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Preface

The work embodied in the thesis entitled “Charge Trapping Mechanism in Organic Semiconductor
Devices”, is specifically concerned with the charge trapping and charge injection mechanisms of
organic dye based devices. The charge injection of these devices is largely governed by metal-
organic semiconductor interface and it is related to the presence of traps at the interface as organic
devices are prone to traps. Due to interfacial trap density, the barrier height of the metal - organic
layer interface is generally high. There is no significant work regarding the improvement of charge
injection mechanism of these devices considering the effect of interfacial barrier height which has

motivated the author to pursue research in this field.

The author started his research work as a Junior Research Fellow (JRF) funded by University Grants
Commission (UGC), India. This work was carried out in the laboratory of Professor Nabin Baran
Manik. The laboratory is in the Department of Physics, Jadavpur University. Thereafter, the author
had done his Ph.D registration under the supervision of Dr. N. B.Manik, Professor, Department of

Physics, Jadavpur University, Kolkata - 700032.

The electrical characteristics of the organic devices have been studied in this work. For studying the
electrical characteristics, dark | -V measurements have been done. By analyzing the dark | -V
measurements, the different electrical parameters related to charge injection mechanism such as
barrier height, trap energy, ideality factor, depletion layer width, image barrier lowering effect and
threshold voltage have been calculated. Attempts have been made to address some of the above
mentioned problems both from experimental and theoretical perspective so that the charge injection

process of the organic dye based devices can be improved.

To improve the charge injection process at metal - organic dye interface considering the effect of
interfacial barrier height, we have incorporated different nanoparticles and nanotubes such as, Zinc
Oxide (ZnO) Nanoparticles, Titanium Dioxide (TiO2) nanoparticles and Carbon Nanotubes (CNT), in
these organic dye based devices. As we all know that organic devices are prone to traps, the interfacial

barrier height at metal - organic contact also influences the concentration of traps.
Zinc Oxide (ZnO) nanoparticles and Titanium Dioxide (TiO2) nanoparticles reduce the barrier height,

band bending at metal - organic semiconductor contact resulting in improvement of charge injection

mechanism of organic devices.
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The effects of CNT on the interfacial barrier height, trap concentration and depletion layer width of
these devices have been extensively studied. We have incorporated both Single Walled Carbon
Nanotubes (SWCNT) and different sized Multi Walled Carbon Nanotubes (MWCNT) in these
organic devices. Our experiment reveals that SWCNT enhances the charge flow better than that of
MWCNT in organic devices. It is observed that due to the addition of CNT, the interfacial barrier
height, the concentration of traps and depletion layer width reduce which results in lowering of the
device’s threshold voltage. CNT provides easy percolation path ways which assist the easy migration

of charges, which in turn improves the charge injection process of organic devices.

In this work, we have studied a series of dyes such as, Phenosafranin (PSF), Safranin - T, Malachite
Green (MG) and Methyl Red (MR) dyes with and without adding different nanoparticles. From the
dark | -V characteristics it is observed that both barrier height and trap energy get reduced. The | -V
curves are studied by using Richardson - Schottky (R-S) thermionic emission model in presence of
trap states and the relation between the trap energy, barrier height, and threshold voltage is discussed.
We have also measured the interfacial barrier height by using Norde’s method to check the
consistency of the experimental data. We have also estimated the interfacial barrier height by varying

the back electrode of the Crystal Violet (CV) dye based organic device.

Though the study in this field of organic dye based devices is relatively new and although numerous
works are being done, there is no unique theory to explain charge transport process in all the systems.
A theory which fits for a certain system may deviate a lot in case of other systems. So, further study is
required for better understanding of these problems. The outcome of this work will be extremely
helpful to understand the charge injection mechanism of the organic devices considering the barrier
height, trap concentration, band bending and depletion layer width in presence of different

nanoparticles.
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Chapter 1 Motivation and Outline

1.1 Introduction

Organic materials are currently being researched extensively to create various electronic and
optoelectronic devices. Organic devices may be produced across a large area and are more agile,
portable, and inexpensive. The characteristics of amorphous thin films of organic materials can be
attuned over a broad range. Organic semiconductor devices are appealing as they can be deposited at
low temperatures on substrates including glass, plastic, etc. to make viable devices by using cost
effective manufacturing techniques [1-4]. Amidst these benefits, organic systems have some
limitations. These devices' propensity to traps, which results in a high barrier height (¢,) at metal -
organic (M/O) interface, constitutes one of the major limitations. The charge infusion at interface is
minimal because of the high barrier. The reliance of barrier potential on trap energy in organic devices
has not received much attention. It is essential to make an effort to reduce the trap energy in order to
maximize charge injection at M/O contact and subsequently decrease the barrier potential. Interfacial
band bending and image barrier lowering are prerequisites for understanding how organic devices
work. The interfacial electronic structure at M/O contact has a significant effect on the device
performance. It affects how charges are injected into the contact [5-6]. The electrostatic model based
on the density of states (DOS) in the material can also be used to investigate the band bending process
in organic semiconductors [7]. There may be a correlation between the interfacial band deformation
and interfacial barrier height (¢y,) [8]. Due to high barrier height and consequently minimal charge
injection from metal to organic layer, the threshold voltage (V) is higher. The charge injection is
significantly impacted by the contact barrier. The current focus of study is on how trap energy and
barrier height influence the infusion of charges at M/O interface. The effects of various nanoparticles
and nanotubes, such as Zinc Oxide (ZnO) nanoparticles, Titanium Dioxide (TiO2) nanoparticles,
Single Walled Carbon Nanotubes (SWCNT) and Multi Walled Carbon Nanotubes (MWCNT) have
also been observed. Barrier heights and trap energy are being correlated analytically as well. The
thickness of the depletion layer, the lowering of image charge barrier, barrier inhomogeneities in the
presence and absence of various nanoparticles and nanotubes, have all been examined throughout this

study.

1.2 Objectives of the Work

Investigating the various factors related to charge injection and charge trapping process at the M/O
junction is the main objective of the ongoing study. Following that, it seeks to look into how different
nanoparticles and nanotubes affect those factors in various organic dye based devices. The charge

injection procedure is significantly influenced by the barrier potential at the M/O contact. The organic
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Chapter 1 Motivation and Outline

dye based devices' charge injection technique significantly depends on interfacial band bending. The
steady state current - voltage (I -V) characteristics of the organic device will be investigated to
measure various electrical parameters, such as barrier potential, trap energy, depletion layer width,
image force barrier lowering, and barrier inhomogeneities in presence and absence of various

nanoparticles and nanotubes, which will influence the charge infusion process.

In our research, we have chosen a few organic dyes namely Phenosafranin (PSF), Safranin - T,
Malachite Green (MG), Methyl Red (MR) and Crystal Violet (CV) dyes for our study. We have
prepared devices with and without incorporating guest materials such as, ZnO, TiO2 and CNT with
these dyes. Different electrical properties are measured and compared to find the effect of these
different nanoparticles and nanotubes. Along with all these experimental works, there has been an

attempt to understand the injection mechanism at the contact area of metal and organic material.

In this research, varieties of literatures on the charge injection and charge entrapment at M/O interface
have been discussed. We have also looked at the function of various nanoparticles and nanotubes in
dye based organic devices. Dye/polymer solution is typically employed in spin coating process at
regular room temperature. Additionally, there is no such obstacle to the fabrication of the device or

the widespread deposition of the film.

As several aspects that affect the injection process have been thoroughly researched, the results of this
work will be helpful to overcome some concerns linked to charge infusion at M/O interface. This
endeavor will also demonstrate device physics application for various nanoparticles and nanotubes in

the realm of organic electronics.

1.3 Background of the Work

Analyzing the performance of the organic device critically depends on charge transfer at the M/O
interface. This work clarifies present understanding of parameters connected to injection current and
formation of M/O contacts. When an electron or hole goes from the metal into the organic material's
LUMO or HOMO states, the charge infusion takes place [9]. Amorphous van der Waals solids are
what make up organic semiconductors [10]. According to the Richardson - Schottky (R-S) model of
thermionic emission from the delocalized states of the metal into the localized states of the
semiconductor, infusion of charges is commonly characterized. The energy of these states is formed
with significant help from the mean barrier height, image potential, energetic disorder, and applied

electric field [11]. Lack of a comprehensive, effective analytical theory nonetheless, when applied to
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Chapter 1 Motivation and Outline

well-characterized surfaces, the injection current exhibits behaviour consistent with the thermionic

emission process [12-13].

Numerous applications in the field of organic electronics are currently being, or soon will be,
commercialized. As a result, the effective operation of organic devices is well-known in numerous
fields and has been documented in several scientific publications [14-15]. However, the process of
charge transfer at the contact of metal - organic material is still an important area of study. One of the
causes is a lack of thorough discernment brought on by the interface's intricacy as well as the
chemical, structural, and morphological elements that have an impact on the charge injection
procedure. If there is significant advancement in the knowledge of the infusion approach in terms of

device physics, organic electronics' commercial success will increase dramatically [16-17].

One or more layers of the active organic materials are sandwiched between two electrodes to form
basic structure of the majority of these organic dye based devices. The charge injection procedure
takes place when the charge carrier traverses the contact, overcoming the energy barrier. Their
performance depends on the effective transfer of charge across the interface [18]. When the contact is
created, equilibrium occurs when charge flow from one material to other continues until Fermi level
alignment happens. The Mott-Schottky rule, which states that the vacuum levels align at the interface
when a transferred charge occupies only dopant levels in the bulk, is then produced. This additional
charge then lies in the depletion zone that is created by ionizing donor or acceptor dopants and results
in band bending [19]. Absence of intentional dopant in organic semiconductors makes it difficult to
measure Fermi level. The analysis of image potential, which pushes charges towards the interface and

leads to incorrect interpretation of experimental results, depends on it [20-21].

1.4 Outline of the Work

The charge trapping and carrier infusion process of organic semiconductor devices is what we intend
to investigate in the current work. Due to the propensity of organic devices to traps, the metal —
organic semiconductor interface controls the charge injection of these devices in a significant way.
The barrier height and thickness of depletion layer of M/O contact are typically large due to
interfacial trap density. However, there aren't many research works that use an organic semiconductor

to estimate these parameters at the junction of M/O layer when traps are present.
In consideration of the charge trapping, it is of interest to us to investigate barrier and space - charge

layer width of organic semiconductor devices. Interfacial barrier has strong correlation with the

interfacial band bending and image force barrier lowering effect of these organic devices. We have a
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Chapter 1 Motivation and Outline

plan to measure these parameters from | -V characteristics of these devices and correlate it with the
trap energy. We will confide our study with a series of organic dyes such as Phenosafranin (PSF),
Safranin -T, Malachite Green (MG), Methyl Red (MR) and Crystal Violet (CV) dyes and also in
presence of some nanoparticles such as ZnO and TiO; and different nanotubes, such as SWCNT and
MWCNT.

The overall outline of our work has been summarized below. There are eight chapters in this present

thesis.

In Chapter 1, the variables that will impact the charge infusion at M/O contact are discussed. The

goals and background of this work have also been mentioned in this context.

In Chapter 2, the basic working principle of the organic devices, different charge trapping models
and its effect on charge injection process, different charge injection models and the above mentioned
parameters such as interfacial barrier height, concentration of traps, depletion layer width, band
bending, image force barrier lowering and barrier inhomogeneities that affect the charge trapping and
charge injection process have been discussed in detail. Different nanotubes and nanoparticles which
have been incorporated in different organic dye based devices have also been mentioned in this

chapter.

In Chapter 3, we have analyzed PSF dye based device's barrier height, charge trapping, and band
bending at the M/O layer interface. We have looked at the impact of two distinct nanoparticles, such
as ZnO and TiOz, on these characteristics. On this organic device, changing the concentration of TiO;
nanoparticles has also been done. According to the steady state dark | -V plots of the organic device,
adding ZnO and TiO; nanoparticles enhances device's ability to inject charges by reducing interfacial
barrier and trap density. In this chapter, an effort has been made to analytically relate interfacial
barrier and trap density. Using Norde's method, interfacial barrier height has also been calculated and
is still compatible with the value determined by using | -V characteristics. Presence of both
nanoparticles has reduced band bending at the M/O dye contact. This chapter goes into great detail
about the findings. It has been found that when TiO, nanoparticles concentration is highest while
maintaining the same PSF dye concentration, barrier height, trap concentration, and band bending are

least, allowing higher injection of carriers at the junction.

In Chapter 4, Safranin - T dye based organic device’s trap energy, barrier potential, barrier
inhomogeneity, and depletion layer width, both without and after taking into account the image
charge effect have been analyzed and how SWCNT affects these electrical properties has been

studied. SWCNT reduces the aforementioned factors, lowering the device's threshold voltage and
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Chapter 1 Motivation and Outline

improving the charge infusion process. In this chapter, we have also looked at the relationship
between contact barrier and depletion layer width. Additionally, this chapter has demonstrated how
the applied field affects space - charge layer width and barrier height. This chapter has stated a
possible justification for origin of these alterations.

In Chapter 5, pertaining to junction barrier and trap energy, we have discussed the effects of both
COOH - SWCNT and MWCNT on charge infusion process of MG dye based device. Fabrication of
devices and as well as experimental methods has been discussed in detail. | -V measurements are used
to characterize these devices. Norde's method is employed to examine the congruency of the
interfacial barrier derived from | -V characteristics, and both approaches are in strong agreement with

one another. The possible reason has been furnished.

In Chapter 6, we have investigated the effects of SWCNT and MWCNT on various parameters
related to charge infusion and trapping process, such as contact barrier, trap energy, depletion layer
width, and image barrier lowering of MR dye based device. In this chapter, findings are thoroughly

addressed.

In Chapter 7, we have seen how the back electrode affects the concentration of traps and junction
barrier of an organic device based on CV dye. As a result of changing the back electrode, we are able

to optimize the charge flow at the junction by lowering concentration of traps and junction barrier.

In Chapter 8, the summary and overall findings of our work have been highlighted. This chapter
contains overall conclusion of our work and also the future scope of this work in this research field of

organic semiconductor.
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2.1 Introduction

In the preceding chapter, we described the context and aims of our current work. The preceding
chapter also provided a structure for the current thesis work as well as a potential outcome. The basic
operating principle of organic devices, various charge injection models, and factors like trap
concentration, interfacial barrier height, depletion layer width, band bending, image charge barrier
lowering and barrier inhomogeneities that influence the charge infusion and trapping process at the
M/O contact will be covered in detail in this chapter. Properties of different nanoparticles which will

be incorporated in these different organic dye based devices will also be elucidated in this chapter.

2.2 Working Principle of Organic Dye Based Devices

Since 1990, organic dye based devices have got significant attentions among the researchers. Due to
the fact that organic dye based devices are made of very thin layers and most organic semiconductors
are p-type semiconductors with a substantially high optical band gap, production costs are reduced [1-
2]. In sp*hybridized states of carbon atoms, organic materials are made of = -bonded electrons that
can travel through delocalized = -orbitals [3]. In our work, we have formed M/O contact in the
prepared organic device. The work function of the metal electrode and the Lowest Unoccupied
Molecular Orbital (LUMO) and Highest Occupied Molecular Orbital (HOMO) energy levels of
organic materials both remain at their original values prior to M/O contact establishment. The
alignment of energy levels would occur after the creation of M/O contact. When the work function of
the metal electrode is more than LUMO energy level of organic materials, the electro-potential will
cause electrons to be transported from the metal electrode to organic materials and when work
function of the metal electrode is less than the LUMO energy level, the electron will be moved from
organic materials to the metal electrode [4-5]. Electric field will be created from organic materials
towards metal electrode. The electrons moving from organic materials to metal electrode, would

encounter an energy barrier due to this electric field [6-7].
2.3 Charge Carrier Trapping and Its Exponential Distribution at Metal - Organic
Interface

Any defect that generates localized electronic states that are energetically and spatially spread
throughout the semiconductor's band gap is referred to be an electronic trap. According to their

relative energy locations from trap depth at a particular temperature, traps can be distinguished as
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shallow traps and deep traps. Shallow traps remain close to the band edges (a few kT) and deep traps
remain considerably away (many kT) from the band edges.

