer to the solid like arrangement. Smectic phase
has a layer like arrangement in which liquid crystals can move within the layers
but movement of the layers is prohibited. The nematic phase is ordered in one
dimension only and is more closer to the liquid phase and behaves differently when
interacts with light and temperature. The materials in this phase are widely used
in displays and temperature sensors. They are the least ordered liquid crystal
molecules. The cholesteric phase is a special case of nematic liquid crystal and
is named after the experiments of Reinitzer. These liquid crystals have a complex

helical structure.

worsinla
Ay v

Nematic Phase Smectic Phase

Discotic Phase
(Chiral Nematic Phase) (Columnar Phase)

Cholesteric Phase

FIGURE 1.2: Classification of Liquid Crystal molecules on the basis of orienta-
tion [ref:www.tcichemicals.com/eshop/en/cz/category index/12775/].



Introduction 4

1.3 Discotic Liquid Crystals

As mentioned above our prime research wok will revolve around the supramolec-
ular assembly of discotic liquid crystal molecules. Various types of discotic liquid
crystal molecules are shown in Figure [1.3] These materials generally consists of a
flat and rigid aromatic core which is surrounded by a flexible alkyl chain attached
with some functional group. These groups can be benzoate, ester, ether, imida-
zolium etc. The core can be benzene, triphenylene, pyrene, dibenzopyrene etc.
The synthesis of these material is a straight forward job but purity of sample is
of vital importance. As in assembling the core with the alkyl chain by aromatic

substitution can result into incomplete substitution of some functional groups.

OR' ROO OR OR
N OR RO OR
RO OR . @N \ N@« NN P

N K/L\/\/v\/‘\\/
O OO 0 9 ~
N
RO OR 4?‘,} d
or ko b Y
N or
21R=R'=CH, Y -
2.2 R= C5H13; R'= CH3 N 2 .
A R=Y Y
2.3R = CgHy7; R'=CH, 32 ReCotiys |
24R=R'=CgHys SaR-Cy
25R=R'= CgH” OR 315 R.= <:..‘..M,.Q

FIGURE 1.3: Various examples of Discotic Liquid Crystal molecules attached
with different functional groups.

DLCs are of prime importance in organo-electronic devices and is a field of ac-
tive research and development. Various fields in which scientific research have
been moving with pace are electronic devices[4] such as photovoltaic devices, light
emitting diodes, FETs and MOSFETS, sensors etc. One of the major application
of DLCs is in memory based devices using Atomic Switches. An atomic switch is
a device based on resistive switching phenomenon in which conduction takes place
because of the atomic point contact formed by electrochemically active metal ions

such as Silver, when a bias is applied across them.

DLC molecules have a property of self assembly[5] which makes the film highly or-
dered. This assembly governs the performance of organic electronic devices as the
flow of charge is dependent upon film growth. Besides these, DLCs have a prop-

erty of self healing and any defects can be self treated. One of the major property
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in DLCs is of highly interactive pi stacking[6]. The flat core which is made up
of aromatic compounds forms pi stacking and as the separation between two pi
stacked cores decreases, the charge transport property improves. The typical dis-
tance between two core of a DLC pair is of 0.35 nm. Different DLC molecules
show different kind of pi stacking such as parallel, parallel-displaced or T-shaped
pi stacking. These property of DLCs can also be tuned using various parameters
such as effect of temperature, polarised light or surface concentration. Stacking of
DLCs into a columnar structure can result into a 1-d conductor with a property of
quantized conductance and can be described as molecular wires. The two dimen-

sional arrangement can be utilized in devices like FETs and MoSFets as shown in

Figure

Semitransparent
Electrode

Source Drain

Acce ptor

Donor

| FREFRERIRET
FIPErerieee

Acceptor

FIGURE 1.4: Application of Discotic Liquid Crystal molecules as a Field Effect
Transistor, Light Emitting Diode and Photovoltaic Cell [ref: Sergey Sergeyev
et.al. Chem. Soc. Rev., 36:1902-1929, 2007.]

1.4 Imidazolium Triphenyle Molecule

One such Discotic liquid crystal molecule is Imidazolium Triphenylene as shown
in Figure[[.5] It is an amphiphilic molecule which means it consists of two groups
i.e; a hydrophilic group and a hydrophobic group. The hydrophilic group is water
loving and forms a good thin film on water surface whereas as the hydrophobic
part stays away from water. These ImTp molecules are classified into neutral
and ionic molecules as the arrangement of these molecules vary due to different

ionic-ionic, ionic dipole and dipole-dipole interactions.
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FIGURE 1.5: Energy minimized molecular Structure of neutral and ionic Imi-
dazolium Triphenylene molecule.

Hydrogen bonding plays an important role in the arrangement of these molecules
on surface of water. Because of these factors both neutral and ionic ImTp DLCs
form a stable LB film over water surface. The molecules are also stable for a
wide range of temperature ranging from 35° C to 85° C. The molecular weight of
neutral ImTp molecule is of 811.14 g whereas the ionic counter part is of 827.19
g. The average dipole moment was of 9.679 and 39.195 Debye for neutral and
ionic ImT'p molecules respectively. The shape of these molecules are flat in nature

2 respectively for neutral and

and the surface area is of 5.73 nm? and 6.12 nm
ionic molecules. The ionic ImTP molecule has a positive charge on Nitrogen atom
which is neutralised by adding a Bromine ion. The liquid crystalline property
is also dependent upon the the counter ions, since the variation of Br™ to BFy
destroys the liquid crystalline property. The ionic ImTp molecule is one of the

first known thermotropic liquid crystal and is of vital importance in paving the

way for next generation organic electronic devices.

