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Preface

In the realm of semiconductor physics and organic electronics, the pursuit of efficient, ecofriendly
and sustainable materials for electronic devices has become increasingly vital. This journey led to
the exploration of natural dyes as promising candidates for organic semiconductor applications.
The study presented in this thesis delves deep into understanding the “Charge transport
mechanism of natural dye-based organic Schottky diodes”, aiming to unravel their potential in

next-generation electronic devices.

Researchers discovered the electrical conductivity of some organic materials and polymers such
as Polyacetylene. But there is not so much study on the conductivity of natural dye-based organic
materials. So, in this thesis we have discussed the semiconducting behaviour of some natural
herbal dyes and charge transport mechanism through them. For this purpose, we have chosen
Indigo, Turmeric and Beetroot dyes in this work. To measure and analyse the electrical parameters
of any metal-semiconductor junction based electronic devices dark I-V characteristics is very
important. For this reason, we have fabricated Al / Indigo / Cu, Al / Turmeric / Cu and Al / Beetroot
/ Cu devices and observed the dark |-V characteristics. Then using this dark 1-V we have measured
the electrical parameters and analyse them. We have also observed the absorption spectra of dye
solutions and using this we have measured the band gap of the respective dye molecules which
lying in the range of semiconductor. Finally, we have discussed the charge transport mechanism

through natural dye-based organic Schottky diodes.

Devices based on these natural dye-based organic materials are more advantageous than those
based on inorganic materials because of their low cost, easy fabrication processes, and simple
electrical and optical characteristic adjustment. Modifying the electrical and optoelectronic
properties of organic materials is also an easy process. At the same time the low mobility, the
presence of traps, the effects of dampness, etc., impose some limitations. Low efficiency in organic

devices is a big issue because of these restrictions.

The conductivity and performance of the devices produced by organic semiconductors are poor,
despite the fact that these materials have many desired features. The overall current in organic
devices has been found to be substantially lower than in inorganic devices; nevertheless, in order
to comprehend this finding, a thorough analysis of the charge transport mechanism through an
organic semiconductor Schottky diode based on natural dye is required. Therefore, studying the

Xvi



current-voltage characteristics is crucial to understand the mechanism of charge transport in

organic devices based on natural dyes.

This thesis explores the charge transport mechanism of organic semiconductor Schottky diodes
based on natural dyes, with the goal of maximizing their potential for use in next-generation
electronic devices. Natural dyes with donor-acceptor-donor chromophore behavior, found in plants
like indigo, beetroot, and curcumin, have special qualities. They are perfect for Schottky devices

and metal-insulator-metal (MIM) devices due to their low dielectric constants.

This thesis undertakes a thorough analysis to clarify the complex interactions of charge carriers
inside the organic semiconductor matrix by combining theoretical understanding with
experimental confirmation. The journey starts with a comprehensive review of organic
semiconductors, electrical properties of ZnO nanoparticles and the emerging field of organic
electronics. The discussion then moves smoothly to the characterization of natural dyes, looking
at their molecular makeup, optoelectronic characteristics, and applicability in semiconductor

applications.

The clarification of charge transport mechanisms inside the organic semiconductor matrix is
essential to this research. The study examines the dynamics of charge carriers, their mobility, and
the impact of different factors on charge transport efficiency through rigorous experimentation and
sophisticated theoretical modelling. Furthermore, in order to understand its influence on device
performance, the interface between the metal electrode in the Schottky diode configuration and
the organic semiconductor based on natural dye is carefully examined. We use simulations and
experimental studies in our investigation. Using Poisson's equation, we extract the mobility, carrier
concentration, and trap density in Al/beetroot/Cu Schottky diodes. The mobility is notable for
reaching 124.54 cm?/V-s, indicating effective charge transport. The diode is a potential rectifier
due to its sensitivity, nonlinearity, and asymmetric current-voltage characteristics. Additionally,
we propose a one-dimensional Al/organic semiconductor/Cu diode with low capacitance,

expanding the design possibilities.

Furthermore, we compare various natural dye-based diodes, including Al/indigo/Cu,
Al/turmeric/Cu, and Al/beetroot/Cu. The parabolic behavior observed in the dI/dV vs. V plot
suggests the influence of quantum tunneling phenomena. Finally, simulations enhance our

understanding of the physical mechanisms governing these devices.

Xvii



At last, our investigation centers around the incorporation of zinc oxide (ZnO) nanoparticles with
the natural dyes used in this work. By altering the morphology of ZnO, we observe significant
changes in the Schottky diodes characteristics. Specifically, we explore the impact on series
resistance (Rs), barrier height, ideality factor, and trap energy. These parameters play a crucial role

in determining the device performance.

The research and findings discussed here are not just theoretical; they have significant
ramifications for the development of organic electronics. Through a thorough comprehension of
the charge transport mechanism of organic semiconductor Schottky diodes based on natural dyes,
we can pave the way for the development and enhancement of electronic devices that will be more

efficient, sustainable, and functional in the future.