In organic semiconductor materials, impurities, structural defects, geminate pairs, and self-trapping
are a few potential sources of trap states. A submerged molecule’s HOMO or LUMO will establish a
trap state if it is positioned between the host molecules since the molecular interactions in organic
materials is weak [8]. A conjugation length fluctuation caused by structural defects can result in the
creation of some tail states below the transport energy. These constitute up the states of the trap.
However, structural flaws are not just limited to the creation of tail states; any kind of flaw in the

structure is more likely to create trap states [9-11].

A pair of Coulomb bond charge carriers is known as a geminate pair. A Coulomb trap is created when
the recombination probability of a geminate pair is suppressed. Only the presence of both types of

charge carriers permits the occurrence of these traps [12].

Polaron and bipolaron formation are not actually traps because they move. But polaron or bipolaron
mobility is at least one or two orders of magnitude inferior than that of a free carrier. Self-trapping is
the process of these charge carriers creating their own trap state when the energy of the polarons or

bipolarons is lowered by several hundreds of meV [13].

Shallow traps are typically described as localized tail states in band gap. Charge carrier may be
momentarily captured and restrained by a trap, up and till it is returned to band by an electric field or
thermal energy or a photon. For example, a localized shallow trap state in the band gap traps charges
travelling within delocalized states in the multiple-trap and release (MTR) model, which subsequently
uses thermal energy to release the charges back into the energy band [14-15]. Trapped charge carriers
can take part in transport by thermally activated hopping or tunneling from one localized state to
another if high trap densities are there [16]. If the trap depth is low, de-trapping of charge carriers is
conceivable by thermal energy. At a particular temperature, probability of returning to the band by
thermal energy is more likely for carriers present in shallow traps but for deep traps, it is more
unlikely [17]. These deep states frequently serve as charge carrier recombination sites, shortening
their total lifetime. Traps can have discrete energy or a energy distribution, which can be modeled

using exponential or a Gaussian function [18-21].
Only, exponential distribution of traps has been taken into consideration for our analysis.

Fig. 2.1 shows schematic of localized trap states between HOMO and LUMO band of organic

material.
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Fig. 2.1 Diagrammatic Illustration of Localized Trap States in Organic Material between HOMO and
LUMO Band

Equation (2.1) and equation (2.2) represent one-dimensional single (double) carrier drift current and

Poisson equations (for electrons, holes, or both) respectively.

Ja =nquE (2.1)
3—5 = %(n + nt) (22)

Where, Jq is the drift current density, u is the carrier mobility, E is the electric field strength, n and n;
are the free and trapped charge concentrations respectively and q is electronic charge. The above

equations can be solved for two cases as follows

Case I: When free carrier density is substantially higher than the trap charge density (n>>n)

Then, equation (2.1) may be written as

dE
dx

[N el
=

(2.3)

Free charge carriers consist of both injected and thermally generated charges. Depending on the
relative proportions of these two types of free carriers, two cases may arise. There are always some
thermally generated free carriers present in the material. Let it be denoted by no. For metals, this
number is very high so that injected space - charge density n is negligible compared to no. For

insulators, ng is negligible for high injection level. But for very small external field, injection of

(2]
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carriers into the insulator is very low. Therefore, for low external voltages considering free carriers,

equation (2.1) takes the form, which is shown in equation (2.4)

Ja = {n(x) + no}quE (2.4)
&= (2.5)

At the low injection level n(x) may be approximated as n(x) ~0, then, equation (2.4) takes the form

Ja = noquE (2.6)
E = constant

This is well known Ohm’s law.

For high injection levels, injected carriers dominate over thermally generated free carriers. By putting

the value of n(x) from equation (2.4) in the equation (2.5), we have,

dE 1

&=E]d

E=— 3—1 where, V is the potential.

Putting the value of E in terms of V we get,

d (dV 2} _2]4
dx dx) T pe

Integrating with respect to x we get,

av_ [aa

dx E

X + constant 2.7)

If we take field E to be zero at x = 0 then the above constant is zero. Taking sample thickness to be L

and by integrating the above equation with respect to x between x =0 to x = L we get,

[ 2]
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\% 5 L
de = ﬁf Xl/ZdX
5 ue Jo

By integrating, we get,

3

fz L/
V= ﬁg_z
e S/,

Therefore,
2]q 4
VZ — (= _L3
( ue ) 9

The current density Jg= V/L is written as

2
Ja =gHes (28

This is the current density equation for space - charge limited current.

Case I1. When free carrier density is considerably lower than the trap charge density (n<<n)

Equation (2.2) takes the form

dE

- n¢ (2.9)

o |

The above equation (2.9) along with equation (2.3) cannot be solved if we do not know the relation

between n and n:. n; is given as

n, = H, exp (;—T"c) (2.10)

Where, T. is the characteristic temperature, where T. = EJk, where, E; is trap energy, H, is trap

density, F, is the electron Fermi energy. n: and n are interrelated as follows:

Fy
ng = Hnexp(ﬁ
(o}
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Fn
n = N.exp (ﬁ

F, T
ne = H“eXp(ﬁ*T_c

n 1
ncan(N ) /m
c

ng = Cn'/m (2.11)
Where, m = T/T and C = Hi/(N:Y™)
Therefore from equation (2.3), we have

ﬁ =9Cn1/m
dx ¢

Putting E in terms of V

2
d V* d_v)l/m = SC(L)l/m
dx? “dx € qu

Integrating with respect to x, we get

dv (1+m)/m %

m q ] 1/
_=_C - m tant
I g . (qu) X + constan

The value of this constant is zero because at x = 0, dV/dx = 0. Therefore

dv m+1

m C m m-— ] m m
—_— = (— /m - /m 1/m - /m /m
I ( - ) +1 X (8) +1Xq +1 X (u) +1 X X +1

Integrating again with respect to x between x = 0 to x = L, the sample thickness we have
14 L
f dv = (m_-l-l)m/m+1 % (E)m/m+1 % qm_l/m+1 % (l)m/m+1f x/m+1dx
0 m & s 0

m+1 % L2m+1/m+1
2m+1

V= (mTH)m/mH X (g)m/mH X qm_l/m+1 X (&)m/mﬂ X

The current density can be stated from the above expression which is expressed in equation (2.12)

2m+1
m+1

m—1 Vm+1

em
(gt (2.12)

J = Nep(

This is Trap Charge Limited Conduction process.

The power law dependence J ~ V™! is the most significant aspect of the aforementioned equation

(2.12). The particular 1 -V relation develops as a result of traps that are evenly spaced between the

[14])
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LUMO and HOMO. The best fit for our current - voltage (I -V) experimental results is provided by
this model [22].

2.4 Interface Barriers

Current section will elucidate the contact barrier creation at metal - organic junction. We will also go
through various experimental methods for characterizing these contact barriers which are formed at
the convergence of a metal and an organic layer. This section will also comprise of band bending,

image force barrier lowering, and barrier inhomogeneities.

2.4.1 Interface Barrier Formation

An interfacial barrier (¢y) is created at the M/O contact when metal comes into contact with an
organic semiconductor. The creation of an interfacial barrier between an organic substance and a
metal relies on the synchronization of both metal and organic substance's respective energy levels.
It is necessary to get through the barrier, to transport electrical charges from metal to the organic
material. Barrier regulates the passage of electrical charges. The charge flow across the interface
will differ depending on interface barrier’s magnitude. To transport an electrical charge from
metallic electrode into the HOMO or LUMO of the organic, or vice versa, this barrier must be
overcome. Due to their resemblance to schottky contacts in conventional semiconductors, M/O

interfaces were the first contacts in organic electronics to be thoroughly reported [23].

2.4.2 Different Types of Interface Barrier

According to theoretical calculations, at room temperature, injection limited current (ILC) flows when
¢y, is more than 0.3 eV but space - charge limited current (SCLC) flows when ¢y, is less than 0.3 eV
[24].

2.4.3 Experimental Characterization of Different Interface Barriers in Organic Devices

To estimate the interfacial barriers at metal - organic contact in organic dye based devices, generally,

four methods are used [25]. These four methods are as follows:

(i) Current — Voltage measurement
(ii) Capacitance — VVoltage measurement

(iii) Activation — Energy measurement
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(iv) Photoelectric measurement

In our work, Keithley 2400 source meter is used for the measurement of dark | -V characteristics of
the device and afterwards, junction barrier is calculated from dark 1 -V. Norde method is used to
verify reliability of contact barrier value acquired from dark | -V measurement. We have also
employed capacitance-voltage (C -V) measurements to estimate the interfacial barrier in some of our
works. There are times when the presence of traps at the junction can be used to explain a small

discrepancy among the calculated values of interfacial barrier obtained using various approaches.

2.4.4 Band Bending

The concept of band bending was first proposed by Schottky and Mott to explain the rectifying effect
of metal - semiconductor contacts [26-27]. It is frequently thought that organic semiconductors and
metals will exhibit band bending with Fermi level alignment. Band bending is the process of
continuously shifting the organic semiconductor's energy band edges in space - charge region due to
electric field produced as charge transfers between organic semiconductor and metal. When the work
function of metal (¢,) is more than the work function of the organic semiconductor (¢s), the energy
bands bend upward toward the interface and the energy bands bend downward when ¢g > ¢,,. The

schematic representation of band bending has been shown in Fig. 2.2, in which ¢, < ¢s.

Without Contact With Contact
____________________ Ev e
LUMO ™~ .
fe
o He LUMO
Er S e

== = HOMO f R Er
Nea T
HOMNMOD

Metal Vacuum Organic Metal Organic

Fig. 2.2 Schematic Diagram of Band Bending at Metal - Organic Contact for ¢, < ¢

Although, in our present work, we have estimated the interfacial band bending at metal - organic
contact using a method which is proposed by Ryo Nouchi [28], which is expressed by the equation
(2.13).

[ 1)
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_ 8bir 1
nif= [1— W/gl] ! (2.13)

Where, nis= ideality factor and q|V°| = zero — bias band bending, 8¢ = image barrier lowering. By
using equation (2.13), we have also estimated the interfacial band bending without and with different

nanoparticles.
2.4.5 Image Force Barrier Lowering

This work also discusses the influence of image charges on decreasing barriers. At M/O interface,
charge infusion is significantly influenced by image force barrier lowering effect. An external electric

field and the Coulomb field work together to limit the carrier infusion at M/O contact [29].

Fig. 2.3 depicts schematic diagram of infusion of charge at M/O junction without and with image

charge at the interface.

F 9
without image charge LUMO energies
t o
q}b \“‘"—i‘:"‘i ELH_,.» without electric field

i TN

4 T.vith

v image

charge
Fermi level ’ ;‘_‘7 with electric field
metal
2
X

Fig. 2.3 Schematic Diagram of Charge Injection from Metal to Organic Semiconductor via Schottky
Emission without and with Image Charge

Both carrier and image carrier on the electrode are bounded by superposition, as indicated by the

subsequent equation (2.14)

U() = dp - —L— —eFx (2.14)

16TtegEX
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U (x) = Interfacial barrier in presence of image charge, x = distance from interface, F = external field
(V/cm) and other notations have standard meaning.

2.4.6 Barrier Inhomogeneities

The lateral fluctuation of the junction barrier can be used to explain barrier inhomogeneities. The
interfacial property and fabrication technique are responsible for this variation in the interfacial barrier
[30-33]. Werner and Giittler developed Schottky barrier inhomogeneity model [34]. To explain | -V
characteristics deviation of these devices, this model makes the assumption that the contact barrier has
a Gaussian distribution. In our research, we have employed the Werner and Guttler model and looked

at how nanoparticles affect the barrier inhomogeneity at the interface.

Taking into consideration of the presence of barrier inhomogeneties at the interface, the charge flow

can be represented by the equation (2.15),

L(V) = [T71(dn, VIP (dbp) doby, (2.15)
Where,
P(4n) = o= exp [ (eto] 2.16)

Where, P (¢y,) is Gaussian distribution of barrier potential, pre exponential term is normalization

constant and oy is a standard deviation from mean barrier potential ().

When the distribution of interfacial barrier is described by Gaussian function, the current flow can be

represented by equation (2.17)

(V) = AAT2 exp[—B (o — £28)]exp (&) [1 - exp(—pV)] (2.17)
Where,
lp = AA"T?exp (—Beba) (2.8)

Where, lo = saturation current, ¢, = apparent barrier potential, A = area of device, A* = effective

Richardson constant, T = absolute temperature, n = ideality factor.

[ 1)
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Equation (2.19) demonstrates how ¢, is interrelated to a.

B 2

ba = o — =0 (2.19)
Y
Where, = o

¢, depends on ¢, g, and also on the temperature. The intercept at the ordinate axis in the plot of ¢,
vs 1/2KT defines ¢, and slope indicates o,. Fitting procedure can be used to detect interface

inhomogeneity of the prepared device.

2.5 Different Charge Injection Models in Organic Dye Based Devices

When current flow at M/O interface is constrained by infusion process, then it is called ILC. In this
work, four different charge injection models in organic devices have been discussed. Four different

charge injection models are as follows:

(i) Richardson - Schottky Thermionic Emission Model
(ii) Drift-Diffusion Charge Injection Model
(iii) Hopping Charge Injection Model

(iv) Fowler-Nordheim Tunneling Model
2.5.1 Richardson - Schottky Thermionic Emission Model

Interfacial charge flow at M/O contact can be analyzed by R-S Thermionic Emission model. This

model is described in the following manner.

Considering, x direction which is perpendicular to surface of electron emitting solid, the critical value

of the electron’s momentum in the x direction can be written as shown in equation (2.20)

pZ
—2 =Ep+ ¢y (2.20)

2m

Where, Ex = Fermi level, ¢, = barrier height.
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Let, N (px) determines number of electrons per unit volume having momentum values py and py+ dpy

in the x direction. When the electron with momentum py reaches the surface, its velocity becomes

P/

Consequently, the quantity of electrons arriving at the unit surface area at unit time is

Px

=N

f -~ (px)dpx
pXO

Thus, the emission current density is shown in equation (2.21).
1= pxN(p)dpy (2:21)

N (py) is the product of the number of possible states of momentum py and the probability that an
electron is in each state. The amount of states with momentum values within the range of p and p + dp

can be written as shown in equation (2.22)

Z(p) dp = (33) p? dp (2.22)

The above equation (2.22) gives the momentum values of p in any direction but particularly, we are
interested in momentum in the x direction. The number of electrons with a momentum in the
particular range dpy at px when py and p, values are unrestricted needs to be determined. We need to
have a momentum space where each point represents a specific combination of momentum

components py, pyand p,with p> = pg + p2 + p3. Considering, a spherical shell with p =

/p)% + pi + pZ as radius and dp as thickness, then each quantum state with momentum values

within p and p + dp lies in shell. Thus, the fraction of the states at momentum p which have
momentum values within the interval p, to py + dpy, py to py + dpy and p, to p, + dp,, is given by
the ratio of the volume dp,dp,dp, to the volume of the spherical shell of radius p and thickness dp,

which is shown in equation (2.23).

_ dpx dpy dpg

dpxdpydp, =— —% = (2.23)
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Total states in the range of momentum interval dp,dp,dp, is estimated by multiplying the above
equation (2.23) by the total states in the momentum interval dp at momentum p and this is expressed
in equation (2.24)

8 dpx dpy dp;
Z (p«pyP.) dpudpydp, = (5) p? dp 22 e

= (2) dpydpydp, (2.24)

The number of states per cubic metre having a momentum component in the x direction that is

between the values py to py+ dpy is given by equation (2.24) and similarly, for p, and p,.