A theoretical study has been conducted on these molecules using Density Func-
tional Theory and Molecular Dynamic Simulation to understand the supramolecu-
lar assembly of these molecules. A brief introduction to Density Functional Theory

and Molecular Dynamics Simulations has been discussed in the next section.
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1.5 Theoretical Techniques

1.5.1 Density Functional Theory
1.5.1.1 Introduction

Solving the Schrodinger equation can yield the exact energy and various other
properties like bond length, atomization energy, heat of formation etc. of atoms
and molecules. But in reality solving a many body problem using Schrodinger wave
equation becomes impossible. Various approximations have been made to solve
the Schrodinger wave equation for a many body problem. Such approximations
include Ab initio method, Semi-empirical method and Density Functional Theory

methods.

oV h? 9?v
h— =———— 4+ VU 1.1
ot 2m Oz? * (1.1)
As the name suggests Ab initio methods uses the position of nuclei and the number
of electrons to solve the Schrodinger wave equation. This method do not considers
any experimental value and can be used for small systems because of the huge

computational cost. The major advantage of using Ab initio method is that if all

approximations are small then the equation converges to the exact solution.

In Semi-empirical method huge amount of approximation is done such as core
electron are not included, minimal basis sets are used and some times two electron
integrals are also omitted. The advantage of Semi empirical method is that it is
very fast in comparison to ab initio calculations and it also uses experimental data
to compute the energy density values but a major disadvantage is that during
approximations the results can be erratic and completely different from the actual

ones.

Density Function Theory has become very popular in recent times because of

its accuracy like ab initio method and computational speed like Semi empirical
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method. This method utilizes electron density function which is a function of
some other functions to calculate the energy using Schrodingers wave equation. In
this chapter how Density Functional Theory simplifies the Schrodinger equation
without much affecting the output is dealt.

1.5.1.2 Born-Oppenheimer Principle

The very first approximation to solve the Schrodinger’s equation came from Born-
Oppenheimer approximation. The theory stated that the nuclear and electron
part of Schrodingers equation can be solved separately as the mass of nucleus is
103 times higher than that of electron. So the degree of freedom for electronic
Hamiltonian reduces to 3N where N is the number of electron. But a general solid
consists of 1023 electrons and solving such number of equation is not practically

viable.

¢total = wnuclear * welectronic

1.5.1.3 Thomas and Fermi Theory

In late 1920 Thomas Fermi theory proposed a conceptual assumption of having
electron density n(r) as the variable of prime importance rather than the number
of electron wave functions. This method constrained the degree of freedom from
many body to just three i.e; x, y and z.

3
EY = cn®® ~ 1/r2, Cp = 1—0(372)2/3. (1.2)

Ky = ck/dr[p(r)]5/3. (1.3)
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:—MZR += m/drp Elp AR}]-) > ———— IRI RJ| {/drp(r)—Ng}.

J I<J
(1.4)

1.5.1.4 Hohenberg and Kohn Theorem

Since the introduction of Schrodingers equation in 1926 it has become a chal-
lenge to solve it for many body problem. Just after two years of introduction
to Schrodingers equation Dirac Stated that ”The underlying physical laws
necessary for the mathematical theory of a large part of physics and
the whole of chemistry are thus completely known, and the difficulty is
only that the exact application of these laws leads to equations much

too complicated to be soluble.”

In 1964 Hohenburg and Kohn Theorem completely reformed the the way of ap-
proximating the Schrodingers equation and is reponsible for the modern day DFT
calculations. The theorem relates any system consisting of electrons moving under
the influence of an external potential V(). The first Hohenberg -Kohn theorem
states that the external potential energy and hence the total energy is a unique

functional of electron density n(r).

The second Hohenberg-Kohn theorem states that the ground energy can be ob-
tained variationally; the density that minimizes the total energy is the exact

ground state density.

Even though Hohenberg-Kohn theorem is very powerful yet it can not be used
to calculate energy of ground states and hence to calculate energy of the ground
state Kohn-Sham Formulation was given one year later. This formulation is on
which the modern day DFT works. The Kohn-Sham theorem maps all interacting

systems with a potential on to the non-interacting system and the electrons move



Introduction 10

within an effective " Kohn-Sham” single particle potential.

1 52K 1 )
Kilp] = Ko(n) + 5 > dpdpre = Ko(n) + 3 ; Xia (K)3pidp i

(1.5)

1.5.2 Molecular Dynamic Simulations

Unlike Density Functional Theory, MD simulations do not use quantum mechanical
phenomenons but classical Newtonian equations to predict the motion of atoms
and thus the interactions taking place between them. These classical interactions

can be summed up as
ouU (r)
or

mxa=F=—

(1.6)

In this process all forces acting on all the atoms are calculated and a numerical

iterations take place yielding us the final system after certain time period.

1.5.2.1 Molecular Interactions

Various molecular interactions taking place can be broadly classified into three
parts which are briefly described later. Suppose, these molecular interactions
acting on N number of atoms, hence total degree of freedom becomes 6N (3 because

of x, y, z coordinates and other three because of velocity components vy, vy, v,).

1.5.2.2 Non-bonded Interactions

The potential energy representing the non-bonded interactions can be split into

many body terms as follow:

The term U(r) represents an external potential field and it also takes on pair poten-
tials rather than three or many body interactions. The Lennard-Jones potential

is most commonly used for of non-bonded interactions because of its simplicity
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and ease in calculations. The Lennard-Jones potential equation combined with

Coulombic potential can be given as:

12 6
Oij Oij 4i4;
Uiy = de (—J) - (—J) + 24 (L.7)
! ]< Tij Tij Tij

Here, ¢; is the potential well depth and o is the distance at which potential
becomes zero and 7;; is the intermolecular distance. The electrostatic forces if
present can be given by Coulombic potential where q;, q; are respective charges.

These are long range forces and play an essential part in simulations.

1.5.2.3 Bonded Interactions

Various kinds of bonded interactions such as dihedral potential, bond potential,
angle potential are obtained from the vibrational analysis. The bonded interac-
tions are considered between three vectors i.e; r;;, rj; and 7, for three atoms. A
typical force fields file is generated using various tools such as topolgen[7], lig par
gen etc. and hence, various strength parameters like k and other constants are
calculated. The iteration of these force over the time period on all atoms gives us

the precise motion of molecules.

1 r 2 1 0 2
Uintramolecular == 5 Z kij<rij - Teq) + 5 Z k”k(ewk - 96(1) (18)
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1.6 Experimental Techniques

1.6.1 Langmuir Blodgett Technique of Film Deposition

Langmuir[8] Blodgett[9] technique is a process of depositing a monolayer (one

molecule thick) or a set of monolayers of film, generally composed of organic
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materials on a solid substrate. By using this method the thickness of film can be

controlled precisely on the solid substrate.