The commitment, inquisitiveness, and spirit of cooperation exhibited by everyone engaged in the
search for scientific truth is demonstrated by this thesis. My genuine wish is that the knowledge
gained from this study will spur more developments in the field of organic electronics and

encourage upcoming generations of scientists to keep pushing the frontiers of knowledge.

xviii
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Motivation of the present work and thesis outline

1.1 Introduction

1.2 Motivation of the present work
1.3 Objective of the present work
1.4 Thesis outline

1.5 References



1.1 Introduction

Recently, organic polymers have drawn considerable attention from researchers for their
promising opto-electronics properties. Organic materials have advantages over inorganic materials
due to their low cost and high availability [1]. In addition, due to the decrease in fossil fuels and
similar energy sources, which are being reduced day by day, this inherently generates the
requirement to develop renewable energy technologies. Organic dye-based devices have gained
much importance for its easy fabrication techniques and numerous advantages over conventional
silicon-based crystalline electronic devices [2—-7]. For a superior diode, the asymmetry (i.e.,
rectification ratio), nonlinearity and responsivity should be large, and this can be achieved via
thermionic emission and quantum mechanical tunnelling [8]. Therefore, it is undoubtedly very
important to select an optically active semiconductor dye material to better improve the electrical
parameters of devices and to use them as an alternative to inorganic diode-like devices. Dyes have
the potential to play a role as a photosensitizer, and they also possess several excellent film-
forming properties.

Researchers identified the electrical conductivity of certain organic compounds and polymers,
including Polyacetylene. However, there has been relatively little research on the conductivity of
natural dye-based organic electronic devices. So, in this thesis, we looked at the semiconducting
properties of various natural herbal dyes, as well as the charge transport mechanism that takes

place through them.

1.2 Motivation of the work

The motivation behind this thesis is rooted in the burgeoning interest and pressing need for
sustainable solutions in semiconductor technology. Conventional semiconductor materials, while
widely used, often rely on rare or environmentally harmful resources for their production, posing
significant challenges in terms of both resource availability and ecological impact. In light of these

concerns, the exploration of alternative materials and device architectures has become imperative.

Natural dye-based organic semiconductor Schottky diodes offer a promising avenue for addressing

these challenges. By harnessing organic compounds derived from renewable sources, such as plant



extracts, these materials not only mitigate reliance on finite resources but also present opportunities
for eco-friendly device fabrication. Furthermore, the unique optical and electronic properties

inherent in natural dyes make them intriguing candidates for a variety of electronic applications.

The primary motivation driving this thesis is to observe the semiconductor behaviour of natural
dyes and unravel the intricate charge transport mechanisms governing the operation of natural dye-
based organic semiconductor Schottky diodes. Understanding these mechanisms is crucial for
optimizing device performance and unlocking their full potential for practical applications. By
elucidating the fundamental principles underlying charge transport in these systems, this research

aims to contribute to the advancement of sustainable semiconductor technology.

In addition, research on Schottky diodes, which are organic semiconductors based on natural dyes,
has important ramifications for a number of recently developed industries, such as organic
electronics, photovoltaics, and sensor technologies. This thesis aims to advance our fundamental
understanding of organic semiconductor physics and to pave the way for the creation of next-
generation, environmentally friendly electronic devices with improved functionality and

performance by clarifying the underlying mechanisms driving charge transport in these devices.

Organic semiconductors, such as herbal dyes, offer an alternative solution for solar cell
applications, as they have advantages over inorganic semiconductors, such as low cost, easy
fabrication, flexibility and tunability of optical and electrical properties [1-10]. The natural herbal
dyes have potential to play a role as photosensitizer and also possess some excellent film forming
properties. The donor-acceptor (D-A) type chromophores with low band gap are particularly of
interest [11-20]. Organic Schottky diodes are one type of organic solar cells that use a metal-
organic junction to create a built-in electric field that separates the photogenerated charge carriers.
However, organic Schottky diodes also face some challenges, such as high barrier height, high
series resistance, high trap energy and low current conduction at the metal-organic interface. These

factors limit their performance and efficiency in converting sunlight into electricity.

Therefore, there is a need to improve the electrical characteristics of organic Schottky diodes by
modifying the organic layer or the metal-organic interface. One possible way to achieve this is to
incorporate nanoparticles, such as zinc oxide (ZnO), into the organic layer. ZnO nanoparticles

have unique properties, such as high electron mobility, high transparency and broad bandgap, that



can enhance the electrical characteristics of the organic Schottky diode. For example, ZnO
nanoparticles can lower the barrier height, series resistance, trap energy and threshold voltage of

the device, while increasing the current conduction in the bulk regime.

In essence, this thesis is motivated by the imperative to explore and harness the potential of natural
dye-based organic semiconductor Schottky diodes as sustainable alternatives to conventional
semiconductor materials. Through systematic investigation and analysis, it aims to contribute to
the advancement of green electronics and pave the way for the realization of a more

environmentally sustainable technological future.