The electrons per unit volume with momentum values py and py+ dpy in the x direction is given by

equation (2.25)

dpy dpz
N (py) dx = () dpy [ e

1+ e KBT
_ 2 [e4) %) dpy dp4
= (h_3) dpy fpyz o fpz= —w  E-Ep (2.25)
1+ e kBT

At 300 K, (E -Eg) » kgT, hence 1 is neglected. We also know that,
1
E=—(px *+pj +p7)

Then, the equation (2.25) becomes

E Ep
2 00 0o - —=
N (py) dx = (%) dpx Joy= - o dp,=— € *e7 €*e7dpy dp,
EF  DP%Z+Dj+ p3

= (&) dpe [, /7 ekeTe 2T dp, dp,

2
Ep pZ Py pZ

= (%) dpxekB_Te_ 2mkgT f_oooo e_ 2mkgT dpy f_oooo e_ 2mkgT dpz (226)

The integrals have the standard form of [~ e=%** = \/g

Thus, the equation (2.26) becomes
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px

N (py) dx = ( )ekBTe 2mkgTdp \/2nmkp T/ 2nmkg T

px

[M] ekBTe 2mkgT dp

h3

Substituting the above value in equation (2.21)

px

ekBTe 2mkgTp dpy (2.27)

==

[4—nkaT]
Pxg

2
Substituting (- f—r’r‘l) from the equation (2.20), we get,

ammkpT] o oE —ZE _%b
J—(—)[n B ]fekBTe ksTe k8T m dey,

o — b
1= S m [ e T doy
by
$p
4nemkgT — =100
s e
¢
J= [‘“‘emh#] e_kB_bT
¢
J= [4neka] T2 o kaT
, _ %
J= A T? o Tt (2.28)

Where, A* = effective Richardson constant.

Now, J =

So, the equation (2.28) can be expressed as

b

| =AA'T? e KeT (2.29)

The removal of electrons by an external electric field is not assumed in this theory. However, without
electric field, a space - charge will exist at metal - semiconductor interface, reducing the device's
current flow. Thus, external electric field is necessary to prevent the reduction in current. Potential

energy barrier at interface is lowered during application of electric field, which increases flow of

[ 2]
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current. Schottky effect is the term used to describe this increase in current flow and its dependency
on the surrounding electric field [35-37].

According to the R-S model, an electron from a metal can be infused after it has garnered sufficient
thermal energy to overcome maximum potential caused by the superposition of the external electric
field and the image charge potential [38]. This model can be used to describe and analyze the current
flow at interface when junction of metal and organic material is formed. In the current thesis, we have

used this model to analyze current flow in the prepared organic devices.

2.5.2 Drift-Diffusion Charge Injection Model

The drift-diffusion model of charge injection can be used to assess device’s current flow where

diffusion is the primary process for charge flow.

The Poisson's equation and the drift- diffusion equation are the two fundamental equations on which

the drift - diffusion model is constructed.

Equation (2.30) and equation (2.31), which are given below, show the Poisson's equation and the

drift-diffusion equation, respectively, for positive charge carriers.

d?v_ dE __ gp®)

dx2 ~  dx e (2.30)
d

J = qpuE — gD (2.31)

In the equations above, V denotes for electric potential, E for electric field, p for positive charge

carrier density, e for semiconductor permittivity, J for current density, q for electron charge, u for

mobility, and D for diffusion coefficient [39]. Diffusion constant can also be written as D = ”]fTT.

Schottky's diffusion theory is formulated by solving Poisson's equation and drift-diffusion equation,

both of which are depicted in equation (2.30) and equation (2.31), respectively.

E, ()= E, (0) + T8 (Wyx - %) (2.32)

€ 2

Where,
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W, = J ZSA (Va—va - 55 (2.33)

In the above equation, Wy is the space - charge layer width, N, is dopant density, V4 is diffusion

potential and V, is applied potential.

The equation (2.31) is used to calculate current density, which is given in the equation (2.34) below.

_ pdE,  dp
J = pkT (kT dx dx) (2.34)

The integration of equation (2.34) is then done using the integrating factor exp(— EV/kT).

J 0" exp (— ) dx = — ukT [pexp (—E—;)]O (2.35)

The Fermi level of metal can be used as the reference energy to provide the boundary conditions.

Ey (0) = —Epp (2.36)
Ey (Wsc) = _Ep +q (Vd - Va) (2.37)
p(0) =N, exp (—=2) (2.38)
p (Wsc) = Ny exp (_E_.];) (2.39)

At the metal - semiconductor junction, Epp is the height of hole barrier, and Ep is the difference in
energy between Fermi level and the valence band edge of bulk of semiconductor. The valence band

edge's effective state density is denoted by Ny.

When the aforementioned equations are combined, the current density can be stated as

I=1]4 (exp quTa — 1) (2.40)

Ja = QN FO) exp (—32) (241)

F (0) = electric field at metal - organic contact at x = 0.
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The metal-insulator-metal (MIM) model assumes that space - charge layer covers the whole
semiconductor layer in an organic device since the dopant density and semiconductor thickness are

too low. In such cases, constant electric field and equilibrium potential varies linearly with distance.

The valence band edge’s variation is shown in equation (2.42).
Ey (x) = Ey (0) —q(Va — V)3 (242)

In this equation, d stands for the semiconductor's thickness, V4 for the difference in energy between

work functions of two electrodes, and V, for difference of voltage applied between anode and cathode.

Now that equation (2.35) has been integrated over whole semiconductor’s thickness, then it becomes,

Ve exp(V3p) -1
d exp(qu /kT) _ exp(an /kT)

'
J= qupo (2.43)

Ean . . . .
Where, at the anode (x = 0), po = Ny exp (— b /kT) is the density of hole and E{" is the injection
hole barrier at anode.

The potential profile's form not changing with application of voltage is the underlying premise of
equation (2.43). Equation (2.32) illustrates that with a schottky diode, this condition is essentially
true.

Mott first presented the SCLC model, a helpful approximation of drift- diffusion model. The diffusion
component of the current is ignored in this model [40]. At higher applied voltages and when barrier at

the interface is less than 0.3 eV, the SCLC regime is valid.

This study considers only the effect of ILC on the current injection mechanism and does not consider
the effect of SCLC. If the height of barrier is more than 0.25-0.30 eV, it is known that current flow is
injection limited in an organic device, and at lower barriers, charge flow is governed by SCLC [41].
Regardless of temperature and bias, the barrier height is the single factor that will determine the
relative contributions of injection and space - charge effects to the observed | -V characteristics. We
have only taken into account ILC because ¢y, is greater than 0.30 eV. In this work, we have employed

R-S thermionic emission model only to examine | -V characteristics of organic device.
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2.5.3 Hopping Charge Injection Model

Related to Bassler's hopping transport model, Arkhipov formulated a hopping injection model for the
M/O layer interface [42],

J=evo f, dxo Wesc (Xo) exp (—2yxo) [, dE Bol (E)g (U — E) (2.44)

Where, e is charge of electron, v, is frequency of attempt-to-jump, a is the distance to the nearest-
neighbor, vy is inverse localization radius, x, is distance of hopping, wes. (X,) is probability of escape

which is expressed in the equation (2.45).

X0 e ( e
fa dx exp[ kBT\FX+ 16nsosx)]

Wesc (X0) = I dxexp[ < (e miosx)] (2.45)
Bol (E) represents the jump rate's energy dependence.

1 E<O
Bol (E) = {exp (_kBLT) E>0 (2.46)
U ()= p— = 61:’;9{ — eFx (2.47)
The organic Gaussian DOS is g, which is shown in equation (2.48)
g(U—-E) = G\/l\;_n exp (— [;;ZE) (2.48)

Where o is Gaussian distribution’s variance and N is total spatial density of localized intrinsic

molecular orbital states.
2.5.4 Fowler-Nordheim Tunneling Model

Presence of LUMO and HOMO energy levels is linearly dependent on position inside the organic
layer when the tunneling process is the main process of charge injection without localized states.
Tunneling through a barrier of triangular shape at metal/organic interface, as shown in Fig. 2.4, allows

charge carriers to be injected at the contact.

[ =]
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J=q [, P (W)dW (2.49)

Where, P (W) is equal to the equilibrium flux of electrons incident on the interface [N(W)] times the
guantum mechanical probability that carrier passes through barrier [D(W)] under the assumption that
carriers of metal continue to be in thermal equilibrium despite those that are tunneling from metal
[43].

The number N (W) is then

N (W) = 22T 1n 1+ exp (—%)] (2.50)

Where, m is the effective mass, kg is the Boltzmann constant, h is the Planck constant and p is the

metal's Fermi energy.

-W

METAL | ORGANIC

1 EOW)

Fig. 2.4 At Temperatures Higher than 0 K, Band Scheme for Metal/Polymer Interface with Applied
Field and Fermi-Dirac Distribution Function f (W)

In the Wentzel-Kramers-Brillouin (WKB) approximation, the tunneling probability for a triangular

shaped barrier is

(2.51)

—4 (2m)1/2 |w|3/2
D (W) = exp (=5 )

Where, F is electric field and h = %
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Combining equation (2.50) and equation (2.51), P (W) dW is obtained by equation (2.52).

4mmkgT — 4 (2m)Y/2 |w|3/2
B]exp( (2m)™“ W]

P (W) dw = [ o ) xIn 1 +exp (—2=E)|aw (2.52)

kgT

The first two terms of a Taylor expansion around W = 1 can be used to approximate the exponent in
D (W), then equation (2.52) becomes

4nkaT]eXp (— 4 (2m)1/2 ¢, 3/2

P (W) dw =[5

)exp[[}(W —w] xIn [1 + exp (— %)] dwW (2.53)

B _ 2 (Zm)l/z ¢b1/2
- Fqh

(2.54)
The approximation in logarithmic function in equation (2.53) is to yield the Fowler-Nordheim theory.
For ¢,/ksT>>1, this approximation is accurate. To obtain a more accurate description, the logarithmic
function in equation (2.53) is integrated. The temperature dependency of the tunneling current is

moderate, and according to equation (2.49) and equation (2.53) the tunneling current is

4tk T2 —4(2 )1/z¢ 3/2 . B 1
J(T)zq( s )exp( o ) x [ ePkaT11n (1 + g) dE (2.55)

Where, £ = exp[(W — p)/kgT].

Parts of integration in equation (2.55), results in a standard form, which becomes

_ q*mkpT ((m 1/2 (— 4 (2m)1/2 ¢b3/2 1
(M= h2 (2¢b) Fxexp 3Fqgh sin(BnkgT) (2.56)

The limit of applicability of equation (2.56) obtained keeping P (W) small in the energy interval
U<W<10°. This presumption suggests that

< — — = (2.57)

The dominant mode of current at M/O contact is thermionic emission if equation (2.57) is not

satisfied.
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2.6 Formation of Depletion Layer and Its Effect on Charge Injection Process

In thermal equilibrium, a portion of the organic semiconductor which is nearer to the M/O junction
gets depleted of mobile charge carriers when no voltage is applied externally. Depletion region/ space
- charge region (Wy) is the term given to this portion. The accumulation of density of ionized dopants

and the density of trapped charges in localized states form net charge density in depletion zone [44].
Using the organic device's capacitance - voltage (C - V) characteristics, space - charge layer width can
be estimated [45]. In our work, same technique has also been employed for the measurement of space

- charge layer width. It has been estimated by the equation (2.58).

_ — |2gpe5Vyg
W= F /—qND (2.58)

Wy = space - charge layer width, g, = free space permittivity, e = semiconductor permittivity, Vq =

diffusion potential, q = charge of an electron, N = donor atoms concentration.

C? - V characteristics are used for measuring both diffusion potential and interfacial barrier. While
estimating interfacial barrier from both the C - V and | -V techniques, there will be slight difference
between these two processes as C - V method averages over entire region to measure barrier [46].
Susceptibility to traps can be attributed to these variations. Charge injection process at the junction

considerably improves when depletion layer width decreases.

2.7 Different Nanoparticles and Nanotubes in Organic Devices and their Properties

We have prepared various organic dye based devices and we have also added different nanoparticles
and nanotubes such as ZnO, TiO,, SWCNT and MWCNT respectively in these prepared devices.
These nanoparticles and nanotubes and their properties have been elucidated in the subsequent

subsections.

2.7.1 Zinc Oxide (ZnO) Nanoparticles

Zinc Oxide (ZnO) is an inorganic material. It is white in colour at room temperature but when it is
heated its colour become yellow. ZnO is not soluble in water [47]. ZnO can exist in three different
crystal structures, which are wurzite, rocksalt and zinc blende. Fig. 2.5 depicts the schematic
representation of these crystal structures [48-49]. However, under ambient conditions, the wurzite

structure is the only one that is thermodynamically stable.

[ 2]
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(@) (b) ©)

Fig. 2.5 Schematic Diagram of (a) Hexagonal Wurtzite, (b) Rock Salt and (c) Zinc Blende Structure
of ZnO. Yellow and Grey Spheres denote O and Zn atoms

Wurtzite ZnO has a hexagonal structure and it has sp® covalent bonding with tetrahedral coordination
[50]. Wurtzite ZnO is one of the most significant and successfully utilized materials at the nanoscale
as it has a wide band gap and high excitonic energy [51]. Certain properties such as cost effectiveness,
high electron mobility, good electron acceptor, and low crystalline temperatures make ZnO
nanoparticles propitious inorganic metal oxides for use in organic devices [52]. Through reducing the
charge recombination process and lengthening the active charge carrier lifetime, ZnO nanoparticles

enhance the performance of organic devices [53].
2.7.2 Titanium Dioxide (TiO2) Nanoparticles

TiO2 has many unique properties, subsuming non-toxicity, resistance to photochemical and chemical
erosion and cost effectiveness. Owing to such advantages, TiO2 finds utilization in self-cleaning
surfaces, solar cells, chemical sensors, hydrogen gas evolution, pigments, and environmental
purification [54]. The oxide nanoparticles created by various processes are becoming extremely
valuable because of their better electrical, optical, and magnetic properties in comparison to their bulk
equivalents [55]. Three main solid polymorphs of TiO2 are anatase, rutile, and brookite, though it also
exists in amorphous and crystalline forms [56]. Fig. 2.6 displays a schematic representation of these
three crystal structures of TiO2 [57]. TiO2 thin films have been used in dye-sensitized solar cells
(DSSC) due to its extensive surface area, interconnected pore networks, and capacity for significant
dye adsorption. In the lab, Gratzel et al. have already obtained a conversion efficiency of 11% or more
[58]. Utilizing electrodes with TiO2 nanoparticles of superior properties can be used to improve

stability and efficiency of DSSCs [59]. TiOz in its anatase form has been utilized in our research.

[ =]
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(@) (b) (©)

Fig. 2.6 Schematic Diagram of (a) Anatase, (b) Rutile and (c) Brookite Structure of TiO,. Red and
Blue Spheres denote O and Ti atoms.