The process by which LB film deposition takes place is briefly dealt in this section.
The important parts on LB system consists of a trough top, barriers, frame, a
surface pressure sensor, a dipping mechanism and an interface unit. The LB
trough includes a dipping well and a pair of barriers. Barriers are motorised and
as they move closer to each other the concentration of surfactants increases. A
dipping mechanism is placed just above the trough well for substrate dipping. The
sensors and balance are used to measure the surface pressure and are connected
to the computer through interface unit. The thickness of film depends upon the
air water interface and hence the surface pressure. Thus, the thickness of film
deposition on substrate can be controlled by varying barrier position and number
of dips. Langmuir Blodgett technique of thin film deposition is one of the best
method for monolayer or set of monolayer deposition as we can control the number

of molecules deposited on the substrate accurately.

FIGURE 1.6: Vaious components of Langmuir Blodgett System for thin film
deposition [https://www.biolinscientific.com/ksvnimal

Various parameters such as Surface Manometry, Transfer Ratio, Brewster Angle
Microscopy, Reflection Microscopy etc. are used for measuring and characterising
the LB film. In this research thesis work surface Manometry and Transfer ratio
measurements were taken and are briefly discussed here. Surface Manometry is

a process in which we plot surface pressure (7) as a function of area per number
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of molecules (A,,). Here surface pressure (7) is the difference between the surface
tension of water without monolayer and with monolayer. As the barriers move
the surface area per number of molecule is varied and hence the surface pressure
varies as its function. This plot is also commonly known as 7-A,, isotherm as
the temperature is kept constant during this plot. The Transfer Ratio can be
defined as the ratio between the area of substrate covered by the molecule to the
total surface area of the substrate. This technique gives us the information about
how much sample is deposited on the substrate and its property to stick on the

substrate.

1.6.2 Scanning Probe Microscopy

Scanning Probe Microscopy is a remarkable method which gives us the ability
to view the surface at atomic and molecular level. Atomic Force Microscopy is a
SPM method in which the AFM tip experiences van der Waals force when brought
very close to the sample. When the tip is brought at an intermolecular distance
with respect to the sample it may experience other force due to magnetic field,
electrostatic charge etc. but the magnitude of van der Waals force is quiet high in

comparison to these forces.

Atomic Force Microscopy was discovered by Binning et al. in 1986, the co-
discoverer of Scanning Tunnelling Microscope[l(] to overcome the limitation of
STM which was only confined for conductive surfaces. AFM is based on measuring
the deflection of cantilever when brought closer to the sample at intermolecular dis-
tance. The cantilever experiences a force because of the van der Waal interaction
and hence the cantilever gets deflected. The Deflection of cantilever is measured
with the help of a laser beam. The laser beam is incident on the cantilever and is
reflected back on the four quadrant photovoltaic detector. The voltage measured
by the photo diode detector is converted into deflection of cantilever using the

following equations:

Yaef = (A1 + Az) — (B1 + Bo) (1.9)
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Tgef(torsion) = (A1 + By) — (As — By) (1.10)

Laser H

Lens

Photodiode
(Vpsp)

Stage

F1GURE 1.7: Optical lever deflection method for the detection of the cantilever
bending in Atomic Force Microscopy[ref: Georg Fantner: Advanced Bioengi-
neering Methods Laboratory, Atomic Force Microscopy|

Here strictly speaking, the deflection of cantilever along the z axis is not taken
into consideration but the angle of the neutral axis of the deflected cantilever. The
angle of deflection is directly proportional to the cantilever deflection in z axis and

finally proportion to the Force(F).
F =k,Az = (3EI/L*)Az (1.11)
Where k, is the stiffness of cantilever which is dependent upon E (Elastic Module),

I (Moment of Inertia) and L (length of cantilever).

Also the displacement of tip is a function of the z displacement of the neutral axis

w(zx).

From the deflection angle 6 force can be calculated as:

0 = dw(L)/dz = FL?/2EI
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Therefore,

F = (2EI/L*)0 (1.12)

AFM has a lot of application in field on nano science and nanotechnology as it can
not only be used for taking images of sample but for measuring I-V characteristics,
force vs Distance plot and also as nanoscopic tool for lithography, cutting and
extracting soft molecules at sub micron level. Besides this, AFM finds application

in study of biological samples at a nanoscale level.



Chapter 2

Experimental Insight

2.1 Objective

The prime objective of our experimental work was to study the self-assembly of
neutral and ionic ImTp molecules at air-water and air-solid interfaces. In order to
study the self-assembly at air-water interface, surface manometry technique was
used and to study the self-assembly at air-solid interface, atomic force microscopy

was used.

2.2 Experimental Process

The neutral and ionic ImTp molecules were synthesized by Pal et.al. at the Raman
Research Institute, Bangalore. The materials were purified by repeated recrystal-
lizations with diethyl ether and characterized by 1H NMR, 13C NMR, IR, UV
spectroscopy and elemental analysis which indicated high purity (99%) of the
materials. The thermotropic liquid crystalline properties of the materials were
investigated by polarizing optical microscopy and differential scanning calorime-
try. The neutral ImTp material does not show any liquid crystalline phase. On
heating, the material directly goes from crystalline phase to isotropic liquid phase
at 50°C. On the other hand, the ionic ImTp material in the bulk exhibits liquid
16
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crystalline phase and has the following phase sequence: solid-columnar at 67°,
columnar-isotropic at 101°. On cooling, the columnar mesophase appeared at 98°
with the mesophase solidifying at 38°. The details of synthesis and characterisation

of these materials are reported elsewhere[11].