1.3 Objective of the present work

The primary objective of this thesis is to explore the semiconducting properties of natural dye-
based organic materials and investigate the charge transport mechanisms in natural dye-based
organic semiconductor Schottky diodes. To achieve the desired electrical characteristics, we intend
to develop and optimize Schottky diodes using organic semiconductors derived from natural dyes.
To study the charge transport mechanism of natural dye based organic Schottky diode and also the
type of conductivity in presence of different nanoparticles like ZnO, we have selected natural dyes
like Turmeric, Indigo, and Beetroot. We have studied the absorption spectra to measure the band
gap of dye molecule and temperature dependent I-V characteristics to analyse the semiconducting
behaviour. We have also studied I-V characteristics and analyse it to find different electrical

parameters.

The 1-V characteristics and Norde function measurements will be used to evaluate the electrical
characteristics of the devices. The results will be compared with those of pure herbal dye based
organic Schottky diodes and conventional TiO2 based Schottky diode. For current transport
mechanism we want to discuss SE, PFE, GD and quantum tunnelling. And finally, we want to
observe which process is more dominant for natural herbal dye based Schottky devices. We want
to find out the insulating temperature of our fabricated Al/Beetroot/Cu device. Again, a simulation

study was run using the SCAPS 1d program to confirm the findings of the experiment.



High values of barrier height, series resistance, trap energy and low current conduction at the
metal-organic interface limit natural dye-based organic semiconductor devices performance and
its applications in optoelectronics. One way to overcome these challenges is to incorporate
nanoparticles, such as zinc oxide (ZnO), into the organic layer. This thesis looks into how ZnO
nanoparticles affect the electrical characteristics of organic Schottky diodes derived from herbal
dyes. Finally, we want to study the impact of the shape of the ZnO nano particles on electrical

parameters of natural dye based FTO/Beetroot/Al Schottky diode.

The results of this research will be beneficial for future studies involving these dyes. Our initial
efforts should inspire the characterization of other new materials. Additionally, the findings will
help address issues related to herbal dye-based organic semiconductor Schottky diodes. This study
will aid in developing a simple and cost-effective technique to enhance device performance.
Furthermore, our work on the charge transport mechanism in natural dye-based organic
semiconductor Schottky diodes may be applicable to other organic or inorganic electronic systems

as well.



1.4 Thesis outline

The present work is presented in different chapters. In Chapter 1, the thesis outlines the general
intro duction, motivation and objectives of the entire study. The importance of the present work is
also described. The organisation of the whole thesis work has also been described.

In Chapter 2 we have discussed the overview on conductivity of organic materials and charge
transportation in organic semiconductor Schottky diodes. Chemical structure of organic polymer-
based semiconductor and their electrical structure also discussed. In order to understand the charge
transport mechanism, it is very important to have a knowledge about the energy band diagram of
semiconductor material. Here we have discussed about the energy band diagram in polymer-based
organic semiconductor molecules. Here we have also discussed the basics of charge transfer
exciton generation (CTE) and its dissociation. In the charge transport mechanism carrier
recombination occurs, which we have also discussed in this chapter. Here we have discussed the
basic of organic semiconductor Schottky diode. Trap energy and barrier height of organic
semiconductor Schottky diode is very high. To reduce this and increase the conductivity we have
used ZnO nanoparticles of different morphology. We have discussed a short review on ZnO
nanoparticles in organic electronic devices. Finally, we have discussed on some earlier works on
organic semiconductor and the natural herbal dyes we have used to fabricate thin film devices in
this thesis.

From Chapter 3 to Chapter 7 we mentioned the fabrication and characterization of natural dye-

based devices and charge transportation through them.

In Chapter 3 we have discussed about the electrical Characteristics of a turmeric dye-based organic
thin film device and the effect temperature on barrier height. Al/turmeric/Cu diode, which is thin
film electronic device, made by fabricating and characterising herbal (turmeric) dye. The
parameters of the temperature-dependent current-voltage (I-V) were assessed under various
circumstances. The thermionic emission theory was used to calculate the ideality factor (n), series
resistance (Rs), and shunt resistance (Rsn) of the Al/turmeric/Cu diode. The fact that the series
resistance reduced with temperature as a result of the current research was an intriguing finding,

demonstrating the semiconducting behaviour of the natural herbal dye source at disposal.



In Chapter 4 we have discussed about the current transport mechanism of beetroot and indigo dye-
based organic semiconductor Schottky diodes. An organic thin-film diode based on beetroot has
been developed and characterised. A thermionic emission technique is used to extract the diode's
electronic properties from its I-V characteristics. Additionally, using the Cheung and Cheung
functions, the ideality factor (n), barrier height (¢), and series resistance (Rs) of Al/Beetroot/Cu
were calculated respectively. The band gap of betanin which is present in the beetroot dye and the
temperature dependency of n, ¢ and Rs support the hypothesis that beetroot root behaves like
semiconductor. For Al/Beetroot/Cu, we have discussed charge transport mechanism using
guantum tunnelling and thermionic emission. We have also discussed Poole-Frenkle emission for
the Al/Beetroot/Cu diode, using the G(V) vs V plot. We also determined the trap energy (Ec) of
the device, which is significantly lower than that of Al/Turmeric/Cu organic diode.
Al/Beetroot/Cu's insulation temperature is theoretically predicted in this chapter.