2.7.3 Single Walled Carbon Nanotubes (SWCNT)

Carbon nanotubes (CNTSs) have considerable researcher’s attention, since its discovery in 1991 by
Japanese scientist "Sumio lijima" [60]. This is because of their distinctive physical, mechanical, and
conductive qualities [61]. It is electrically very conductive, equivalent to copper (Cu). SWCNTs and
MWCNTSs are the two primary subtypes of CNTs. CNTs also belong to the group of one-dimensional
(1D) nanostructures. SWCNTSs are made up of a single layer of graphene that can take the form of a
cylinder. Fig. 2.7 displays the schematic diagram of SWCNT. They are varieties of the sp? hybridized
carbon and similar to graphite, the structure produces hexagonal-shaped six-atom carbon rings. The
SWCNTSs typically have a tube thickness of just one atom and a circumference of only ten atoms.
Nanotubes can be thought of as having a practically one-dimensional structure due to their typical
enormous length-to-diameter ratio (aspect ratio) of roughly 1000 [62]. At very low temperatures,
SWCNTSs have numerous characteristics, such as Coulomb blockade and single-electron charging,
that are similar to those of quantum dots and wires. Utilizing these and other phenomena, active
electronic and optoelectronic devices of previously unheard-of size can be created [63]. SWCNTSs
typically have a diameter of less than 4 nm and a length of the micrometer order [64-65]. SWCNTSs
come in three various shapes, including armchair, chiral, and zigzag, depending on how the graphene

sheet is rolled up into a cylindrical shape [66].
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Fig. 2.7 Structural Diagram of Single Walled Carbon Nanotubes (SWCNT)

The various SWCNT forms are depicted in Fig. 2.8. A pair of indices (n, m) describes the chiral
vector and they are used to describe the structure of SWCNT. The integers n and m determine the
number of unit vectors in the hexagonal crystal lattice of graphene along two directions. Zigzag
nanotubes are created when m = 0; when n = m, armchair nanotubes are created, and other states are
referred to as chiral. The armchair form is often metallic, although alternative forms can turn

nanotubes into semiconductors [67].

Fig. 2.8 Schematic Diagram of three different forms of Single Walled Carbon Nanotubes (SWCNT)

2.7.4 Multi Walled Carbon Nanotubes (MWCNT)

A few to a few tens of concentric cylinders spaced at regular intervals around a typical centre hollow
make up MWCNTSs. Fig. 2.9 displays the schematic diagram of MWCNT.
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Fig. 2.9 Structural Diagram of Multi Walled Carbon Nanotubes (MWCNT)

The interlayer spacing of MWCNT ranges from 0.34 to 0.39 nm approximately. The MWCNT's inner
and outer diameters range from 0.4 to a few nm and 2 to 30 nm, respectively [68-69]. The axial size of
MWCNT varies from 1 um to a few cm, and both tips are typically closed with pentagonal ring
defects capping the ends. The tube can be closed at both ends due to a defect in the Pentagonal ring
[70]. Due to their multilayer construction, MWCNTS have better tensile strengths than SWCNTSs and

their outside walls protect the inner carbon nanotubes from outside chemicals.

2.8 Conclusions

This chapter looks into the different parameters involved in the charge injection mechanism, such as
trap concentration, interfacial barrier, depletion layer width, band bending, image force barrier
lowering, and barrier inhomogeneities at the junction of metal and organic semiconductors, and then it
investigates the effects of ZnO, TiO2, SWCNT and MWCNT on these parameters. To understand and
analyze these parameters, the basic working principle of organic devices, different charge injection
models namely Richardson - Schottky Thermionic emission model, Drift-Diffusion charge injection
model, Hopping charge injection model and Fowler-Nordheim tunneling model have been discussed
in this present chapter. Trapping effect on charge carriers and exponential distribution of traps has
also been discussed. The parameters that affect the charge carrier infusion process can be measured
from steady state | -V characteristics and C - V characteristics. Certain properties of ZnO, TiOxz,
SWCNT and MWCNT, which have been incorporated in different organic dye based devices, have

also been studied.

In the following chapter, the junction barrier and band bending of PSF dye based devices will be
elucidated, after which impact of ZnO and TiO; nanoparticles on both of these characteristics will be

evaluated. Interrelationship between barrier potential and charge trapping will also be investigated.

(=]
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Additionally, it will be predicted for PSF dye containing devices how varying TiO, nanoparticle
concentrations affect barrier and charge entrapment.
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3.1 Introduction

In earlier chapter, the basic operating principle of organic devices, various charge injection models,
and factors like trap concentration, interfacial barrier height, depletion layer width, band bending,
image force barrier, and barrier inhomogeneities that influence the charge infusion process had been
mentioned. Earlier chapter also elucidated the characteristics of various nanoparticles that will be used
in these various organic dye based devices.

Present chapter will investigate barrier potential and charge trapping behaviour of organic device
based on the dye Phenosafranin (PSF), and then we will look at the impact of Zinc Oxide (ZnO) and
Titanium Dioxide (TiO2) nanoparticles on these parameters. We all know that the charge flow at M/O
contact, which occurs when an organic dye is sandwiched between two metal electrodes with various
work functions, has a significant impact on the performance of organic electronic devices. Interfacial
band bending is crucial in this situation for realizing the function of organic devices or for enhancing
device performance. It has been demonstrated that the interfacial band bending at the metal -
inorganic semiconductor junction influences several electronic characteristics for inorganic device
constructions [1-2]. However, little research has been done on how nanoparticles affect junction
barrier and bending of bands at M/O interface. In this chapter, we will also look at the interfacial band
bending effect when TiO2 and ZnO nanoparticles are present. The device's performance may be
impacted by the organic or metal electrode contacts [3]. To obtain desirable electrical parameters,
such as a reduction in high barrier height (¢},) and trap concentration (E:) at M/O interface, optimal
customization of band bending is necessary. Poor charge transfer from metal to organic layer is
caused by high barrier height. Charge infusion is very much reliant on barrier height, which may also
result in greater threshold voltage (V). In this chapter, we will change the TiO2 nanoparticles
concentration while keeping the PSF dye concentration constant to study the effects of various

nanoparticle concentrations. The trap distribution will also be shown ona G (V) - V plot.

The difference between fermi energy levels of metal and organic material’s energy band is what is
responsible for the barrier potential [4]. Charge infusion of constructed device is examined using R-S

model of thermionic emission.

According to theoretical calculations, current is injection limited when contact barrier is larger than
0.3 eV [5]. As, contact barrier was determined to be more than 0.3 eV in our research, we have

deemed the current flow to be injection-limited.
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3.2 Experimental Details with the Incorporation of ZnO and TiO2 nanopatrticles

This section will describe barrier and interfacial band bending at M/O contact and effect of ZnO and

TiO2 nanoparticles on these parameters will also be studied.

3.2.1 Materials and Sample Preparation

PSF dye is an example of cationic dye of phenazinium group of chemicals, which is purchased from
Sigma Aldrich in Germany and is depicted in Fig. 3.1 (a). Molecular weight of it is 322.79 g/mol.
C18H15CINg is the empirical formula for it. The use of phenazinium dyes in semiconductors is
widespread [6]. It is also utilized in numerous photochemical biological applications. Due to its
electrical, mechanical, and optical capabilities, ZnO nanoparticles have been investigated throughout
the past few decades [7-9]. ZnO nanoparticles can be used in photocatalysts, dye-sensitized solar
cells, ultra violet photodetectors, gas sensors, dye-sensitized solar cells, and more [10-13]. TiO>
nanoparticles have also a wide range of uses in photocatalysis, solar cells, and in the treatment of
environmental pollution because they are widely accessible, affordable, and low hazardous, and we
have exploited this nanoparticle in its anatase form [14-17]. Both nanoparticles are 100 nm in size and
are imported from Sigma-Aldrich in Germany. ZnO nanoparticles and TiO2 nanoparticles have
molecular weights of 81.37 g/mol and 79.90 g/mol, respectively. Fig. 3.1 (b) and Fig. 3.1 (c) show the

structural visualization of ZnO and TiOg, respectively.

HoN N NH,

(a) (b)
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Fig. 3.1 Structural Visualization of (a) PSF dye, (b) ZnO and (c) TiO-

3

Y

%

15 mL of distilled water have been poured into a clean beaker. Then, 3 mg of highly viscous Poly
Vinyl Alcohol (PVA) have been added, and the mixture has been swirled for 30 minutes at 70°C using
a magnetic stirrer. PVA is bought from S. D. Fine Chem. Ltd. in Boisar, India. To create a solution
that resembles gel, PVA serves as a transparent inert binder. PVA's molecular weight is nearly
125000. To bind the dye solution to the electrodes, PVA is utilized. 2 mg PSF dye is added to PVA
solution, and the mixture is swirled once more for an additional 10 minutes. In three test tubes that
have already been cleaned, this solution is then split into three equal portions. One test tube contains
PSF solution without nanoparticles. To make solution which contains PSF dye with ZnO

nanoparticles and PSF dye with TiO2 nanoparticles, other two test tubes contain 2 mg of ZnO

nanoparticles and 2 mg of TiO2 nanoparticles respectively along with 2 mg of PSF dye.

PSF dye solution is spin coated on a pre-cleaned ITO coated glass at 1000 rpm speed and it is then
dried at 3000 rpm speed. An Al electrode undergoes spin coating of the same solution. The PSF cell is
formed by sandwiching these two electrodes together. To make PSF cells with ZnO and TiO>
nanoparticles, PSF solutions with both the nanoparticles are also spin coated separately. These cells
are dried in vacuum for 12 hours before being characterized [18]. The prepared device's schematic is
depicted in Fig. 3.2.
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Fig. 3.2 Schematic Diagram of a Sandwich Type Organic Device with Nanoparticles

Fig. 3.3 (a) shows different chemicals of our laboratory. Fig. 3.3 (b), Fig. 3.3 (c) and Fig. 3.3 (d)
show spin coater, weighing machine and Keithley 2400 source meter respectively, which we have

used in our laboratory.
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(d)

Fig. 3.3 (a) Different Chemicals in our laboratory, (b) Spin Coater, (c) Weighing Machine and (d)
Keithley 2400 source meter of our laboratory

[ 4]
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3.2.2 Measurements

SEM images are useful for finding out how the nanoparticles are positioned in the active substance.
Fig. 3.4 (a) and Fig. 3.4 (b) in this study exhibit SEM images for PSF with ZnO cell and PSF with
TiO2 cell correspondingly. A JSM-6700F is used for SEM analysis. The two cells' | -V properties are
measured using Keithley 2400 source measuring unit. The positive and negative terminals of battery
are linked to ITO and Al electrodes, respectively. With a delay of 1500 ms, the applied voltage is
tuned from 0 to 6 V in intervals of 0.5 V. Room temperature is kept at 25°C throughout the
experiment [19].

Fig. 3.4 SEM images of (a) PSF + ZnO cell and (b) PSF + TiO; cell respectively

3.2.3 Results and Discussions

Both of these organic devices' current-voltage (I -V) properties are consistent with the thermionic
emission theory. The following equation (3.1) to equation (3.3) can be used to describe the

interfacial flow of current.

I =AA"T? exp (— %) (exp (%) —-1) (3.1)

The above equation (3.1) can also be rewritten as

[ )
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\%
[=To(exp (-0) —1) (3.2)
Where I, is given in following equation (3.3)

I = AA"T? exp (— % (3.3)
The meaning of the given symbols is conventional [20 -24]. ¢y, is derived from extrapolation of lo

from In I -V plot. From equation (3.4), ¢y, is calculated and the equation (3.4) has been deduced
from the equation (3.3) [25-27]

by = Tin (2T X

Io

Fig. 3.5 (a) and Fig. 3.5 (b) depict I -V plots of device without and with ZnO and TiO2 nanoparticles,
respectively. Inclusion of both nanoparticles improves the current flow. With ZnO nanoparticles and
TiO2 nanoparticles, the magnitude of current has almost multiplied by three and four times,

respectively. The process of filling the trap can also be responsible for this increase in current.

To obtain ¢, In 1 -V plots of device without and with ZnO and TiO2 nanoparticles have been
illustrated in Fig. 3.6 (a) and Fig. 3.6 (b) respectively. For V > KT/ g, extrapolated intercept at V =0

axis gives lo. By putting the value of lg in equation (3.4), ¢y, has been calculated.

= without ZnO nanoparticles
—e— with ZnO nanoparticles

Current (uA)

Voltage (V)

(@)
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Fig. 3.5 I -V plots of device (a) without and with ZnO nanoparticles and (b) without and with TiO>
nanoparticles
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= without TiO, nanoparticles

—s—with TiOy nanopartides

Voltage (V)

(b)

Fig. 3.6 In 1 -V plots of device (a) without and with ZnO nanoparticles and (b) without and with TiO>
nanoparticles

Fig. 3.6 (a) and Fig. 3.6 (b), indicate that with ZnO and TiO, nanoparticles, the barrier potential

lessens as the value of Iy increases as shown in equation (3.4).

Barrier at M/O contact is also estimated by using Norde's function. Equation (3.5) expresses the

Norde's function, where | (V) is determined from device's I-V characteristics [28].

F (V)= () - Sin(;52, @5)

X is the first integer greater than n. | (Vo) corresponding to minimum value of F (Vo), where Vj is the

corresponding voltage [29-30].

By calculating the derivative of equation (3.5) with respect to V and putting % =0. Vo is
expressed as
KT I,
= —+
Vo . In (AA*TZ) (3.6)
and equation (3.7) shows the minimum value of F (V)
_Vo _KT I
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In Fig. 3.7 (a) and Fig. 3.7 (b), for the organic device structure, without and with ZnO and TiO;

nanoparticles respectively, the barrier ¢y, has been estimated by equation (3.8).

bp=F (Vo) + V;(’ - %T (3.8)

Both Fig. 3.7 (a) and Fig. 3.7 (b) of Norde’s function plots depict barrier lowering with ZnO and
TiO2 nanoparticles. Lessening of contact barrier is also consistent with estimation of barrier derived

from device’s steady state | -V characteristics.

M/O contact entirely controls band bending process in organic device. Schematic visualization of
bending of bands is depicted in Fig. 3.8. Charge transfer occurs due to interaction between HOMO

and LUMO based on frontier molecular orbital (FMO) theory of chemical reactivity [31].

Equation (3.9) can be used to calculate the amount of bands bend at the contact area.

L SO 11
nis= [1 _4q|V?|] (3.9)

Where, nis = ideality factor and q|V{’| = zero — bias band bending, 8¢} = image barrier lowering [32].

= without ZnO nanoparticles
—+—with ZnO nanoparticles

Voltage (V)

(@)

[ o)
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Fig. 3.7 Norde Function plots of device (a) without and with ZnO nanoparticles and (b) without and
with TiO2 nanoparticles
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Fig. 3.8 Schematic diagram of bending of bands at M/O contact

The values of threshold voltage, barrier potential and band bending of devices without any

nanoparticles, with ZnO and TiO- nanoparticles are shown in Table 3.1.

It can be seen from Table 3.1 that TiO2 nanoparticles enhance device performance more than ZnO
nanoparticles do. That can be explained by TiO2 nanoparticles' higher porosity when compared to

ZnO nanoparticles. Because of the high porosity, the TiO. nanoparticles is the recipient of more

[ =)
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injected electrons and provides better conductive pathway from the site of electron injection to the
collecting electrode compared to ZnO nanoparticles.

Table 3.1 Calculation of threshold voltage, barrier potential and band bending of PSF dye
based devices without and with ZnO nanopatrticles and TiO, nanoparticles

PSF dye based Threshold Barrier Potential from I Barrier Potential Band
devices Voltage -V characteristics using Norde’s Bending
V) (eV) Function (eV)
(eV)
Without 4.000 0.810 0.830 0.218

nanoparticle

nanoparticles
With TiO2 2.500 0.440 0.470 0.153

nanoparticles

3.3 Experimental Details with Variation of Different Concentration of TiO;
nanoparticles

In this section, we will look at how varied TiO, nanoparticle concentrations affect junction barrier of
PSF dye based organic devices. Also, we will try to correlate organic device's barrier potential and

charge entrapment.