For studying supramolecular self-assembly of these molecules, first, Langmuir
monolayers were formed and then, the monolayers were deposited onto silicon
substrates using Langmuir-Blodgett (LB) technique. The subphase used was ultra-
pure deionized water obtained from Millipore Milli-Q system. The materials were
dissolved into HPLC-grade chloroform and their stock solutions of 0.236 mM con-
centration were prepared. The stock solutions were spread slowly on the water
surface drop by drop using Hamilton syringe. The system was left for 30 min-
utes for the stock solution to spread all around the water surface and also the
chloroform evaporates during this time. The isotherm data were obtained by
the symmetric compression of barriers. The compression rate was fixed to 0.103
nm? /molecule/min. For LB film deposition, the dipping speed was kept fixed at
2 mm/min. The depositions were carried out on hydrophobic silicon surface. To
make the silicon surface hydrophobic in nature, it was first made hydrophilic by
treating it with hot piranha solution for about 3 minutes. Piranha solution is a
mixture of conc. H2SO4 and H202 in a ratio of 3:1. After the treatment with
piranha solution, the substrate was rinsed with ultra pure deionised water and
was dried at room temperature to obtain hydrophilic surface. Finally, the silicon
substrate, after hydrophilic treatment, was dipped into HMDS for 12 hours and
then cleaned with HPLC grade chloroform to obtain hydrophobic surface.

The atomic force microscope (AFM) was used to obtain the topography images of
these samples deposited over hydrophobic silicon substrates. The tips used to get
the images had a spring constant of 21 N/m and a resonance frequency of 250 kHz.
The tips used were made up of silicon and the images were obtained in non-contact
mode. The images were processed using WSxM and only image flattening was done

to remove some noise induced due to electrical and stray magnetic factors.
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All experiments were performed at room temperature and in ambient condition

for both neutral and ionic ImTp molecules.

2.3 Results and Discussion

2.3.1 Surface Manometry

The isotherm plots for the monolayers of neutral and ionic ImTp molecules at
air-water[12] interface are shown in (Figure and (Figure [2.2)), respectively.
The surface pressure starts to increase as the barriers move close to each other
since the number of molecule per unit area increases. As the concentration of
molecules increases, the monolayer undergoes phase changes and finally collapses
at a critical concentration of molecules. In case of neutral ImTp molecules, the first
rise in surface pressure was observed at a surface area per molecule of about 2.5
nm? /molecule, whereas in case of ionic counterpart, the rise was observed at about
3.5 nm?/molecule. Interestingly, the ionic molecules exhibited two phases, i.e., the
expanded phase and condensed phase, whereas in the case of neutral molecules,
only one stable phase was observed. This phenomenon can also be verified from

the compressional elastic modulus plot which is discussed later.

For both the molecules, the increase in surface pressure was a linear phenomenon
after the initial rise until the collapse of film took place. However, the slope
of surface pressure w.r.t the surface area was higher and the limiting area per
molecule was lower in case of neutral ImTp molecules. The limiting area was 1
nm?/molecule for the condensed phase of neutral molecules, whereas for the ionic
molecules, it was 1.4 and 3.4 nm?/molecule for the condensed and expanded phase,
respectively. Comparing their collapse pressures, it was observed that the collapse
took place at a higher value of surface pressure for the ionic molecules than that of
the neutral molecule. For ionic molecules, it was of 43 mN/m whereas for neutral

molecules, it was of just 36 mN/m.
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The compressional elastic modulus for neutral and ionic ImTp molecules were

calculated using the equation given by

dm

El=An,|——
Bl= Aul 7

(2.1)

Here E is the compressional elasticity, m is the surface pressure and A, is the area
per molecule. The variation of compressional elastic modulus |E| for neutral and
ionic ImTp molecules as a function of area per molecules A, is shown in Figure 2.3
and Figure respectively. The maximum value of compression elasticity for
neutral molecules was of 75.7 mN/m at the surface area per molecule of 0.65 nm?.
This suggest that there are two stable phases for these molecules each at a surface
area per molecule of 0.98 nm? and 1.25 nm? with the compressional elastic modulus

|E| of 52.56 mN/m and 44.48 mN/m respectively.

y Neutral Im Tp molecule
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FI1GURE 2.3: Compressional elastic modulus plot for neutral ImTp molecule
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2.3.2 Atomic Force Microscopy

Neutral and ionic ImTp molecules, transferred on hydrophobic silicon substrates
using the LB technique of film deposition, were scanned using AFM. The hy-
drophobic silicon substrates (AFM images shown in Figure were deposited
with two layers of neutral and ionic ImTp molecules. The height of the film was
around 4 nm w.r.t substrate when deposited with neutral ImTp molecules at a
surface pressure (m) of 27 mN/m corresponding to the condensed phase. Whereas,
the height profile for ionic molecules showed the height around 5 nm w.r.t the
substrate for the film deposited in the condensed phase. It is interesting to note
that, despite similar chemical structures of both the types of molecules, the ionic
molecules form thicker film by about 1 nm as compared to the neutral ones. The
AFM images along with the line profile for both neutral and ionic ImTp molecules
are shown in Figure 2.6 and Figure 2.7 In addition, a close view on the mor-

phology of the film top surface revealed that the surface of ionic film was much
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more rough compared to that of the neutral film. The 2D and 3D images of the
surface morphology are shown in Figures. These observations suggest that there is

a difference in packing of molecules in ionic and in neutral ImTp molecular films.
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FIGURE 2.5: (a) AFM topography image of bare silicon surface (2 x 2 pm?) with

hydrophobic treatment. The rms roughness of the surface is 0.25 nm. (b) The

height profile corresponding to the line drawn on the image showing roughness

of the surface. (c) 2D image (0.5 x 0.51m?) and, (d) its corresponding 3D image
of a smaller scan area for better clarity.