Chapter 5 describes the trap density (Nt), density of carriers (no) and mobility in Al/Beetroot/Cu
Schottky diode using the Poisson's equation. The device shows highly asymmetric current-voltage
characteristics with a good degree of nonlinearity. In this chapter we have discussed change of
nonlinearity and sensitivity of the beetroot, turmeric and indigo dye-based devices. We also
proposed a one-dimensional Al/ organic semiconductor/ Cu diode with low capacitance. This
chapter also reports the comparative study between a series of natural dyes-based diodes and
finally the comparison with our fabricated inorganic Al/TiO2/Cu diode. The impact of quantum
tunnelling phenomena in charge transport mechanism through natural dyes-based diodes also
discussed here. Finally, the simulation was utilized to develop a predicted behaviour and a better
understanding of the physical mechanisms determining the effectiveness of the device under

research.

In Chapter 6 we have discussed about the effect of ZnO nanoparticles on the electrical properties
of an organic Schottky diode based on herbal dyes. An herbal dye-based organic Schottky diode's
electrical characteristics, including as barrier height (), series resistance (Rs), threshold voltage
(Vw), and trap energy (Ec), were examined. We looked at how the presence of zinc oxide (ZnO)
nanoparticles affected the results of the aforementioned factors. It has been noted that ZnO
nanoparticles also had an impact on the aforementioned features. Based on 1-V characteristics, it
has been estimated and demonstrated the impact of ZnO nanoparticles on the charge transport



mechanism of Al/Beet/Cu. We have also used Norde function to analyse the electrical parameters.
Consequently, there is good agreement between the results obtained using the two different
approaches indicated above. It has also been investigated how ZnO nanoparticles affect several
natural dyes, like indigo and turmeric. A larger range of applicability for the current work is

revealed by the validation of the results for experimental dyes.

In Chapter 7 we have discussed about the impact of the shape of zinc oxide nanoparticles on
electrical parameters of natural dye-based FTO/Beetroot/Al Schottky diode. For this, we have
developed FTO/ZnO/Al and herbal dye-based FTO/Beet+ZnO/Al Schottky diodes using spherical
and cylindrical zinc oxide (ZnO) nanoparticles. To determine the impact of ZnO nano shape on
the performance of the reported organic Schottky diode, various electrical parameters were
examined. In this chapter we have used two different methods to determine the electrical

parameters. It was discovered that these methods were highly consistent with one another.

Chapter 8 describes as overall summary and conclusion of the work. A description of
semiconducting behaviour of turmeric, indigo, and beetroot dyes and the charge transport
mechanism has been included in the overall research work conclusions in order to improve the
performance of natural dye-based organic semiconductor Schottky diodes by lowering the ideality
factor (n), series resistance (Rs), trap energy (E:) and barrier height (¢). Even though this thesis
aims to reflect a compact substantial work, there are still numerous avenues that this research study
did not cover. Potential areas of additional research include photovoltaic performance, transient
response, career lifetime measurement, and performance of various optoelectronic devices
composed of such natural components. In this chapter, certain unresolved issues have been
mentioned. As a result, these studies were accessible for further investigation into this fascinating

subject.



1.5 References

1. Klauk H (Ed.) (2006), Organic Eletronics: Materials, Manufacturing and Applications
2006, Wiley-VCH, Weinheim. Print ISBN 9783527312641.

2. Klauk H (Ed.) (2006) Organic Eletronics: Materials, Manufacturing and Applications
2006, Wiley-VCH, Weinheim. Print ISBN 9783527640218.

3. Barbec CJ, Sariciftci NS, Hummelen JC (2001) Plasticsolar cells. Adv. Funct, Mater.11: 15-
26.

4. Kawano K, Sakai J,Yahiro M, Adachi C (2009) Effect of solvent on fabrication of active
layersin organic solar cells based on poly (3-hexylthiophene) and fullerene derivatives. Solar
EnergyMaterials and Solar Cells 93: 514-518.

5. Yu G, Jeeger AJ, Charge separation and photovoltaic conversion in polymer composites with

internal donor / acceptor heterojunctions. Journal of Applied Physics78

6. Feron K, Belcher WJ, Fell CJ, Dastoor PC (2012) Organic solar cells: understanding the role
offorster resonance energy transfer. International Journal of Molecular Sciences 13: 17019-
17047.

7. Benanti TI, Venkataraaman D (2006) organic solar cells: an overview focusing on active

layermorphology. Photosynth Research 87:73-81.

8. Haldar A, Maity S, Manik NB (2008) Effect of back electrode on photovoltaic properties of
crystal-violet-dye-doped solid-state thin film. lonics14: 427-432.

9. Thompson BC, Frechet JMJ (2008) Ploymer-fullerence composite solar cells. Angewandt
Chemie International Edition 47: 58-77.