3.3.1 Materials and Sample Preparation

First, a PSF dye solution devoid of any nanoparticle is formed. We have discussed the procedure for
creating PVA solutions in section 3.2.1. The solution is now given a 2 mg PSF addition, and it is
swirled for 10 minutes. This solution's one part is set aside in a test tube that has already been cleaned.
Afterwards 2 mg of TiO, nanoparticles are added and well mixed into the remaining PSF dye
solution. We keep this PSF: TiO, = 1:1 solution apart. To make the ratio 1:2, 4 mg of TiO is added to

solution which contains 2 mg of PSF. Similar to this, higher TiO2 concentrations are used to create

PSF: TiO2 solutions, which are 1: 3 and 1: 4. PSF solution without any nanoparticle is spin coated at

[ =)
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1500 rpm speed and dried at 3500 rpm speed over a glass substrate that has been previously cleaned
and coated with ITO. Similar to this, the solution is applied to Al, and the cell is created by
sandwiching ITO-coated glass and Al. This cell is vacuum dried for 12 hours, together with other
cells composed of different ratios of TiO2 nanoparticles. The other four cells have PSF: TiO2 ratios of
1:1, 1:2, 1:3, and 1:4.

3.3.2 Measurements

The same measurement method as described in section 3.2.2 is used. With a delay of 1000 ms, the
voltage ranges from 0 to 6 V in steps of 0.5 V. A 25°C ambient temperature is maintained throughout

experiment.

3.3.3 Results and Discussions

In Fig. 3.9, | -V curves of a device with various TiO2 nanoparticle concentrations and one without any

nanoparticle is displayed.

22 9 |[-=— PSF dye without any nanoparticle
20 #— PSF: TiO5 = 1:1 -
—&— PSF: TiOy = 1:2
189 | + psE: TiOp = 1:3
16 | —=— PSF: TiO; = 1:4 -
i 14 i} f I
-y Y/
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Fig. 3.9 | -V plots of device without any nanoparticle and with different concentrations of TiO,
nanoparticles

According to Fig. 3.9, current gets better as the concentration of TiO2 nanoparticles rises. Current

flow in device is highest when PSF and TiO2 concentration ratio is 1:4. | -V plots indicate that the

charge infusion improves with nanoparticles, which may be associated to trap filling. Traps function

[ =]
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as recombination centres as well. When TiO nanoparticles are present, charge flow is enhanced by
filling the traps, which also lowers the barrier at interface.

Junction barrier is calculated using In I -V plot, as illustrated in Fig. 3.10. This graph demonstrates
how the barrier is decreased with the addition of TiO, nanoparticles. For this device, barrier is highest

when it is devoid of nanoparticle and it is lowest when ratio of PSF dye to TiO2 nanoparticles is 1:4.

PSF dye without any nanoparticle
+— PSF : TiD: = 1i1
3 [ FSF: Ti0Oy =1:2 -
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Fig. 3.10 In I -V plots of device without any nanoparticle and with different concentrations of TiO,
nanoparticles

We have used the same model that has been shown in equation (3.1) to equation (3.3) to study I -V
characteristics of this device. In a similar manner, equation (3.4) can be used to estimate the barrier
of the device. In addition, we have determined the junction barrier using the Norde function, as
illustrated in equation (3.5) to equation (3.8).

As seen in Fig. 3.11, barrier is reduced when TiO2 nanoparticles are present, and the estimated values
for this parameter are similar with those found on the device's | -V plot. The junction barrier is also

calculated using Norde function from which similar inference can be drawn.
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Fig. 3.11 Norde Function plots of device without and with different concentrations of TiO:
nanoparticles

Organic devices are susceptible to trapping, so we have used a method suggested by Rizvi et al. to

assess the charge trapping effect [33], as seen by the equation (3.10) below

_ dlog(
G (V) = gl (3.10)

G (V) would have a peak due to traps filling up.

Sharp peaks in G (V) - V plot of Fig. 3.12 show the traps are filled with TiO2 nanoparticles, which

lowers junction barrier resulting in improvement of charge infusion at the interface.

Trapping of charges can be expressed in equation (3.11) [34]

Ec= mkT (3.11)
Equation (3.4) and equation (3.11) can be compared, and it can be concluded that if additional

parameters are taken into account, ¢y, « E.. Hence, the barrier lowers as the charge trapping reduces
[35].



Chapter 3

Effect of Different Nanoparticles on Barrier Potential..

ii‘ without TiO,, nanoparticles

—®— with Ti0, nanoparticles

Voltage (V)

Fig. 3.12 G (V) - V plots of devices without and with TiO, nanoparticles

The values of threshold voltage, barrier potential and band bending of PSF dye based organic devices

without any nanoparticle and with different concentrations of TiO, nanoparticles are shown in Table

3.2.

Table 3.2 Estimation of threshold voltage, barrier potential, and band bending of PSF dye
devices with and without various concentrations of TiO2 nanoparticles

Devices Threshold Barrier Potential Barrier Potential Band
Voltage (V) from I -V plot (eV) | from Norde Function Bending

(PSF:TiO2) (eV) (eV)

Without any 4.000 0.810 0.830 0.218
nanoparticle

1:1 2.500 0.440 0.470 0.153

1:2 2.250 0.430 0.440 0.147

1:3 2.000 0.400 0.420 0.136

1:4 1.750 0.380 0.370 0.127
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3.4 Conclusions

Current chapter analyzes interfacial band bending and junction barrier of PSF dye based devices. Both
these properties have been affected by ZnO and TiO2 nanoparticles. The barrier height for ZnO and
TiO2 nanoparticles are computed utilizing dark | -V plots as well as Norde's approach for these
devices. Both approaches exhibit strong consistency with one another. It can be said that the
interfacial band bending and injection barrier at M/O interface have decreased with ZnO and TiO>
nanoparticles. Moreover, ZnO and TiO2 nanoparticles lower the device's threshold voltage, enabling it
to be turned on at considerably lower voltages. We have also demonstrated how the barrier potential
and charge trapping are related in this chapter. The relationship between these two variables is
proportional. When one parameter declines, the other parameter also declines. Also, the effects of
various TiO2 nanoparticle concentrations on the barrier potential and charge trapping effect of devices
have been studied. In comparison to concentration ratios of PSF and TiO2 nanoparticles, which are
1:1, 1:2, 1:3 and 1:4, the barrier at interface is lowest when the concentration ratio of PSF and TiO2
nanoparticles is 1:4. When the device is devoid of any nanoparticle, the value of barrier is at its peak.
Our findings suggest that by decreasing the barrier potential, TiO2 nanoparticle concentrations
enhance charge flow. The G (V) - V characteristics show that TiO2 nanoparticles lower the trap
concentration. Value of barrier declines as the trap-filling process is improved. Due to better charge

flow, these devices will exhibit improved charge infusion at M/O contact and better conductivity.
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4.1 Introduction

Prior chapter discussed barrier potential and interfacial band bending of organic device and how ZnO
and TiO2 nanoparticles affected both of these properties. We also demonstrated how the barrier
potential and charge trapping were proportional to each other. Also, the earlier chapter investigated

the effects of various TiO2 nanoparticle concentrations on both of these parameters.

In this chapter, we will study different parameters such as barrier inhomogeneity, barrier potential,
barrier lowering caused by image charge carriers, and carrier entrapment and afterwards, effect of
SWCNTSs on these parameters will also be studied. To calculate charge carrier trapping and barrier
potential, the produced organic device will undergo | -V characterization. R—S model will be used to
study device's | -V characteristics [1]. A plot of apparent barrier potential with respect to 1/2kT will

also be made in order to investigate barrier inhomogeneity and its relationship to junction barrier.

4.2 Materials and Sample Preparation

The cationic azine dye Safranin - T has the empirical formula C2H19CIN4 [2]. 350.84 g/mol is the
molecular weight of it. The source of this dye is Sigma-Aldrich. The Safranin - T structure is shown
in Fig. 4.1(a). SWCNT, which is acquired from Sisco Research Laboratory (SRL), India, is shown in
Fig. 4.1(b). The structural visualization of PVA is seen in Fig. 4.1 (c).

The PVA solution is initially formed without any nanoparticle. This solution is now supplemented
with 1 mg of Safranin - T, which is swirled for 30 minutes. This solution's one part is set aside in a
test tube that has already been cleaned. Then 1 mg of SWCNT is added and thoroughly mixed into the
remaining Safranin - T dye solution. Safranin - T dye solution without any nanoparticle is spin coated
at 2500 rpm speed and dried at 4000 rpm speed over a glass substrate coated in ITO after the solutions
have been prepared. In a similar manner, the solution is applied to Al, and then ITO coated glass and
Al are sandwiched together to create the Safranin - T cell without the nanoparticles. To prepare
Safranin - T cell made up of SWCNT, Safranin - T solution with SWCNT is also spin coated
separately. Both of these cells are placed in a vacuum desiccator for 12 hours to dry before being

characterized.
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Fig. 4.1 Structural Visualization of (a) Safranin - T dye, (b) SWCNT and (c) PVA

The structural layout for organic device is shown in Fig. 4.2.

‘_. = (Jrganic dve with nanoparticles

#—— [ITO coated glass substrate

Fig. 4.2 Structural Layout of Prepared Device
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4.3 Measurements

Keithley 2400 source measuring unit is used to test | -V characteristics of prepared two cells. At a
delay of 1000 ms, the applied voltage is changed in stages of 0.2 V from 0 to 6 V. The experiment
takes place at 25°C room temperature.

4.4 Results and Discussions

The equation (4.1) depicts current at interface in accordance with the R-S hypothesis.

= AA*T? _ 4% Vg — —qv
[ =AA"T* exp ( kT) (exp (nkT [1—exp ( T )] 4.1)
Where,
lo = AA"T exp (— 12) (4.2)

The interfacial barrier is determined from equation (4.3)

k AA*T?

¢y =" In

) (4.3)

Io

All symbols carry their usual meaning [3-8]. The term % is changed to .

Equation (4.3) can be rewritten as equation (4.4)

*m2
¢y = 5In(H— (4.9

Fig. 4.3 illustrates | -V graphs of the device with and without SWCNTSs. From Fig. 4.3, the threshold
voltage has been computed. The semi logarithmic plots of Fig. 4.3 are displayed in Fig. 4.4 to

calculate the barrier at junction.

Current flow can be described by the following equation (4.5) when barrier inhomogeneities at

contact are taken into account [9]
(V)= 771, V) P (dy) dpy (4.5)

Where,
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1 (by—y)’
P (¢0)= —=exp [~ =57 (4.6)

All the notations have their standard meaning as proposed by Werner and Gdttler [10-11].

25 4 [F=—without SWCNT]
|[==— with SWCNT

Current {pA)

Voltage (V)

Fig. 4.3 1 -V plots of device without and with SWCNT

Fs—fwithout SWCNT
3 {|—s— with SWCNT

. . —
1.5 20 25 30 35 40 45 50 355 60

Voltage (V)

Fig. 4.4 In1 -V plots of device without and with SWCNT
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Equation (4.7), which combines equation (4.1) and equation (4.5), has been used to describe the
device's current while taking into account the Gaussian distribution of the barrier.

L(V)= AAT? exp [-B(d, — 2] exp (£) [1 — exp (V)] (A7)
Is = AA*TZ eXp (_Bq)a) (4.8)
Used symbols have their usual meaning [12-14].

Equation (4.9) demonstrates how the apparent barrier potential (¢,) and standard deviation from b,

are linked [15-16]

B
ba = bo—=" (4.9)
Equation (4.7) is the same as equation (4.1), with exception that it uses ¢, in place of ¢y,.

¢, with regard to 1/2KT is plotted in Fig. 4.5. It is clear from equation (4.9) that temperature, ¢, and
o, all affect perceived barrier potential. The temperature range in Fig. 4.5 has been changed from 290
K to 340 K. The values of the intercept and slope in Fig. 4.5 are the values of ¢, and g, respectively.
The values of ¢, and g, are, respectively, 0.75 eV and 0.17 eV without SWCNT, and both values are
decreased to 0.70 eV and 0.13 eV with SWCNT. In general, the symbol o, denotes barrier
inhomogeneity. Barrier inhomogeneity is significantly present at the Safranin-T/Al schottky contact,
according to calculated values of g,. As long as the barrier inhomogeneity value is kept low, device's
charge infusion process will improve. The schottky contact's barrier inhomogeneity is decreased when

SWCNT is present, which may lead to a better charge infusion at interface.

This work also discusses the influence of image charges on decreasing barriers. Equation (4.10)

illustrates representation of effective barrier while taking the image charge effect into consideration.

2

U(X) = dp — ——— — eFx (4.10)

16megex

x = interfacial distance and all other symbols have their standard interpretations [17].

[ o)
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In absence and presence of SWCNT, effective barrier is determined, when image charge effect is
present. The dielectric constant is 3.2, and separation from interface is equal to 2 nm. A 10* V/cm
applied field is used. Without and with SWCNT, the estimated effective barrier values for image
charge effect are 0.79 eV and 0.74 eV, respectively. According to Fig. 4.6, the effective barrier in an
organic device drops practically linearly as the applied field increases.

[—=— without SWCNT
1| —*— with SWCNT

=] o] —_— —_— f—
[e] o o — (o]
1 I | 1 1

Apparent Barrier Potential (eV)
=]
2
1

1 1 T T T T 1
17.0 17.5 18.0 185 19.0 19.5 20.0
1/Q2KT) (eV' 1)

Fig. 4.5 Apparent Barrier Potential versus 1/2KkT plot of device without and with SWCNT
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Applied Field (V/cm) x10°

Fig. 4.6 Dependence of Effective Schottky Barrier on the Applied Field
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Fig. 4.7 also shows the relationship between effective barrier height and distance from interfacial
contact with and without SWCNT. The effective barrier height reduces as distance from the M/O
interface rises, as seen in Fig. 4.7.

The space - charge layer width is estimated from equation (4.11)

’Zsossvd
w,= [—==% 4.11
d qNp ( )

Wy = space - charge layer width, €, = vacuum permittivity, s = semiconductor permittivity, Vg4 =

diffusion potential, q = charge of an electron, N = donor atom concentration.

Equation (4.12) correlates depletion layer width and junction barrier.

Wd = % (4.12)
F = applied field.
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Fig. 4.7 Effective Junction Barrier on the Distance from Interfacial Contact with and without SWCNT

Fig. 4.8 shows interdependence of space - charge layer width with applied electric field. It is evident

that the interfacial depletion region width has been decreased as the applied electric field increases.

[ &)
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Fig. 4.8 Dependence of Depletion Layer Width on the Applied Field

In Fig. 4.9, the relationship between the effective schottky barrier and space - charge layer width has
been depicted. It has been observed that space - charge layer width escalates with rising value of

effective schottky barrier.
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Fig. 4.9 Dependence of Depletion Layer Width on the Effective Schottky Barrier

Trap energy has been estimated from In I - In V plot which is shown in Fig. 4.10.
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Fig. 4.10 In 1 - In V plot of device without and with SWCNT

Equation (4.13) can be used to describe the trap energy.

Er = mkT (4.13)

Where, E: = trap energy and other symbols carry their usual meaning [18]. m is estimated from Fig.
4.10.

The values of organic devices' threshold voltage, trap energy, barrier potential without and with
considering image charge effect and barrier inhomogeneity with and without SWCNT are illustrated
in Table 4.1.

Table 4.1 shows that presence of SWCNT reduces the parameters that hinder the charge flow in the
device resulting in better device performance. It reduces trap energy and barrier potential to 30.51%
and 4.93% respectively. Barrier inhomogeneity is lowered to approximately 23.53%. Effective barrier
potential considering image charge effect also lowers to 6.33% with SWCNT. Lowering of these
parameters will cause device to be switched on at lower voltages, whose approximate reduction is
18.75% with SWCNT.



Chapter 4 Impact of Single Walled Carbon Nanotubes on Junction...