Ezxperimental Insight 23

(8]

(b)

Height (nm)
O = N O b

00 04 08 12

Position (um)

(d)

FIGURE 2.6: (a) AFM topography image of LB film with 2 layers of neutral

ImTp molecules(3 x 3pum?). (b) The height profile corresponding to the line

drawn on the film showing thickness of about 4 nm. (c) 2D image (1.5x 1.5 pm?)
and, (d) 3D image of a smaller scan area showing smooth top surface.
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FIGURE 2.7: (a) AFM topography image of LB film with 2 layers of ionic ImTp
molecules(4 x 4pm?). (b) The height profile corresponding to the line drawn
on the film showing thickness of about 5 nm. (c) 2D image (1.5 x 1.5 1m?) and,
(d) 3D image of a smaller scan area showing rough and undulated top surface.
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2.3.3 Transfer Ratio

Transfer Ratio (7) is defined as the surface area of a Langmuir monoloyer deposited
on the substrate to the total area of the substrate. The Transfer ratio as function of
number of layers obtained during the deposition on a hydrophobic silicon substrate
for neutral and ionic ImTp molecules are shown in Figure Higher value of 7
signifies a better deposition of film. The maximum value of 7 can be of unity and
it denotes the best deposition. The film transfer was done at a dipping speed of
2 mm/min and the target surface pressure was held constant in the condensed
phase for both neutral and ionic ImTp molecules. For the hydrophobic substrate,

the hydrophobic part of the amphiphile gets attached to the substrate.
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FIGURE 2.8: Tranfer ratio for neutral and ionic ImTp molecules on hydrophobic
silicon surface as a function of number of layers

For the first down stroke, the transfer ratio was found to be of unity but as the
number of layers increases the value of 7 tends to decrease. However in case of

neutral ImTp molecules the value of 7 was significantly higher than the ionic ImTp
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molecules. Neutral ImTp molecules showed good transfer ratio upto 20 layers of
depositions. Whereas in case of ionic ImTp molecule the deposition after the 27¢
layers was difficult as the negative value of 7 indicates that the molecules were

transferred from substrate back to the LB trough.

2.3.4 Conclusion

Surface manometry results show that neutral ImTp molecules had a lower limiting
area and they collapsed at a lower surface pressure when compared with the ionic
counterpart. AFM observations suggests that the height of film in neutral ImTp
molecules was lower than that of ionic ImTp molecules. The average difference
between the film thickness was of 1 nm. Also, the neutral ImTp molecules had a
smoother and sharper surface w.r.t the ionic molecules. Further from the transfer
ratio, it was observed that the deposition of neutral ImTp molecules on hydropho-
bic silicon substrate was relatively much easier than ionic ImTp molecules. For
the first deposition of film on hydrophobic silicon substrate, the transfer ratio was
found to be unity for both neutral and ionic molecules. But afterwards for ionic

ImTp molecules, the transfer of film on silicon substrate was poor.

These experimental observations suggests that due to the presence of ionic polar
head group in ionic ImTp molecules, there is a difference in molecular packing
of these molecules. This difference in molecular packing further affects the self

assembly and stacking of these molecules at air-water and air-solid interface.

LB film deposition is a complicated process both physically and chemically by
nature and has been discussed with the help of theoretical modelling in the next

chapter.



Chapter 3

Theoretical Modelling

3.1 Objective

The objective of DFT calculations for neutral and ionic ImTp molecule was to
study the individual optimized structures and the various interactions taking place
between two parallely placed ImTp molecules in gas phase. Further, MD simula-
tions were performed to study the supramolecular assembly of these molecules on

the surface of water at different surface to molecule concentrations.

3.2 Simulation Process

The initial structure for neutral Imidazolium Triphenylene molecule was built us-
ing Avogadro-1.2.0n software [I3] and optimized using the inbuilt mmff4s force-
field. To reduce the computational cost the carbon chains were reduced to methyl
groups only. The molecule was replicated into two and placed at an inter-planar
distance of 3 A using gaussview [I4]. The final gaussian input file was submitted
to gaussian[I5] 16 for energy minimization. DFT calculation method using B3LYP
[T6HI19] optimization was used with 6-311G++ basis set. The energy minimized
structures obtained after DF'T optimization were further analysed. The separation

between two energy minimized molecules was tuned using gaussview and different

26
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2

FIGURE 3.1: Reduced and optimized structure of neutral (left) and ionic (right)
ImTp molecule

input files were created. For each input file, Single Point Energy (SPE) calcu-
lations were done and interaction energy in Kcal/mol was plotted as function of
separation between the two molecules. The same process was repeated for ionic

counter part and the results obtained were analysed.

MD simulations using GROMACS [20] were carried out to obtain the supramolec-
ular assembly of neutral and ionic discotic molecules on the surface of water. The
optimized structure of neutral and ionic molecules obtained from DFT calculations
served as input file for this system. Along with these molecules standard SPC/E
forcefield model of water was used. In case of ionic ImTp molecules to neutralize
the system bromine ions (Br’) were added. Molecular dynamic simulation were
carried out on four systems with different surface areas based on the isotherm
data obtained from the experiment discussed in Chapter 2. Packmol was used
to build the initial configuration consisting of water (SPC/E model) and ImTp
molecules as shown in Figure A periodic box was created along x,y and z

axis with a fixed length on 100 A along Z-axis whereas the surface area of box
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along x and y dimensions were varied to change the surface concentration of Im
Tp molecules. The depth of water was fixed to 15 A (on average 7 layers of water
molecules). All the systems consisted of 10 ImTp molecules placed on the surface

of water such that the Imidazolium group (head group) is kept on water surface.

The dimensional configuration for each system is shown in (Table [3.1)).

FIGURE 3.2: Initial structure of a 0.75 nm?/mol surface area system for ionic
IMTP molecules generated from Packmol

TABLE 3.1: Initial configuration for systems at different concentration of
molecules used for neutral and ionic system generated from Packmol for MD

Simulations

Surface Conc(nm?/mol) Area (A2)

No. water mol

0.5 22.36 X 22.36
0.75 27.37 X 27.37
1 31.62 X 31.62
1.5 38.73 X 38.73
2 45 X 45

3 04.77 X 54.77

247
370
493
740
1000
1480
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TABLE 3.2: Lennard Jones parameters for water and Bromine ion used in
Molecular Dynamic Simulations

atom/ion epsilon (KJ/mol) sigma (nm)

H 0.00000 0.00000
O 0.31660 0.65000
Br 0.42800 2.97064

OPLS-aa Force field generated from Lig Par Gen Server [21H23] were obtained for
the energy minimized state of these molecules. The standard force field for water
[24] and Bromine [25] ion are shown in (Table [3.2)). The system was kept at a
temperature of 298 K with all bonds held constraint using LINCS [26] algorithm.
All the four systems were MD simulated for over 35000 time steps under identical
conditions. The long-range electrostatic interactions were depicted using the par-
ticle mesh Ewald [27), 28] (PME) method of fourth order. The cut-off radius for
the Lennard-Jones interactions and for the real part of PME calculations were set
to 0.9 nm. All system were first nvt equilibrated for 2 ns and MD simulated for 7

ns.