10. Elumalai NK, Saha A, Vijila C, Rajan Jose R, Zhang Jie Z, Ramakrishna S (2013)
Enhancingthe stability of polymer solar cells by improving the conductivity of the
nanostructured MoOshole transport layer. Physical Chemistry Chemical Physics15: 6831-
6841.



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Alimardani N, Conley JF Jr (2014) Enhancing metal-insulator-insulator-metal tunnel diodes

via defect enhanced direct tunneling J. Appl, phys. 105: 082902.

Alimardani N, Conley JF Jr (2013) Step tunneling enhanced asymmetry in asymmetric

electrode metal-insulator-metal tunnel diodes. Applied Physics Letters102: 143501.

Maraghechi P, Foroughi-Abari A, CadienK, Elezzabi AY (2011) Enhanced rectifying response
from metal-insulator-metal junctions. Applied Physics Letters99: 253503

Grover S, Moddel G (2012) Engineering the current voltage characteristics of metal-insulator-

metal diodes using double insulator tunnel barriers. Solid state electron67: 94-99.

Aydinoglu F, Alhazmi M, Cui B, Ramahi OM, Irannejad M, Brzezinski A, Yavuz M (2014)
Higher performance metal-insulator-metal diodes using multiple insulator layers. Austin
Journal of Nanomedicine&Nanotechnology1(1): 1004

Maraghechi P, Foroughi-Abari A, CadienK, Elezzabi AY (2012) Observation of reson at
tunneling phenomenon in  metal-insulator-insulator-insulator-metal  electron tunnel
devices.Applied Physics Letters100:113503

Gaddala MN, Abdei-Rahman M, Shamim A (2014) Design, optimization and fabrication of a
28.3 THz nano-rectenna for infrared detection and rectification. Scientific Report4 (1): 1-9.

Grover S,Moddel G (2011) Applicability of metal/insulator/metal (MIM) diodes to solar
rectennas. IEEE Journal of Photovoltaics1(1): 78-83.

Weerakkody AD, SedghiN,MitroviclZ,Zalinge HV, Noureddine IN, Hall S, Wrench JS,
Chalker PR, Phillips LJ, TreharneR, Durose K (2015) Enhance low voltage nonlinearity in
resonant  tunneling  metal-insulator-insulator-metal ~ nanostructures.  Microelectronic
Engineering 147: 298-301.

Rad MNS, Sharbati MT, S. Behrouz S, A.R. Nekoei AR (2015) Fabrication of non-doped red
organic light emitting diode using naturally occurring Curcumin as donor-acceptor-donor (D-
A-D) emitting layer with very low turn-on voltage. Iranian Journal of Science & Technology
39A3: 297-304

10



Chapter 2

Overview on charge transportation in organic semiconductor Schottky diodes

2.1 Introduction
2.2 Organic semiconductor polymers
2.3 Chemical properties organic semiconductors
2.4 Electrical structure of organic semiconductor Schottky diodes
2.5 energy bands in polymer based organic semiconductor molecules
2.6 Charge transportation within organic semiconductors
2.6.1 CTE generation
2.6.2 CTE dissociation
2.6.3 Charge transport
2.7 Carrier recombination
2.8 Organic Metal-Semiconductor diodes with Schottky and ohmic contacts
2.9 Zinc oxide nanoparticles in organic devices
2.10 Earlier works on organic semiconductor and organic semiconductor Schottky diode
2.11 Natural dyes in organic electronics
2.12 Conclusion

2.13 References

11



2.1 Introduction

In the modern era, emerging concepts and techniques have been successfully utilized in
semiconductors at the micro- to nanoscale level. Over the past 20 years, the field in question
has demonstrated remarkable potential. The investigations focused on the optical, magnetic,
and electrical characteristics of mainly on the inorganic semiconducting materials. But the
discovery of charge conductivity in organic materials has created a new and exciting area of
study. Organic materials differ from inorganic materials in optoelectronic properties. Studies
on these materials have given material scientists a brand-new opportunity to use them as active
materials in the construction of various gadgets. The availability, low cost, the simplicity of
the film fabrication process, and flexibility spur more interest to study its applicability in
optoelectronic devices. Even so, there are several fundamental restrictions on the materials’
extensive use in device applications. When exposed to high current for an extended period of
time, some devices composed of the organic materials show low stability. Furthermore, the
disordered nature of organic semiconductors, which leaves them prone to traps, is one of the
main reasons for their poor current conduction. When trapping states are present, conduction
into the materials has a high value of series resistance. With the trap states there are so many
reasons for high series resistance and high value of ideality factor for organic semiconductor
Schottky diodes. Therefore, it is important to focus on the current conduction mechanism
through natural dye-based organic semiconductor Schottky diodes. It is also important to find
out the ways to reduce the series resistance and trap energy for good charge conduction
through natural dye-based organic semiconductor Schottky diodes. The author's interest in
conducting an examination into the matter is piqued by the following point of view. In several
chapters of the thesis, the results of the research on this topic have been discussed.