Table 4.1 Calculation of threshold voltage, trap energy, barrier potential without and with
image charge effect and barrier inhomogeneity of organic devices in absence and in presence of
SWCNT

Safranin-T | Threshold | Value Trap Barrier Effective Barrier
dye based Voltage ofm | Energy | Potential Barrier Inhomogeneity
devices V) (eV) (eV) Potential (eV)
considering
Image Charge
(eV)
Without 4.000 2.270 0.059 0.810 0.790 0.170
SWCNT
With 3.250 1.580 0.041 0.770 0.740 0.130
SWCNT

4.5 Conclusions

Different junction properties such as trap concentration, barrier potential without and with image
charge effect, and barrier inhomogeneity, have been studied in this chapter. With application of
electric field, the interdependence between space - charge layer width and schottky barrier has also
been illustrated. Additionally, it has been shown how the space - charge layer width and schottky
barrier rely on one another. Impact of SWCNT incorporation on these factors has also been done.
According to device's | -V characteristics, both trap concentration and contact barrier without and
with image charge has been lessened with SWCNT. In presence of SWCNT, the trap energy and
barrier potential are reduced from 0.059 eV to 0.041 eV and 0.81 eV to 0.77 eV, respectively. Barrier
potential has also been found to be affected by image charge, and with SWCNT, this effect is also
lowered, going from 0.79 eV to 0.74 eV. The presence of SWCNT has also reduced barrier
inhomogeneity at junction from 0.17 eV to 0.13 eV. All of these variables have a substantial impact
on the charge infusion at M/O contact and this work's key finding is their interdependence. Another
interesting finding is SWCNT’s high aspect ratio that reduces these parameters and it will enhance the

charge flow at M/O interface and increase conductivity and device performance.
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5.1 Introduction

The previous chapter covered the various junction parameters of Safranin - T dye based devices. On
these factors, the impact of SWCNT incorporation was also seen. It also showed how the schottky
barrier and space - charge layer width can be correlated.

MG dye will be used as the organic material in this chapter. Similar sandwich structured device will
be formed between ITO and Al. The work function of ITO is 4.8 eV, while that of aluminium is 4.2
eV [1]. This chapter will look at the barrier potential or junction barrier and trap concentration at M/O
interface. Additionally, the impact of both COOH - SWCNT and MWCNT on these two factors will
be clarified. In general, functionalized CNTs have some benefits over their unfunctionalized
counterparts. Functionalized SWCNTs make better dispersions in solvents and have stronger
interfacial bonds compared to non-functionalized forms. Functionalized groups may be joined to the
primary tube's ends or side chains in order to create a branch-like structure [2]. MWCNT will be used
for its outstanding electrical, mechanical, and thermal properties [3-5]. One of the MWCNTSs we will
use has a diameter of 8 nm, while the other has a diameter of 30 nm. The addition of MWCNT will
serve as filler, and it will aid in creating a simple path for charge percolation, increasing the device's
current flow. Using the device's | -V plot, junction barrier and trap concentration will be estimated.
The same | -V plot will be used to determine transition voltage as well. R — S model will be used to
analyze device’s current flow. To confirm the congruency of the value obtained from the device's | -V

plot, we will also use the Norde’s technique to determine junction barrier.
5.2 Experimental Details with the Incorporation of SWCNT

The effects of COOH - SWCNT on the organic device based on MG dye will be investigated and

elaborated upon in this part.
5.2.1 Materials and Sample Preparation

A cationic dye with the chemical composition of [CsHsC(CsHsN(CHs3)2)2] Cl is Malachite Green
(MG) dye. It is atriarylmethane group member and molecular mass of it is 364.911 g/mol (chloride).
On a broader scale, it is made by condensing 2 moles of dimethylaniline with 1 mole of benzaldehyde
at 1000°C in presence of concentrated sulfuric acid or zinc chloride [6]. This dye's cationic version
has an extended pi-delocalization that enables visible light absorption. This dye has a large quantum
yield [7]. The dye and COOH - SWCNT are procured from Finar Chemicals, Ahmedabad and Sisco
Research Laboratory respectively. The architectures of MG dye and COOH - SWCNT are depicted in

[ 7]
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Fig. 5.1(a) and Fig. 5.1(b), respectively. Sigma Aldrich and Merck Specialities Pvt. Ltd., both in
Mumbai, are where one can procure poly methyl methacrylate (PMMA) and dichloromethane (DCM)
respectively. Due to its great capacity to dissolve organic compounds, DCM was chosen as the solvent
in our research [8]. The dichloromethane (DCM) molecule is depicted in Fig. 5.1 (c).

CI'@ | |
/N N\ e m o
‘ ‘ RGITHS
LI
N = 1L \
Y LL)
! L b}
" X g'i";fia
N‘ 1 2

L
(@) (b)
cizl
c
o E\\'--
1 q H
(©

Fig. 5.1 Structural Visualization of (a) MG dye, (b) COOH — SWCNT and (c) DCM

To study the impact of COOH - SWCNT on MG dye based organic device, two types of cells are
prepared. While one type of cell is created using only MG dye, the other kind of cell is prepared by
adding COOH - SWCNT with MG dye. Al and ITO coated glass substrates are the two electrodes that
we have used in the experiment. Additionally, PMMA is used in this work to work as inert binder. 1
mg of PMMA is dissolved by adding 20 ml of DCM to prepare PMMA solution. MG dye solution is
formed by adding 1 mg of MG dye with the prepared PMMA solution. In order to prepare MG dye
based device with COOH - SWCNT, 1 mg of COOH - SWCNT is added to MG dye solution and then
it is deposited on an ITO coated glass substrate, followed by a 1500 rpm spin coating and a 3500 rpm
drying process. On an Al electrode, the same solution is spin coated in a comparable manner. Then,
these electrodes are joined together in a semi-dry condition. In the similar manner, MG dye based
device without any nanotube is prepared. Before electrical analysis, both these cells are dried for 12

hours in a vacuum desiccator.
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5.2.2 Measurements

The measurement method is comparable to the method used in the preceding chapter. The voltage
ranges from 0 to 5 V in steps of 0.5 V with a 500 ms delay.

5.2.3 Results and Discussions

Current flow has already been elucidated in chapter 3 from equation (3.1) to equation (3.3), in
accordance with R-S thermionic emission theory. The following equation (5.1) can be used to
estimate the barrier [9-10].

*m2
k—Tln(AAT

q Io

¢y = ) (5.1)

I -V plots of organic device under the influence of COOH - SWCNT and without any nanoparticle are
shown in Fig. 5.2. The device's current has been greatly increased, attributable to COOH - SWCNT,
as seen in the Fig. 5.2.
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Fig. 5.2 1 -V plots of device with and without COOH - SWCNT

In Fig. 5.3, In 1 -V plots of device with and without COOH - SWCNT is analyzed to determine

junction barrier.
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Fig. 5.3 In I -V plots of device with and without COOH - SWCNT

Analysis of junction barrier is additionally performed using Norde function, which is described from
equation (3.5) to equation (3.8) in Chapter 3. Fig. 5.4 displays the Norde function plots of device
with and without COOH - SWCNT.
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Fig. 5.4 Norde Function plots of device with and without COOH - SWCNT

[ 7]



Chapter 5 Study on the Effect of Carboxyl — Functionalized Single Walled ...

Fig. 5.5 is used to estimate trap energy of the prepared device without and with COOH - SWCNT.

= MG dye

—o— MG dye with COOH - SWCNT

In I (pA)

S
0.4 0.6 0.8 1.0 12 14 1.6
In V(V)

Fig. 5.5In I - In V plots of device with and without COOH - SWCNT

Equation (5.2) expresses the value of trap energy.

E: = mkT (5.2)
Where, all symbols carry their usual meaning.

When all parameters are held constant, it may be concluded from comparing equation (5.1) and

equation (5.2), that barrier and trap energy are comparable to one another.

5.3 Experimental Details with the Incorporation of MWCNT

This part will discuss and elucidate the effects of MWCNTSs with 8 nm diameter and 30 nm diameter

on the organic device.

5.3.1 Materials and Sample Preparation

Many single-walled carbon nanotubes are nested inside of one another to create MWCNTS, a unique

type of carbon nanotube. MWCNTs have good electrochemical properties and a good thermal

[ 7]
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conductivity [11]. One of the MWCNTS has a diameter of 8 nm, while the other has a diameter of 30
nm. Both MWCNTSs have a carbon concentration of more than 99%. We have procured MWCNTSs
from Sigma-Aldrich. The MWCNT's schematic arrangement is depicted in Fig. 5.6.

Fig. 5.6 Schematic Structure of Multi Walled Carbon Nanotubes (MWCNT)

Section 5.2.1 has already elaborated PMMA solution method. 1 mg of MG dye is introduced to
PMMA solution and blended for 30 minutes. The solution is then divided into three portions and
placed in beakers before being cleaned. MWCNT of 8 nm diameter and 30 nm diameter are added to
the other two beakers, respectively, and stirred for three hours to produce three uniform solutions.
One beaker contains only MG dye solution and other two beakers contain MG dye with 8 nm
diameter MWCNT and 30 nm diameter MWCNT respectively. Before electrical measurement, all

three of these cells are placed in vacuum desiccated for 12 hours at room temperature [12].

5.3.2 Measurements

Section 5.2.2 has already mentioned the measurement technique. With a delay of 1000 ms, the
voltage ranges from 0 to 5 V in increments of 0.5 V. A 25°C ambient temperature is maintained

throughout the experiment.

5.3.3 Results and Discussions

| -V graphs of organic devices influenced by MWCNTSs with 8 nm and 30 nm in diameter are shown
in Fig. 5.7 (a) and Fig. 5.7 (b), respectively. Current rises more when 8 nm diameter MWCNT is
present, compared to that of 30 nm diameter MWCNT.
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Fig. 5.7 | -V plots of device with and without (a) 8 nm diameter and (b) 30 nm diameter MWCNT

From In | -V plots of the organic devices with and without 8 nm diameter MWCNT and 30 nm
diameter MWCNT, that are depicted in Fig. 5.8 (a) and Fig. 5.8 (b), respectively, junction barrier has
been determined.
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Fig. 5.8 In | -V plots of device with and without (a) 8 nm diameter and (b) 30 nm diameter MWCNT

Identical to Fig. 5.4, Fig. 5.9 (a) and Fig. 5.9 (b) show the Norde function curves of MG dye both

with and without 8 nm diameter and 30 nm diameter MWCNT, respectively.
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Fig. 5.9 Norde Function plots of device with and without (a) 8 nm diameter and (b) 30 nm diameter
MWCNT

In Fig. 5.10 (a) and Fig. 5.10 (b), the trap energy has been calculated without any nanotube and with
8 nm diameter and 30 nm diameter MWCNT.
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Fig. 5.10 In I - In V plots of device with and without (a) 8 nm diameter and (b) 30 nm diameter
MWCNT

In Table 5.1, the values of the transition voltage, trap energy, and junction barrier of devices with and

without COOH - SWCNT and MWCNTS are expressed.
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Table 5.1 Calculation of transition voltage, trap energy and junction barrier of devices without
any nanotube and with presence of COOH - SWCNT and MWCNTSs

MG dye based devices Transition | Value Trap Junction Junction
Voltage of m Energy | Barrier from | Barrier using

V) (eV) I -V plot Norde

(eV) Function

(eV)

Without any nanotube 3.900 1.770 0.046 1.120 0.880
With COOH - SWCNT 2.000 1.050 0.027 0.870 0.770
With 8 nm MWCNT 2.370 1.080 0.028 0.970 0.790
With 30 nm MWCNT 2.710 1.340 0.035 1.030 0.840

Table 5.1 demonstrates that the trap energy is reduced approximately to 41%, 39%, and 24% by
COOH - SWCNT, 8 nm diameter and 30 nm diameter MWCNT, respectively, and similarly, junction
barrier is decreased approximately to 22%, 13%, and 8%, by these three guest materials respectively.
These conclusions are inferred from device's | -V properties. Additionally, Norde technique
demonstrates that COOH - SWCNT, 8 nm diameter, and 30 nm diameter MWCNT reduce barrier
potential value by about 12.5%, 10%, and 5%, respectively. The device can be switched on at low
voltage caused by the presence of both COOH - SWCNT and two various sized MWCNTSs.

5.4 Conclusions

The effects of COOH - SWCNT and MWCNTS, have been seen to affect trap energy and junction
barrier in devices. | -V graphs are used to determine both of these parameters, influenced by COOH -
SWCNT and MWCNTSs. The Norde method is also used to determine junction barrier. Both COOH -
SWCNT and various sized MWCNT have been shown to decrease junction barrier and trap energy.

We have also demonstrated the analytical proportionality of junction barrier and trap energy, which

[ &)
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implies that lowering of one parameter, will also lower the other. Reduced values for both parameters
improve charge injection, which improves conductivity. Due to improved charge flow, COOH -
SWCNT and various-sized MWCNT lower the device's transition voltage, also known as the turn-on
voltage. Pertaining to lowering junction barrier and trap energy, it is seen that the device performance
under the influence of COOH - SWCNT and 8 nm diameter MWCNT is much better than MWCNT
cell with 30 nm diameter. Charge separation and relaxation process is improved by smaller sizes of
COOH - SWCNT and 8 nm diameter MWCNT, which improves efficacy of charge infusion in the

device.
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6.1 Introduction

Effects of COOH - SWCNT and multifarious MWCNT on barrier potential and trap concentration of
an organic device based on MG dye were investigated in the preceding chapter.

We will form an organic device based on Methyl Red (MR) dye in this chapter. We will investigate
organic device's junction barrier and depletion layer width, and we will also see how SWCNT affect
both of these factors. The MR dye based device will be described in this chapter using the R-S model.
Utilizing | -V characteristics, we will calculate the junction barrier. The Norde technique will then be
used to ensure the accuracy of the results. Additionally, the device's capacitance-voltage (C -V)
characteristics will be examined to calculate junction barrier and depletion layer width. | -V diagram
will be used to calculate the device's threshold voltage. We will see what SWCNT does to these

factors. SWCNT possesses certain characteristics that can lower all of these parameters [1].

6.2 Experimental Details with the Incorporation of SWCNT

The impact of SWCNT on various junction parameters of the M/O contact of prepared organic device

will be analyzed in this part.
6.2.1 Materials and Sample Preparation

The composition of Methyl Red (4-dimethylaminobenzene-2-carboxylic acid), is a common aromatic
anionic azo compound with the chemical formula (CH3)2NCegHsN=NCsH4sCOOH, is illustrated in Fig.
6.1 (a). MR dye is procured from Sigma Aldrich. Two molecular rings with double bonds inside of
them namely benzene rings make up the composition of Methyl Red. Two nitrogen atoms,
collectively referred to as an azo group, link the two aromatic rings [2-3]. Additionally, Methyl Red
has a carboxylic acid functional group (-COOH). A nitrogen atom is joined to two methyl (-CHa)
groups, which is known as an amine functional group, directly across the molecule from the
carboxylic acid group. This dye's molecular structure is C1sH15N3O2 [4]. The N=N group, which
makes up the azo group, is stabilized by being a member of an extended delocalized system because
the R and R' groups of azo compounds are aromatic [5]. Methyl Red is a fascinating substance for
creating schottky contact at the M/O interface due to its conjugated structure and richness in 167w
electrons. SWCNT, with a width of 2 nm and a length of 30 um, is shown in Fig. 6.1 (b). ITO coated

glass plate and Al are used as front electrode and as back electrode respectively.