The data obtained from the MD simulations were stored at a time step of 2 ps
and respective trajectory files were obtained. All analysis such as Z Orientation, Z
Density, Average number of hydrogen bonds were done using Gromacs utility [29]
tools. All MD simulation results were visualised using VMD [30] and saved using
Tachyon[31]. Gas phase Single Point Energy of these molecules with a hydrogen

bonded single water molecule was also calculated using DFT calculations.

3.3 Results and Discussion

3.3.1 Gas Phase DFT Calculations

The optimized structure obtained from DFT calculations show that pi stacking was
a dominant phenomenon among these molecules. The stacking of these molecules
can be explained due to the presence triphenylene group present at the core, which

is a well established fact for aromatic molecules. The inter planar distance between
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the two pi stacked cores defines the charge transport property and thus, a closely
stacked discotic liquid crystal molecule offers better flow of charge. Hence, the
property of high charge carrier mobility makes them a suitable component for

organic electronic devices.

The DFT calculation show that the optimized interplanar distance between the
neutral molecules was of 7.72 A whereas for the ionic counter part it was of 9.77
A. This can be justified because of the presence of electrostatic repulsion found in
ionic molecules. The electrostatic repulsion because of the presence of ionic polar
head group in ionic ImTp molecules was so strong that they showed T-shaped pi
stacking. The centroid angle for T-shaped stacking was of. But due to the absence
of any charge in neutral ImTp molecules, a parallelly displaced pi stacking was
observed. The DFT optimized structures is shown in Figure[3.3] These observation
can also be justified from the AFM images obtained in the experimental part of
this research work. The AFM images for neutral molecules were sharp and smooth
whereas the ionic molecules showed deposition in patches and were rough. Also,
scratching of these molecules to obtain the film thickness was quite difficult as

these films were rigid and highly stable.

Also, the interaction energy in case of T-shaped pi stacking was found out to be
more stable than in case of parallel displaced neutral molecules. The difference
of interaction energy between neutral and ionic molecules was calculated to be
4.49 Kcal/mol. The plot showing interaction energy as function of separation
between two molecules is shown in (Figure . Broadly speaking, the stability
of T-shaped pi stacking is much better than that of parallel displaced or parallel
stacking because of the absence of electron-electron repulsion. In case of benzene
dimer the interaction energy for parallel displaced stacking is higher than that
of T-shaped pi stacking[32]. Therefore, stacking in case of neutral molecules are

more compact but the stability in ionic counter part is much higher.

There were total 35001 frames obtained for a time span of 7 ns from the Molec-

ular dynamic simulations and were analysed using GROMACS utilities. Various
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FIGURE 3.3: Optimized interplanar structure of neutral and ionic IMTP
molecules in gas phase

analysis such as Z-Orientation, Z -Density and Hydrogen Bonding were calculated

and are reported here.

3.3.2 Z-Orientation

The average angle of orientation of neutral and ionic molecules along with Z-axis
was calculated to determine the orientation of these molecules on water surface.
The vector for which these calculations were performed is shown in (Figure [3.5)).
Various atoms are also labelled along with the vector for which the system was
analysed. The vector considered for Z-Orientation was taken between C1 and
C2 atoms. The angle between vector C1 C2 and Z-axis is denoted by 6 and
was calculated for each ImTp molecule during the MD run. The bin value was
calculated for different values of 6 as a percentage of molecule. Therefore, the
percent of molecules aligned as a function of 6 was plotted. The Z-Orientation

plot gives us the information about the ordering of ImTp molecules at different
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angles of vector C1 C2 along with Z-axis. These calculations were done for both

neutral and ionic molecules and the results were studied comparatively.

As the barriers in the LB system moves closer to each other, the surface area of
water along with the ImTp molecules on its surface reduces. Thus, the concentra-
tion of ImTp molecules increases and finally it was observed that the orientation
of these molecules tends to shift towards Z-axis. System with the smallest surface
area per molecule i.e. 0.5 nm?/mol is represented by red line and their orienta-
tion is highest among all systems. Also the increase in surface area, decreases the
ordering of molecules. This can observed from the plot shown in (Figure .
The peak observed for lowest area per molecule is much higher than that of other

surface areas per molecule.

For neutral molecules, the highest peak was observed between 40° to 50° for
molecules with surface area of 0.5 nm?/mol whereas the peak observed for highest
surface area concentration of 2 nm?/mol was at 78°. Higher peak denotes uni-

form orientation of molecules along Z-axis. The most concentrated Ionic ImTp
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Z-axis

Vector along Z-axis

FIGURE 3.5: showing the vector considered for Z-orientation and various la-
belled atoms.

molecules showed peak in the range of 45° to 58° whereas the least concentrated

in the range of 50° to 75°.

The effect of surface concentration is a much more dominant phenomenon in case
of neutral ImTp molecules as these molecules are spread over 30° to 110° whereas
ionic molecules were spread just over 45° to 75° only. Thus, we can state that or-
dering of molecules is much more uniform in ionic molecules than in neutral. Since
neutral molecules favour hydrogen bonding between nitrogen and water molecules,
they are spread in a long range of angle and have a non-uniform orientation. But
the effect of surface concentration is quite high in neutral molecules and is domi-
nating over hydrogen bonding. The increase in surface concentration increases the

orientation of these molecules along the Z-axis.
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3.3.3 Z-Density

For computing the average number density of head group and tail group along the
z-axis, density utility was used. The head group (N1 N2) and tail group (O6) are
shown in figure Figure 3.5 The Z-number density depicts the average number of
atoms present at a xy-plane w.r.t z-axis. The Z-number density plot for neutral Im
Tp molecules are shown in (Figure . The probability of finding head group is
represented by black curve whereas tail group by red. The area per unit molecule

of the systems are in decreasing fashion and is mentioned in the respective plots.