2.2 Organic semiconductor polymers

There are many organic polymers, oligomers, and single molecules can be used as organic
semiconductor materials [1-2]. Out of all the organic semiconductive materials, semiconducting

polymers are used in organic printed electronics. Organic macromolecules known as conjugated
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polymers have an alternating double- and single-bond backbone chain. Conjugated polymers serve
as one-dimensional semiconductors because of their overlapping p-orbitals produce conjugated n-
electrons. Conjugated electrons typically have excitation energies in the visible range and do not
belong to a single valence band, resulting in conjugated polymers that are optically active [3].
Section 2.7 examines the conductivity and the charge transport mechanism in conjugated
polymers. Another method for creating charges on the backbone chain of a conjugated polymer is
controlled by impurities, or "doping" procedures. The conductivity of organic semiconductor may
also be controlled by doping like inorganic semiconductor materials. By suitable doping of

polyacetylene, the electrical conductivity may change significantly.

The conductivity in oxidized and iodine-doped polyacetylene was reported in 1977 by Alan J.
Heeger, Alan MacDiarmid, and Hideki Shirakawa [4]. They discovered that when polyacetylene
thin films were exposed to iodine vapours, their conductivity significantly increased. The
conductivity varies widely, ranging from semiconducting range to those of metals [4]. The
conductivity variations of polyacetylene are shown in Figure 2.1. Scientists were given the
Chemistry Nobel Prize in 2000 "for the discovery and development of conductive polymers" [5].

Due to its instability in air and the difficulty of making films with it, polyacetylene, which is the
first and most basic conjugated polymer, was never used in practical applications [3]. But scientists
were intrigued by this peculiar finding, and it led to a flurry of research and development.
Subsequently, stable materials that can be processed from solution or even melt were discovered
and produced through appropriate chemical modifications [3]. Organic semiconductors have
advantages over their inorganic counterparts due to their low cost, mechanical flexibility, and ease

of fabrication.

All devices that can be made from inorganic semiconductors, such as transistors and diodes, can
theoretically also be made from conjugated polymers. Indeed, organic semiconductors are
currently employed as active materials in optoelectronic devices, including organic light-emitting
diodes (OLEDs) [6, 7], organic solar cells [7], organic field-effect transistors (OFETS) [8, 9],
electrochemical transistors [10], and more recently, biosensing methods [11, 12].

13



silver — 1 06

Co‘?f’oe: — polyacetylene
metals bismuth  ——t— 1 04
2
— 10
INSh  ——
— ]
germanium i 1 0-2
semi- a
conductors — 10
silicon 6
— 10"
silicon -8
bromide — 10
-10
glass —_—T1 10
DNA ——1— 10712
insulators 14
diamond =—t— 10"
sulfur =——— 0_16
quartz = -
10 18

o [©'em™]

Fig. 2.1 Comparing the range of conductivities that doped polyacetylene covers to that of other materials [3]

2.3 Chemical properties of organic semiconductors

All organic semiconducting compounds contain carbon atoms as a common component. The
covalent bond is what firmly holds carbon atoms (C) together. There may be partial ionic
interactions with other atomic elements. Carbon has an electrical orientation of He2s22p2. In such
a structure, the valence band's four electrons, or the p ones, are arranged in different bonds.
Experimental research indicates that carbon can only form up to four equivalent bonding, whereas
a structure like this would only form two. The theory of valence band hybridization is used to solve

the issue.

Conjugated compounds are organic semiconductors exhibiting sp2 hybridization, which can
change both double and single bonds. The electrons referred to as being above and below the
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molecular plane delocalize upon conjugation between the bonds. In this plane, © bonds are labelled

as HOMO when they are loaded with electrons, or as empty (LUMO).

There are two categories of organic semiconductors: organic polymers and small molecule organic
compounds. Repetition of a basic monomer forms polymeric molecules, which progressively
dissolve in solvents dependent on organic content. Molecular materials are the name given to such
substances. The structures of a few polymers and molecular compounds are displayed below in
Fig 2.2.
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Fig. 2.2 Chemical structure of some organic semiconductors

Organic semiconductors can be classified into two groups: N-type and p-type semiconductors.
However, a direct comparison of the two types of materials shouldn't be useful in this context
because of the significant differences in the doping mechanisms of organic semiconductors and
inorganic materials. MDMO-PPV, P3HT, and PFB behave like p-type organic semiconductors,
whereas MEH-PPV, F8BT, C60, and Me-Ptcdi act as n-type organic semiconductors. Based on

their chemical properties, the polymers have been found to be amenable to solution processing.

15



Such p-type polymer mixtures and, usually, n-type small molecule components that are handled

by the solution may be advantageous for photosensitive devices [13, 14].