[ o)
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Fig. 6.1 Structural Visualization of (a) MR dye and (b) SWCNT

PVA solution making technique has been mentioned in chapter 3 and chapter 4. The PVA solution is
then combined with 1 mg of MR dye, and the mixture is swirled to create MR dye solution. To retain
this solution, two different test tubes are taken. One test tube contains MR dye solution. In another
test tube, 1 mg of SWCNT is introduced. The MR-SWCNT mixture is thoroughly mixed for about an
hour. Now, using a spin coater with a 1500 rpm spinning speed and drying at 3500 rpm, the mixture
of MR and SWCNT is applied to ITO-coated glass plate. The same solution is deposited on Al anode
using the same procedure as described above. Then, ITO and Al electrodes that are both in a semi-dry
state are sandwiched to create the device consist of MR dye with SWCNT. Device consists of no
nanotube except MR dye has also been formed using the same process. Before characterizing, these

produced devices are dried in vacuum desiccator for 24 hours.
6.2.2 Measurements

Dark | -V measurement technique has already been mentioned in earlier chapters. The cells' C -V
characteristics have been measured by using LCR meter. With a delay of 1000 ms, applied voltage’s
variation is from -5 V to 5 V with an increment of 0.25 V. Experiment is conducted at a temperature

of 25°C in the laboratory's open environment.
6.2.3 Results and Discussions
Charge flow is described by using R-S model, as depicted in equation (3.1) to equation (3.3), in the

chapter 3. Fig. 6.2 displays dark I -V properties of the devices. For the MR dye being used in the

experiment, the dark current is quite small. But when SWCNTSs are used, the current almost doubles.
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Fig. 6.2 1 -V plots of device without and with SWCNT at 25°C

Fig. 6.3 displays | -V plots of an organic device based on MR dye at various temperatures and for a
voltage range of -5 V to +5 V. In Fig. 6.3, the current flow rises with rising temperature along with
increasing voltage range of -5 V to +5 V. Four different values of lp are estimated at four distinct

temperatures i.e. 298 K, 318 K, 338 K, and 358 K respectively.

1 |F=208 K
T4 |—— 318 K
1 |—a— 338 K
61 |—=—338K

urrent [pA)

1

(

Voltage (V)

Fig. 6.3 I -V plots of device at different temperatures of 298 K, 318 K, 338 K and 358 K
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From equation (3.3) of chapter 3, the derived equations are given below [6-8]

= A e (1) 6.1)

Taking logarithmic transformation of equation (6.1), equation (6.2) can be found out.
lo * q¢b
In (AT =In(A") — T (6.2)

By using equation (6.2), the intercept of the plot of In ( ) VS. @ gives the value of Richardson

constant (A*). Fig. 6.4 illustrates In G lo )vs @plot of the device.

A straight line in Fig. 6.4 has an intercept, which is specified by Richardson constant and it is
estimated to be 0.012 Acm?K2or 120 AcmK 2. Because of potential variations at the M/O contact,

the value of the Richardson constant is quite low.

Height of barrier can be determined from equation (3.4), which is already mentioned in chapter 3.

In (/AT

28 30 32 34
1031 (K'])

Fig. 6.4 Plot of In ( ) vs. 2220 extracted from | -V data at different temperatures of ITO/MR/AI
structure
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Fig. 6.5 shows In | -V curves of device without and with SWCNT. The barrier height is calculated,
which is 0.870 in absence of SWCNT and in presence of SWCNT, it reduces to 0.754 eV. lg is

calculated from y-intercept of semilogarithmic I -V curves as shown in Fig. 6.5.

R dye

—e+— MR dye with SWCNT]

3477717111
05 10 15 20 25 30 35 40 45 50
Voltage (V)

Fig. 6.5 In | -V plots of device without and with SWCNT

Norde function, which has already been mentioned in equation (3.5) to equation (3.8) of Chapter 3,
is used to measure barrier height. Fig. 6.6 displays Norde function plots of devices without and with
SWCNT.

This chapter also studies the influence of image charges on decreasing barriers. An external electric
field and the Coulomb field work together to limit the carrier injection from metal to organic layer [9].
According to equation (6.3), this superposition binds both carrier and the image of carrier on the

electrode

U() = by — —— — eFx (6.3)

16TtegeEX
Where, all symbols have their standard meaning.
To determine the effective barrier height, image charge effect has also been studied, both without and

with SWCNT. The potential distribution is 3 nm from the junction and the applied field is 10° V/cm

with a dielectric constant of 3.5.
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Fig. 6.6 Norde Function plots of device without and with SWCNT

The C -V characteristics have also been analyzed to determine both barrier height and the space -

charge layer width of the device [10].
Equation (6.4) can be used to estimate the space - charge layer width of the device.
_ T |2%0&sVd
wWy=+ /—qND (6.4)
Where, all symbols have their standard meaning.

At a constant frequency of 10 kHz, the C -V curves of the device are shown in Fig. 6.7 without and
with SWCNT. Fig. 6.7 shows that, the device exhibits greater capacitance with SWCNT.

The C2-V curves of device are shown in Fig. 6.8 without and with SWCNT, respectively. The barrier

height and the diffusion potential have been calculated using these characteristics.

The barrier height will differ slightly when it is measured using the C -V and | -V methods because C
-V method averages the entire region to measure the height of the barrier [11]. The varying extraction
procedures of | -V and C -V methods from various regions are the reason for the little discrepancies in
barrier height [12-13].
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Fig. 6.7 C -V plots of device without and with SWCNT
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Fig.6.8 C%-V plots of device without and with SWCNT

Equation (6.5) shows the expression of the ideality factor (n) of the device.

_a dv 6.5
M= KT d(n) (6:5)
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6.3 Experimental Details with the Incorporation of MWCNT

This section will look into the effects of MWCNTSs with diameters of 8 nm, 30 nm and 50 nm on the
various electrical parameters of device based on MR dye.

6.3.1 Materials and Sample Preparation

Different sized MWCNT i.e. 8 nm diameter, 30 nm diameter and 50 nm diameter MWCNT are used
in this work. Details of MWCNTSs have already been mentioned in chapter 5. We have used the
solvent dichloromethane (DCM), whose molecular weight is 84.93, and it is bought from Sigma
Aldrich, because it readily dissolves organic compounds. The following Fig. 6.9 (a) and Fig. 6.9 (b)
illustrate the structures of MWCNT and DCM respectively.

H

..C
ci/ \H
Cl

(b)

Fig. 6.9 Structures of (a) MWCNT and (b) DCM

Details of PMMA have already been mentioned in the earlier chapter 5. In a clean test container, 1
mg of PMMA s dissolved by adding 15 ml of DCM. To obtain a clear solution, the combination is
next stirred for 1 hour at room temperature using a magnetic stirrer. Since PMMA container solution
has good weathering resistance and good transparency, it is used in our work as a binder material.
PMMA solution is combined with 1 mg of MR dye and swirled for 30 minutes. Four portions of the
prepared solution are divided among four test containers. The three test tubes each contains MWCNT
of size 8 nm, 30 nm, and 50 nm, which are introduced and stirred separately for three hours to create
well-mixed dye and MWCNT solutions. The fourth test tube only contains MR dye solution without
any nanotube. The same sample preparation techniques that are described in section 6.2.1 are used.

Before analysis, all cells are vacuum-dried at room temperature for 24 hours.
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6.3.2 Measurements

The same testing technique as described in section 6.2.2 is used. At a temperature of 25°C,

measurements are made in the 0 V to 5 V regions.

6.3.3 Results and Discussions

Fig. 6.10 displays I -V plots of devices without and with various sized MWCNT.

= MR dye
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Fig. 6.10 I -V plots of device without and with different sized MWCNT

MWCNT incorporation also substantially enhances the device’s current flow. Additionally, it has
been noted that the current flow rises more quickly in presence of 8 nm diameter MWCNT than it
does in the presence of 30 nm or 50 nm diameter MWCNT. In | -V plots of Fig. 6.10 have been

shown in Fig. 6.11 to calculate junction barrier and the ideality factor.
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Fig. 6.11 In I -V plots of device without and with different sized MWCNT

Norde function plots of the device in presence and in absence of various sized MWCNTSs are

illustrated in Fig. 6.12.
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Fig. 6.12 Norde Function plots of device without and with different sized MWCNT
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As it has been measured without and with SWCNT, the effective barrier is also estimated taking into
account image charge effect when 8 nm, 30 nm, and 50 nm MWCNTSs are present, respectively. The
applied field, the dielectric constant's value, and the distribution of potential at the interface all stay
the same as mentioned previously in this chapter.

C -V plots of device can also be used to estimate the barrier height and depletion layer width of

device. The device's C -V properties are shown in Fig. 6.13 both with and without MWCNTSs of
various sizes.

The C?2-V graphs of device are shown in Fig. 6.14 with and without MWCNTSs of various sizes,
respectively.
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Fig. 6.13 C -V plots of device without and with different sized MWCNT
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Fig. 6.14 C2-V plots of device without and with different sized MWCNT

Table 6.1 expresses the parameters of dark | -V characteristics of the device under the influence of
SWCNT and different sized MWCNT.

From Table 6.1, it can be seen that the three methods i.e | -V, Norde and C -V methods show the
reduction of barrier height as 13.79%, 12.94% and 15.47% respectively with SWCNT, 11.49%,
10.58% and 10.71% respectively with 8 nm diameter MWCNT, 5.88%, 8.23% and 8.33%
respectively with 30 nm diameter MWCNT and with 50 nm diameter MWCNT, the reduction
becomes 5.74%, 7.05% and 4.76% respectively. The threshold voltage and depletion layer width also
exhibit reductions of 48.41% and 9.77% with SWCNT, 40.48% and 7.36% with MWCNT of 8 nm
diameter, 30.55% and 5.40% with MWCNT of 30 nm diameter, and 20.63% and 4.023% with
MWCNT of 50 nm diameter. When SWCNT and MWCNT of various sizes are present, the ideality
factor is also significantly reduced. With SWCNT and different sized MWCNT, the effective barrier
height taking image charge into account decreases considerably. Reducing barrier height and
depletion layer width will aid in improving the charge infusion, which will enable device to be

switched on at significantly lower voltages.
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Table 6.1 Parameters of Dark | -V characteristics of MR dye based organic devices under the
influence of SWCNT and different sized MWCNT

Parameters MR Dye Based Device
Without any With With 8 nm With 30 | With 50 nm
Nanotubes | SWCNT | MWCNT nm MWCNT
MWCNT
Threshold Voltage (V) 2.520 1.300 1.500 1.750 2.000
Ideality Factor 5.570 0.680 0.760 0.980 1.570
Barrier Height (eV) 0.870 0.750 0.770 0.800 0.820
using | -V characteristics
Barrier Height (eV) 0.850 0.740 0.760 0.780 0.790
using Norde Method
Barrier Height 0.840 0.710 0.750 0.770 0.800
from C -V characteristics
(eV)
Effective Barvier Height | 4 g4, 0.630 0.670 0.680 0.720
Considering Image
Charge Lowering Effect
(eV)
Depletion Layer Width 8.700 7.850 8.060 8.230 8.350
(Wo)
(cm) x 10°®

Table 6.1 also demonstrates that, SWCNT and 8 nm MWCNT work better than MWCNTSs of 30 nm
and 50 nm in terms of performance. In comparison to MWCNT with middle and high (30 and 50 nm)
diameters, SWCNT and MWCNT with the smallest 8 nm diameter will have the higher aspect ratio.
When MWCNT is used in an organic device, its aspect ratio will have a significant impact on both its
mechanical and electrical characteristics [14]. Smaller-diameter MWCNT exhibit superior
performance. Along with the rise in aspect ratio, the electrical conductivity percolation threshold also
drops [15-16]. Compared to 30 nm diameter and 50 nm diameter MWCNT, these characteristics
make both SWCNT and 8 nm diameter MWCNT outstanding additives in electrically conductive

[ o)
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polymer applications, which will improve the charge infusion. The efficacy of organic optoelectronic
devices will also be improved by improved charge injection processes.

6.4 Conclusions

We have looked at how SWCNT and MWCNT of various sizes — each with a width of 8 nm, 30 nm,
and 50 nm — affected the various factors influencing charge infusion of devices. One of the major
causes of lower infusion of carriers from M/O layer is contact barrier. | -V and C -V characteristics, as
well as Norde technique, are used to analyze contact barrier values for devices. These three
techniques' extractions of barrier height are fairly consistent with one another. The injection barrier
and depletion layer width at M/O contact are decreased with SWCNT and various sized MWCNT.
Higher conductivity is obtained by improving charge injection procedure and lowering barrier height
and depletion layer width. Due to a decrease in interfacial barrier and depletion layer width, the
device's threshold voltage has also been reduced. SWCNT and MWCNT of various sizes have been
found to substantially reduce device's ideality factor, which can be ascribed to trap concentration
lessening at interface. In this chapter, the impact of the image charge on the device's effective barrier
has also been taken into account. In comparison to 30 nm diameter and 50 nm diameter MWCNT,
SWCNT and 8 nm diameter MWCNT have higher aspect ratios and percolation thresholds, which

leads to substantially improved charge infusion.
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7.1 Introduction

In the preceding chapter, we elucidated the effects of incorporating SWCNT and various-sized
MWCNT in the device and studied junction barrier of a MR dye based device without or after
analyzing image charge effect and space - charge layer width. The organic device's | -V and C-V
characteristics had both been analyzed in order to determine the aforementioned device parameters.
Additionally, we calculated the organic device's ideality factor and threshold voltage in the presence
and lack of SWCNT and various-sized MWCNT.

The effects of ZnO, TiO2, SWCNT and MWCNT on various parameters affecting the charge infusion
and charge entrapment process at M/O contact of various organic dye based devices had been studied

from chapter 3 to chapter 6.

Now, in this chapter, we will observe the impact of counter electrodes on the parameters that affect
charge infusion in the organic dye based devices. Typically, transparent glass plates with high work
functions are used as the front electrode and materials with low work functions are used as counter
electrode. The impact of the back electrode on barrier height and trap energy of these devices has not

received much attention.

The impact of two distinct auxiliary electrodes, namely Al coated back electrode and Al-M sheet-
based back electrode, on barrier height and trap energy of devices will be examined in this chapter. As
front electrode, glass is covered with ITO. Crystal Violet (CV) dye will be used as an organic material

to form the device.

In essence, difference between metal’s fermi energy and organic substance’s energy band is what
determines barrier height [1]. The area below threshold voltage is where injection-limited current at
the M/O interface typically flows. Both thermionic injection current and tunneling current caused by a
field are typically components of injection current. Field-induced tunneling current is so negligible at
low voltage that it can be disregarded. Because of this, the prepared device will be described using

R-S model of thermionic emission [2-3].

7.2 Materials and Sample Preparation

Structure of CV dye is displayed in Fig. 7.1 and it is purchased from Loba Chemie Private Ltd. in

India. The cationic dye CV, with the molecular formula [C2sN3sH30Cl], dissociates in water to produce
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a positively charged coloured ion [4-5]. As an optically active substance, CV dye is used [6]. Al — M
sheet has a higher reflectivity than regular Al.

H-C.. _CH
acmca

o, AT T on
BC'N NCS

CHs CHz

Fig. 7.1 Structural diagram of CV dye

The CV dye is recrystallized twice from an ethanol-water combination and combined with PVA to
create PVA solution. PVA is partly hydrolyzed. It functions to create a gel-like solution. Its
compatible structure and hydrophilic qualities are used to improve the mechanical qualities of organic
dye sheets. 10 cc of double-distilled water and 5 mg of PVA were combined in a clean test container
and stirred to create the transparent viscous PVA solution. The CV pigment is dissolved in 2 mg of
this mixture. After being cleaned in a chloroform solution, the electrodes are dried in a vacuum
desiccator. The thin film is sandwiched between ITO-coated glass and another sheet of Al-coated
mylar that serves as the reflecting back surface with the aid of a viscous gel-like solid solution. The
spin coating process is used to create the thin films having uniform distribution. Using
aforementioned process, another thin layer is also created using an ITO-coated glass and Al plates as

the counter electrode. For about 12 hours, these cells are dried in a vacuum desiccator.

7.3 Measurements

The same measurement technique is followed as mentioned in the Measurements section of
preceding chapters. The voltage range is from 0 to 6 V with increment of 0.25 V and delay of 500 ms.
Temperature is kept at 26°C throughout the measurement process.