It can be observed from the plot that as the surface area of system decreases,
the probability density peaks shift away. The increase in the shift of these two
peaks means that ImTp molecule is orienting towards the Z-axis. For large area
per molecule the peaks are almost overlapping. But as we reduce the area below
1 nm?/mol, there is a shift in peak. Hence molecules start orienting themselves
along the Z-axis from this point onwards. Also as the surface area per molecule
decreases, the probability of finding head and tail group increases which concludes
that the arrangement of molecules becomes more ordered with decrease in surface

area.

A major factor which distinguishes the arrangement of neutral ImTp molecules
from ionic is that they are largely dependent on surface area. The Z-Density plot
for ionic molecules is shown in (Figure This can stated because of the fact that
the Z-density plot for head and tail group for ionic systems are almost overlapping
at all surface areas per molecule. But in case of non-ionic system, there was a
very small overlap between the head and tail group for surface area concentration
of 0.5 nm?/mol. Average number of hydrogen bonds were calculated in order to

understand the surface concentration effect on orientation of ImTp DLC molecules.
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Z-Density Plot For Non-lonic Imidazolium Triphenylene
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FIGURE 3.7: Probability density plot for neutral ImTp molecules as surface
area per molecule varies w.r.t distance along z-axis
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3.3.4 Hydrogen Bonding

Since these molecules are on water surface hence hydrogen bonding plays an im-
portant role in describing the stability of film. Number of hydrogen bonds were
computed based on the cut-off distance and angle between acceptor-hydrogen and
hydrogen-acceptor-oxygen respectively. Here the acceptor refers to the atom for
which these numbers were calculated and hydrogen and oxygen atoms refers to
of water molecule. The conditions for recognising a bond as hydrogen bond was
met if the bond length between Acceptor and Oxygen was less than 3.5 A and
bond length between Acceptor and Hydrogen was less than 2.45 A and the angle
subtended by Acceptor and Hydrogen was less than 30°. If and only if all the
three conditions mentioned above were fulfilled, it was classified as a H-bond. All
the number of hydrogen bonds calculated at each time frame were averaged for all

the atoms mentioned in Figure 3.5

The respective number of hydrogen bonds for neutral ImTp molecules is shown
in Table [3.3] From the data it can be observed that average number of hydrogen
bonds for Nitrogen atoms were relatively higher than other atoms. Thus, N1 and
N2 atoms actively took participation in forming hydrogen bonding with water.
This can be a strong reason for face on pi stacking of neutral DL.C molecules. Also,
due to hydrogen bonding these molecules were spread at different orientation on
the surface of water.

TABLE 3.3: Showing the average number of Hydrogen bond associated with
different atoms for neutral ImTp molecules

Area/mol N1¢ N2 01 02 03 04 05 06

0.5 0.880 0.4372 0.1818 0.0160 0.0109 0.1327 0.1234 0.2129
1 1.062 0.5509 0.3053 0.2298 0.2582 0.4798 0.3719 0.4278
1.5 0.962 0.4867 0.3248 0.4370 0.4976 0.8120 0.5603 0.4377
2 1.056 0.5427 0.3401 0.3466 0.3719 0.6343 0.4462 0.4857

“ Atoms are labelled as per Figure

Whereas in case of ionic ImTp molecules because of a presence of positive charge
on nitrogen atoms hydrogen bonding was rarely possible. The average number
of hydrogen bonds for ionic ImTp molecules is shown in Table 3.4 But one of

the interesting fact about harder pi stacking is that it reduces the ability to form
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TABLE 3.4: Showing the average number of Hydrogen bond associated with
different atoms for ionic Im Tp molecules

Area/mol N1 N2 01 02 03 04 05 06

0.75 0.002 0.0023 0.1878 0.1867 0.0767 0.0641 0.2224 0.3985
1 0.002 0.0023 0.2328 0.2584 0.1155 0.0684 0.2615 0.3186
2 0.003 0.0024 0.2528 0.2620 0.2378 0.1706 0.3139 0.4696
3 0.003 0.0026 0.3793 0.3966 0.1166 0.0721 0.2435 0.4230

hydrogen bonding[33]. Therefore, ionic ImTp molecules had a better stability
which can also be verified from the gas phase energy calculations as ionic molecules

were 4.5 kcal/mol more stable.

Thus, we can conclude that in neutral molecules parallel stacking and in ionic
counterpart T-shaped stacking was found. The stability of ionic molecules stacked
together was higher than that of ionic molecules. This phenomenon was also
verified from the experimental observations as the collapse pressure for ionic ImTp
molecules was relatively higher than that of neutral ImTp molecules. At low
surface concentration the orientation of ionic molecules on water surface was much
uniform but as we increased the surface concentration neutral molecules oriented
in a better way. Also, hydrogen bonding was actively found in neutral molecules

whereas in ionic counterpart, it was rare.



Chapter 4

Device Application and Future
Outlook

4.1 Introduction

Most of the semiconductor industry is focused in developing high frequency switch-
ing devices. We need high performance switching devices for fast computing, large
memory and minimum power loss. Moore’s law predicted that every two years the
size of integrated chip reduces to half. But we can say that for the past decade it
has been saturated and we can not dig much deeper with the present silicon based

semiconductor technology.

Resistive switching[34] is one such technique which can be promising in developing
high performance switch using the concept of quantized conductance. Resistive
switching is a technique in which an atomic scale filament is developed when a
bias is applied and it provides a conduction pathway. As the bias is removed this
filament breaks and conduction is hampered. The process of forming the filament
at atomic scale which provides an atomic contact is known as formation whereas
the process of breaking up of this atomic contact is termed as extinction. This

type of quantized conductance is a well known phenomenon and has been reported

39
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Platinum Plate «

Ag*ion Filament «

DLC Molecules«

Silver Plate «

FIGURE 4.1: Atomic scale filament formation in Metal-DLC-Metal sandwich
structure with bias applied externally

in a wide range of materials. In general quantized conductance is expressed as:

Go = 2¢*/h (4.1)

DLC molecules are one of the potential component for such type of devices. A
metal-DLC-metal, sandwich layer can be formed to develop such kind of devices
as shown in Figure A preliminary study has been conducted to study the
[-V characteristics of such devices. AFM can be used to mimic such a device as
AFM tip serves as a purpose of one of the electrode. Thus, the DLC materials are
sandwiched between silver substrate and AFM tip. Platinum or gold coated tip

serve for this purpose.