2.4 Electrical structure of organic semiconductors

We must work with an ideal molecular system made up of two atoms in order to show the electrical
structures of organic semiconducting materials. The molecular system is described by the
molecular orbital model. The model states that when two atoms of the same energy contact, their
levels of energy are separated by forming two different energy states, one of which remains lower
than the initial energy state and the other of which belongs in a higher energy state. The Linear
Combination of Atomic Orbital concept (LCAO) approximates such molecular states. Molecule
orbitals can be compared to single atoms, as demonstrated by LCAQ. There is the expression of

the wave-function of two hydrogen atoms:
Yy = Wi5(A4) + Wi5(B) (2.1)

-r
Here W;,(4) = #e A/ao, A and B are considered as atom and r, is the distance between

0

atom A and electron and ry is the distance between electron and atom B.

From the linear combination of wave functions for both A and B, two molecular orbitals may be
obtained. There are two types of molecular orbitals: anti-bonding orbitals (abbreviated ABO), ¥_-
, and bonding orbitals (abbreviated BO), ¥ +. Figure 2.3 shows such atomic and molecular
orbitals. Atomic orbitals are added to produce the BO. BO contains two nuclei with a high electron
density. This orientation increases the atomic bond's energy and is sufficiently advantageous
because it has a lower energy E+ than an isolated atomic orbital. Conversely, the difference
between the atomic orbitals yields ABO. Given that this orientation's energy E-is higher than an

isolated atomic orbital, it is highly unfavourable in terms of molecule stability.
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Fig. 2.3 Schematic representation of energy levels of two distinct atoms, one bi-atomic molecule and a solid

In compounds resembling polymer chains with several covalently bonded atoms, superposition
takes place for every molecular orbital. Further splitting results from this interaction, as seen in
Fig. 2.3, where the energy gap (EQ) is represented by the difference between the HOMO and
LUMO.

The energy diagrams of linear organic molecules and crystalline inorganic compounds, which
include prohibited gaps with distinct energy bands, resemble each other quite a bit. However, the
energy map of many solids based on organic molecules shows a notable change. Compared to
intramolecular interactions that are covalently constrained, intermolecular interactions in organic

solids are substantially weaker.

2.5 Energy bands in polymer based organic semiconductor molecules

In conjugated polymers, electrons are similarly limited to specific energy and excluded from other
energies. An electron has a range, or band, of possible energies in the conjugated polymer, which
is the main distinction between the situation of an electron in a conjugated polymer and that of an
electron in a monomer. In actuality, the conjugated polymer's discrete monomer energy levels
dispersed into two bands of energy, each divided by an energy gap that excludes electrons from
occupying any energy levels. The lower band is referred to as the valence band, and the upper band
as the conduction band. The electrons are not always localised at a specific carbon atom once they
are released from the valence band and enter the conduction band. Rather, they are unconfined and
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able to travel about freely inside the molecule. The double bonds in this instance are dispersed

throughout the polymer chain.

If every carbon atom in the polyacetylene were the same distance apart, the material would behave
as a metallic conductor according to this concept. Actually, a metal-like, half-filled band with no
energy gap is produced by the delocalized m-electrons along the polyacetylene's main chain.
However, Pierels' theorem states that a metallic construction with an equidistant linear chain
cannot be stable. In actuality, a structural distortion known as the Pierels transition will occur in
the molecular geometry of the polyacetylene, resulting in a deformation of alternating longer and
shorter double bonds. Figure 2.4 illustrates how this bond length alternation causes a limited band
gap for polyacetylene. The band gap and imaginary energy band generation in polyacetylene are

shown in Figure 2.4.

anti-bonding 88\8,8\8
bonding 8,

%
o>

S o
3

5

Fig. 2.4 Band gap formation by localization of double bands in polyacetylene [15].

Polyacetylene, as shown in Figure 2.5, has a band gap of around 1.5 eV, while Si and GaAs have
band gaps of 1.1 eV and 1.4 eV, respectively [16]. Neutral polyacetylene is not a good

semiconductor, though.
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While polyacetylene has a significant historical significance, its conjugation can differ
significantly from other conjugated polymers by include aromatic bonds or amines in place of
carbon doubles. A bit of debate exists in the area as to whether most organic semiconducting
polymers, particularly amorphous ones, should be discussed in terms of HOMO and LUMO and
some delocalization, or whether a band model is preferable. On the basis of polyacetylene, the

conversation can go on.
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Fig. 2.5 Energy bands formation as the number of polymerizations increases [16].
2.6 Charge generation and transportation within organic semiconductors

From the perspectives of charge creation and charge transport, conjugated polymers' current

conduction mechanism differs from that of inorganic semiconductors.
Charge generation

Examining the resonance structures of conjugated molecules helps to explain how charge carriers
originate on organic semiconductors. For example, Figure 2.6 illustrates the two geometrically and
energetically equivalent resonance forms for polyacetylene, known as the degenerate ground states
[17]. As previously established in section 2.2, it is evident that the lower energy ground states are
more stable than the greater energy delocalized one, which causes Pierels' distortion of the unstable
delocalized one towards the ground states.
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Due to lattice flaws, these two ground states can coexist on the same backbone chain with a border
separating them. Even with a tiny thermal stimulation, a specific density of lattice defects may
exist [9]. Neutral solitons develop spontaneously as a result of the lattice imperfections. For
polyacetylene, Figure 2.7a illustrates the lattice defect, also known as the solitonic defect,
connected to a domain boundary. From a chemical perspective, neutral solitons are delocalized
radicals that are dispersed across seven carbon atoms: Their spin (s = 12) is equal to their charge
(g = 0). Since they are chargeless, neutral solitons do not contribute to conduction; however, as

shown in Figure 2.7b, they produce an additional energy level in the band gap with limited
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Fig. 2.6 Energy levels for the two ground states of polyacetylene [16].