7.4 Results and Discussions

Equation (3.1) to equation (3.3) of chapter 3 is used to explain current flow. The equation (3.4) in

chapter 3 is used to calculate the height of barrier.
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In Fig. 7.2, the dark | -V properties of CV dye in presence of Al-M auxiliary electrode and an Al
auxiliary electrode, are depicted. Al-M back electrode greatly improves the current flow in the device

when compared to Al counter electrode.

12 - = 1TO/CV/Al
| |-e—ITO/CV/AI-M

urrent {jLA)

C

Voltage (V)

Fig. 7.2 1 -V plots of ITO/CV/AI based organic device and ITO/CV/AI-M based device

We have drawn In | -V plots of | -V graphs of both devices comprising of Al and Al-M counter
electrode respectively in Fig. 7.3. These plots are used to determine the interfacial barrier. Fig. 7.3
reveals that the ITO/CV/AI-M based organic device's barrier height is lower than that of the
ITO/CV/AI based organic device.

While calculating barrier height, Norde function is employed. The Norde function plots of both the

structures are displayed in Fig. 7.4.

We have drawn In | - In V curves of both the structures, which are shown in Fig. 7.5, to determine

trap energy.

The expression for the trap energy concentration (N¢) is given in equation (7.1)

Ne(€) = Noexp(— - (7.1)

Where, € denotes the depth of traps below conduction band mobility boundary and other symbols

carry their standard meaning.
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Equation (7.2) can be used to express trap energy [7-10].

E: = mkT

3 - [=31To/ICV/Al
| |=e—=1TO/CV/AI-M

_3 1T 7T 1T 7T 1T 7T

— T T T T T
05 10 15 20 25 30 35 40 45 35
Voltage (V)

Fig. 7.3 In | -V plots of ITO/CV/AI based organic device and ITO/CV/AI-M based device
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Fig. 7.4 Norde Function plots of ITO/CV/AI structure and ITO/CV/AI-M structure
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Fig. 7.5In I - In V plots of ITO/CV/AI structure and ITO/CV/AI-M structure

Table 7.1 displays the estimation of barrier height and trap energy for both the structures.

Table 7.1 Calculation of barrier height and trap energy of devices with two different back

electrodes
CV Dye Based Value of m Trap Barrier Height Barrier Height using
Device Energy froml -V Norde Function
(eV) characteristics (eV)
(eV)
With Al electrode 1.710 0.044 0.800 0.830
With Al-M electrode 1.300 0.034 0.770 0.790

7.5 Conclusions

Throughout this chapter, we have looked at how the back electrode affects the organic devices'

junction barrier and trap energy. When two different counter electrodes are present, the values of
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junction barrier for devices are estimated by looking at the plot of | -V characteristics and also by
using Norde technique. Both approaches exhibit strong agreement with one another. In comparison to
Al back electrode, it can be said that barrier height and trap energy at interface have been significantly
reduced with Al-M back electrode. In this device, the barrier lowering and reduction in trap energy
enhance charge infusion, leading to improved conductivity.
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8.1 Summary

We have discussed charge injection and charge trapping process of organic semiconductor devices in
the current thesis. These devices' charge injection is primarily controlled by the M/O interface, which
is related to existence of traps because these devices are susceptible to traps. Barrier height and
depletion layer width of M/O interface are typically reach a higher value due to interfacial trap
density. However, there aren't many studies for organic semiconductors to determine these above

mentioned parameters at M/O interface when traps are present.

In this context, interfacial barrier, trap concentration, depletion layer width, band bending, image
force barrier lowering and barrier inhomogeneities at M/O interface considering charge trapping
effect have been discussed. The different charge trapping models and its effect on charge injection
process and different charge injection models have also been studied. The interfacial barrier height
has also strong correlation with the interfacial band bending and image force barrier lowering effect of

these organic devices.

We have calculated these parameters from | -V plots of these devices and correlate it with the trap
energy at M/O interface. We have also observed the effect of ZnO, TiO2, SWCNT and MWCNT on
these parameters of the series of organic dyes such as PSF, Safranin - T, MG and MR dyes. We have

studied the back electrode effect on the junction parameters of CV dye based devices.
We have designed our present work into the following chapters.

In Chapter 1, we have mentioned the objectives and background of this present work. The parameters
that will affect the charge injection process, such as interfacial barrier height, concentration of traps,
depletion layer width, band bending, and image force barrier lowering and barrier inhomogeneities at

the metallic electrode - organic dye interface have also been mentioned.

In Chapter 2, we have discussed the different charge trapping and charge injection models in detail.
The parameters such as interfacial barrier height, concentration of traps, depletion layer width, band
bending, image force barrier lowering and barrier inhomogeneities that affect the charge trapping and
charge injection process have also been mentioned. Different nanotubes and nanoparticles which have

been incorporated in different organic dye based devices have also been elucidated in this chapter.
In Chapter 3, Chapter 4, Chapter 5 and Chapter 6, we have investigated various junction

characteristics, including trap energy, barrier potential, band bending, barrier inhomogeneity, and

space - charge region width of various organic dye based devices. | -V measurements are used to
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analyze the devices. We have also used Norde's approach to verify congruency of interfacial barrier
calculated from | -V characteristics, and both approaches are still in strong agreement with one
another. The interfacial barrier and trap energy have been analytically linked. Connection between
barrier height and the depletion layer width has also been elucidated. Analysis has also been done on
the relationship between applied field and depletion layer width and barrier height. The effects of ZnO
and TiO2 on PSF dye, SWCNT on Safranin - T dye, SWCNT and MWCNT on MG dye, and
SWCNT and MWCNT on MR dye based organic devices have also been calculated. The above-
mentioned factors are decreased by the presence of nanotubes and nanoparticles, improving charge
infusion and lowering device’s threshold voltage. These four chapters also provide an explanation of

the potential causes of such alterations.

In Chapter 7, we have seen how back electrode affects trap energy and contact barrier of CV dye
based device. We have found out that alteration of back electrode has decreased trap energy and

junction barrier, improving charge injection at M/O contact.
8.2 Findings of the Work

Findings on PSF dye based devices without and with ZnO and TiO, nanoparticles

Table 8.1 shows that with ZnO and TiO2 nanoparticles, values of threshold voltage, barrier potential,
and band bending of devices have been lowered. Additionally, TiO2 nanoparticles enhance device
efficiency more than ZnO nanoparticles. It can be explained by TiO2 nanoparticles' higher
permeability when compared to ZnO nanoparticles. As a result of their large porosity, TiO>

nanoparticles receive more injected electrons than ZnO nanoparticles and offer a more conductive

path from the injection site to the collecting electrode.

From Table 8.2, it has been estimated how various TiO2 nanoparticle concentrations affect threshold
voltage, barrier potential, and band bending of devices. As it can be seen, both techniques reliably
demonstrate that junction barrier is lessened to its lowest point at a PSF: TiO2 nanoparticle
composition of 1:4. This composition also exhibits substantial decrease in threshold voltage. The

same composition ratio also significantly decreases band bending.
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Table 8.1 Parameters of Dark | -V characteristics of PSF dye based devices without and with
ZnO nanoparticles and TiO, nanoparticles

PSF dye based Threshold Barrier Potential | Barrier Potential using Band
devices Voltage from Norde’s Function Bending
(V) -V (eV) (eV)
characteristics
(eV)
Without
nanoparticle 4.000 0.810 0.830 0.218
With ZnO 3.500 0.670 0.690 0.183
nanoparticles
With TiO 2.500 0.440 0.470 0.153
nanoparticles

Table 8.2 Parameters of Dark | -V characteristics of PSF dye based devices without any
nanoparticle and with varying TiO; nanoparticles concentrations

Devices Threshold | Barrier Potential from Barrier Band Bending
Voltage 1 -V plot (eV) Potential from (eV)
(PSF:TiO2) V) Norde Function
(eV)
Without any 4.000 0.810 0.830 0.218
nanoparticle
1:1 2.500 0.440 0.470 0.153
1:2 2.250 0.430 0.440 0.147
1:3 2.000 0.400 0.420 0.136
1:4 1.750 0.380 0.370 0.127
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Findings on Safranin - T Dye Based Devices without and with SWCNT

From Table 8.3, it can be discerned that, with SWCNT, charge infusion of Safranin - T dye based
device shows improved performance as the values of threshold voltage, trap energy, barrier potential
without and with considering image charge effect and barrier inhomogeneity are significantly reduced
in presence of SWCNT.

Table 8.3 Parameters of Dark | -V characteristics of Safranin - T dye based devices without
and with SWCNT

Safranin-T dye | Threshold | Value | Trap Barrier Effective Barrier
based devices Voltage of m | Energy | Potential Barrier Inhomogeneity
V) (eV) (eV) Potential (eV)
considering
Image

Charge (eV)

Without SWCNT 4.000 2.270 | 0.059 0.810 0.790 0.170

With SWCNT 3.250 1.580 | 0.041 0.770 0.740 0.130

Findings on MG Dye Based Devices without and with SWCNT and MWCNT

Table 8.4 compares and displays the transition voltage, trap energy, and barrier potential values of
organic devices with and without COOH - SWCNT, as well as devices with and without 8 nm and 30
nm MWCNTSs. In terms of barrier potential and trap energy, it can be seen that device performance of
COOH - SWCNT and the 8 nm diameter MWCNT cell display better performance compared to 30
nm diameter MWCNT cell. The charge separation and relaxation process is accelerated by smaller
sizes of COOH - SWCNT and 8 nm diameter MWCNT, which improves efficacy of device.
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Table 8.4 Parameters of Dark | -V characteristics of MG dye based devices without any
nanotube and with presence of COOH - SWCNT and MWCNTSs

MG dye based devices Transition | Value Trap Junction Junction
Voltage of m Energy Barrier Barrier
V) (eV) from | -V using Norde

plot Function
(eV) (eV)
Without any nanotube 3.900 1.770 0.046 1.120 0.880
With COOH — SWCNT 2.000 1.050 0.027 0.870 0.770
With 8 nm MWCNT 2.370 1.080 0.028 0.970 0.790
With 30 nm MWCNT 2.710 1.340 0.035 1.030 0.840

Findings on MR Dye Based Devices without and with SWCNT and MWCNT

In Table 8.5, the threshold voltage, ideality factor, barrier height, and depletion layer width of MR
dye based devices under the impact of SWCNT and various-sized MWCNT are expressed. The
threshold voltage, ideality factor, barrier height, and depletion layer width of the devices have all
enhanced significantly in presence of SWCNT and MWCNT of various sizes. All of the experimental
data also demonstrate that 8 nm MWCNT outperforms 30 nm and 50 nm MWCNT in terms of
efficacy. When compared to MWCNT with middle and high (30 and 50 nm) diameters, MWCNT
with the smallest diameter of 8 nm will have the highest aspect ratio. With a rise in aspect ratio, the
electrical conductivity percolation threshold also drops. Compared to 30 nm and 50 nm MWCNT, 8
nm MWCNT exhibits the characteristics that make it a superior additive in electrically conductive

polymer applications, resulting in an enhanced charge infusion mechanism.
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Table 8.5 Parameters of Dark | -V characteristics of MR dye based devices under the influence

of SWCNT and MWCNT

Parameters

MR dye based devices

Without With With 8 nm With 30 With 50 nm
any SWCNT MWCNT nm MWCNT
nanotube MWCNT
Threshold Voltage (V) 2.520 1.300 1.500 1.750 2.000
Ideality Factor 5.570 0.680 0.760 0.980 1.570
Barrier Height (eV) 0.870 0.750 0.770 0.800 0.820
using | -V characteristics
Barrier Height (eV) 0.850 0.740 0.760 0.780 0.790
using Norde Method
Barrier Height 0.840 0.710 0.750 0.770 0.800
from C -V
characteristics
(eV)
Effective Barrier Height | 5, 0.630 0.670 0.680 0.720
Considering Image
Charge Lowering
Effect(eV)
Depletion Layer Width | g 74 7.850 8.060 8.230 8.350
(Wa)
(cm) x 10°®

Findings on CV Dye Based Devices in Presence of Different Back Electrodes

Table 8.6 displays the barrier height and trap energy for both ITO/CV/AlI and ITO/CV/AI-M

structures. It can be said that when Al-M back electrode is present, the barrier height and the trap

energy are considerably lower compared to Al back electrode. In this organic device, lowering of both

injection barrier and trap energy enhances charge infusion, leading to improved conductivity.
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Table 8.6 Parameters of Dark | -V characteristics of CV dye based devices in presence of two
different back electrodes

CV dye based Value of m Trap Barrier Height Barrier Height using
devices Energy froml -V Norde Function
(eV) characteristics (eV)
(eV)
With Al electrode 1.710 0.044 0.800 0.830
With Al-M electrode 1.300 0.034 0.770 0.790

8.3 Overall Conclusion

In the current study, we have looked at various charge trapping models and their impact on charge
injection process. Discussions of various charge injection methods have also taken place. In this
context, we have investigated and calculated the height of the interfacial barrier, the concentration of
traps, the width of depletion layer, band bending, image force barrier lowering and barrier
inhomogeneities at M/O interface. Interfacial band bending and image force barrier lowering of these
organic devices are strongly correlated with interfacial barrier. We have also demonstrated analytical
proportionality of barrier potential and trap energy, which implies that lowering of one parameter will
also lower the other. Reduced values for both factors improve charge injection, which also improves

conductivity.

We have calculated the above stated parameters from | -V characteristics of various organic dye based
devices such as PSF, Safranin - T, MG, MR dyes and correlate it with the trap energy at M/O
interface. The effects of ZnO, TiO2, SWCNT and MWCNT on M/O junction parameters of these dyes
have also been noted. A reduction in interfacial barrier height, trap concentration, depletion layer
width, band bending, image force barrier lowering, and barrier inhomogeneities at M/O interface has
been observed to improve device performance when ZnO, TiO2, SWCNT and different sized

MWCNT are present, taking charge trapping effect into account.

Additionally back electrode effect is investigated in CV dye based devices. We have looked at how

contact barrier and trap energy of the devices are affected by two distinct counter electrodes such as
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Al-M sheet-based back electrode and an Al coated back electrode. In comparison to Al back
electrode, it has been found out that presence of Al-M counter electrode lowers contact barrier and
trap energy more considerably. Improvement of charge infusion process at M/O interface and the
enhanced conductivity is made possible by reduction in both barrier height and trap concentration.
Additionally, it enables device to operate at much lesser voltages.

8.4 Future Scopes of the Work

In the current work, we have investigated the interrelationship between interfacial barrier and
concentration of traps as well as the relationship between junction barrier and the width of space -
charge layer. Analysis has also been done on how the applied electric field affects the depletion layer
width and barrier height. Impact of ZnO, TiO2, SWCNT and MWCNT on the M/O junction
parameters of series of organic dyes, including PSF, Safranin - T, MG and MR dyes, has been the
subject of an extensive study. Above mentioned factors are decreased by presence of nanoparticles
and nanotubes, which improves charge infusion and lowers device’s threshold voltage. The device's
power consumption will decrease as a result of lowering of the threshold voltage, and much lower
loadings can still accomplish the desired level of conductivity. Additionally, we have looked into how

the charge injection procedure for organic devices is affected by the back electrode of the device.

However, there are still some issues in this respect that require attention. In this research, the effects
of different distributions of barrier potential and barrier inhomogeneities at the M/O interface are not
taken into account. To gain a thorough understanding of the charge infusion of devices, it is necessary
to thoroughly study these parameters. Future research on the reproducibility and durability of these
organic dye based devices is required in order to gain a detail understanding of their potential
applications in various newly developing areas of electronics, such as transient electronics etc. Since
fully flexible devices are now of the utmost importance, devices should also be modified to achieve

these features.
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