4.2 Experimental Process

A polished silver substrate was deposited with DLC molecule using simple drop
cast method. The used DLC molecule sample was synthesized by Dr. S K Pal
and his group at IISER Mohali and were provided for experimentation. A single

drop of DLC molecule solution in toluene at concentration of 1 mg/mL was cast on
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silver substrate and was left to dry at room temperature. The sample was placed in
Atomic Force Microscope for [-V measurement. The thickness of the molecule was
around 40 nm. The [-V characteristics obtained were at room temperature and in
ambient atmosphere. AFM tip used for I-V measurement was PPP-CONTSCPt-
10. It is a Platinum coated tip with a spring constant of 0.2 N/m and resonant
frequency of 23 kHz. For I-V measurement a direct current (DC) voltage sweep
was applied. The DC sweep was varied from -10 V to +10 V and was reversed
for each cycle. The sweep voltage was fixed to 0.2 V/s with 1500 of total data
points. The maximum range of current was of 10 nA and it gets saturated above
this limit. The first cycle is called formation cycle and the successive cycles in the
same direction are called switching cycles. When a reverse cycle is applied the
atomic scale filament breaks down and is known as breaking or extinction cycle.
The stability of these filaments are also dependent upon various parameters such
as temperature, polarity of bias etc. A stop watch timer was used to measure
the time interval between two switching cycles. Studying the time dependence of
filament is necessary to understand the filament stability w.r.t to thermal vibration

of molecules.

4.3 Result and Discussion

4.3.1 Forming Cycles

To obtain the I-V characteristics for filament formation process, the substrate
was biassed using the DC sweep from -10 V to +10 V. The I-V plot is shown in
Figure for a single DC sweep in both direction of polarity. The red curve is
for the increasing polarity from -10 V to +10 V. The formation voltage is at 3.4 V
which means that filament is formed at this point making a atomic scale contact
between the Silver substrate and AFM tip. When the polarity was reversed i.e,
from +10 V to -10 V, the current starts to decay at 1 V and the device turns off
completely at 0.5 V. Thus, we can say that breaking of filament takes place at this

voltage.
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This experiment was repeated several times and the I-V plot is shown in Figure [4.3]
From the plot we can conclude that, formation and breaking voltage levels are
almost constant and the filament stability is consistent. But one of the major
factor is that the device turns off within the positive level of voltage. Hence, the
filament is not highly stable and it may dissolve by the motion of ions due to

thermal vibration or some other factors.

4.3.2 Switching Cycles

In the similar way to determine the difference between formation voltage and
successive switching voltages, I-V characteristics was obtained as shown Figure 4.4}
In this I-V characteristic the first DC sweep is represented by black curve. The
DC sweep was provided from -10 V to +10 V. The formation voltage is at 5.2 V.
The other curves are switching cycles. DC sweep for these cycles was provided
from 0 V to +10 V. Hence, the filament was not dissolved in case of switching

cycles and was present even before the polarity was applied.

104 —— Forming
—— Switching I \
gl Switching2
—— Switching3
< —— Switching4
£ 6
c
()
E 4-
=
o
2 -
0 ,ﬂ
-10 | -|5 | (l) | é | 10

Voltage (V)

FIGURE 4.4: IV characteristics for first forming and other switching cycles



Device Application and Future Outlook 44

It can be seen from the I-V characteristics that the switching voltage is way before
the formation voltage and the device starts conducting as the positive bias is
applied. The experiment was repeated several times and is shown for four switching
cycles just for simplicity of curve. We can conclude that the filament was stable
even after removal of polarity and conduction took place from 0 V for the switching

cycles.

4.3.3 Effect of Time

To study the effect of time on the filament stability -V characteristics were ob-
tained after certain time intervals. The filament was left unbiased for this interval
of time and a positive DC sweep was provided to test the filament stability. The
[-V characteristic as a variation of time is shown in Figure 4.5l The first DC
sweep is provided from -10 V to +10 V and is the formation cycle. Afterwards, a
time gap of 15 min was given before providing positive DC sweep. The red curve
represent the I-V curve after 15 min of filament formation. It can be observed

from the plot that the device turns on but not directly from 0 V.

10 - —For.min.g t=0 .
| [ Switching t=15min
8 —— Switching t=45min
<
£ 6-
T
o
= 44
=
o
2 -
0- ]

Voltage (V)

FIGURE 4.5: IV characteristics for forming cycles at different interval of time
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Thus, the filament decays as a function of time. The second filament formation
takes place at 3.5 V. Again a time interval of 30 min was provided for which
the device was unbiased. Green curve represents the I-V characteristics for the
switching after 45 min from the first formation cycle. The device turns on at 2.36

V and thus we can say that the filament is not stable w.r.t time.

4.4 Future Outlook

Organic resistive switching devices can be one of the promising field in developing
next generation switching devices with high frequency, low on state power loss
and high reverse voltage stability. These devices are based on quantized conduc-
tance phenomenon and hence by controlling the filament growth, we can control
switching of these type of devices. Resistive switching using DLC materials is
unprecedented in literature and a large amount of research is still required for
commercialising these class of devices. Atomic Switch like devices as shown in
Figure can be used as organic memristive[35] devices. These devices can be
used to store and process large chunk of data and can easily take over silicon
integrated chip technology[36]. The high rate of electrical switching and a com-
pact size around 10 nm makes them a viable choice in designing high computation

technology.

To understand the supramolecular assembly of DLC molecules on silver substrate,
MD simulations and DFT calculations can play a significant role. From some of
the preliminary experimental results it has also been discovered that the stability
of thin films using DLC molecules along with DNA is increased exponentially. A

theoretical understanding on DLC molecules with DNA sample is also important.

With the discovery of DLC molecules a vast avenue of research have been opened
in the field of organic devices and it can be a potential candidate in designing

organic resistive switching devices.
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