A poor semiconductor is undoped polyacetylene in its crystalline state. Chemical doping can
convert crystalline polyacetylene into semiconducting or even metallic material. As a single

electron donor (reductant) or acceptor (oxidant), the dopant does not cause any chemical reactions.
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Reductants like Na, K, and Li can accomplish n-type doping, while oxidants like 12, AsF5, and
SbF5 can accomplish p-type doping [16]. Chemical doping results in several orders of magnitude

increases in conductivity and charge carrier mobility.
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Fig. 2.7 Lattice defect results in (a) neutral soliton formation, and (b) an extra energy level in the band gap of

polyacetylene [33].

Positive or negative soliton charge carriers are created by chemical doping of neutral solitons.
Figure 2.8 provides a graphical representation of how positive and negative charge carriers
develop. The positive and negative solitons have charge (q = +e or -e, respectively), but no spin (s
= 0). The positive and negative solitons form isolated charge carriers on an extra energy level in
the band gap with limited delocalization, as seen in Figure 2.8. More doping levels initially produce
more isolated positive solitons with less delocalization; but, as dopant doses rise, solitanic defect
states gradually combine to produce narrow band negative or positive solitons in the band gap.

That means polyacetylene becomes a metallic conductor at high doping levels.
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Fig. 2.8 Formation of positive or negative soliton charge carriers [16].

When photons are absorbed by inorganic semiconductors, an electron in the valence band abruptly
jumps to the conduction band, creating a free hole in the valence band and a free electron in the
conduction band. Due to the screening effect of the surrounding material, a pair of such carriers is
not affected by the mutual force of electrostatic attraction. However, the development of a bound
state occurs at very low temperatures, when the carriers' kinetic energy is comparatively less than
their effective Coulomb attraction. Exciton is generated in such bound situations [18]. Free carriers
do not exist in OSCs, in actuality. Excitons in OSCs are essentially the excited states created by
an electron-hole pair. There are various forms of excitons that arise from light absorption,
including charge transfer excitons (CTE), Wannier-Mott excitons, and Frenkel excitons. The
average distance between the hole and the electron essentially determines the classification.
Frenkel exciton hold on the same molecule and travel through a lattice as a unit. Compared to the
Frenkel exciton, the Wannier-Mott exciton has at least a factor of ten higher carrier separation.
Such excitons have relatively high dielectric constants and interaction energies. In organic
semiconductors, CTE excitons are the most prevalent. Different lattice constants result in the
delocalization of these excitons. In this context, it is pertinent to note that exciton binding energy
in organic semiconductors that exhibit stability at room temperature ranges from 100 to 300 meV,

while it varies from 1 to 40 meV in inorganic semiconductors [19, 20-22].
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2.6.1 Charge Transfer Excitons (CTE) Generation

In this instance, the electron transfer process is initiated by light and moves electrons from the
donor element (D) to the acceptor (A). One of the components is taken to the excited state in
presence of photon prior to the conduction of electron carriers:

D+A =» D™+A (exciton)

D*+A =» D*"+A™ (transfer of electron)

State of charge transformation is formed subsequently to transfer of the electron. State of charge
transformation is formed subsequently to transfer of the electron. It can be described as the jJumping
of electrons from D to A to hop around or injection towards an acceptor.

D*-b-A
A
A
&
o
=
=]
E
=
b
=
=

D-b-A

nuclear co-ordinates

Fig.2.9 Schematic representation of potential energy vs nuclear coordinate relationship where three different positions

has been given providing the excited state and charge separation state of a D-A system
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An electron transformation state of a system has been explained in Fig. 2.9. which consists of a
donor and an acceptor. Three positions of CTE on potential energy graph are represented as ground
state (D-b-A), excited state (D*-b-A) and charge separation state (D+ -b-A), where donor and
acceptor are connected by a bridge (b).

2.6.2 Charge Transfer Excitons dissociation

The dissociation of exciton yields free carriers. By combining two organic compounds with
varying energy levels, it can be discovered. From a bound exciton state to a less tightly linked
CTE, an electron can undergo charge transfer very easily. Pure polymers are a common illustration
of this state. After CT, the electron-hole distance increases, causing the binding energy to drop and
the charges to dissociate when exposed to external electric fields or thermal activation. The
hypothesis of temperature and field assisted CTE dissociation was first explained by Onsager et
al., [23], and later on it was modified by Braun et al., [19], and Tachiya et al., [20]. The dissociation
barrier at the separation distance between CT is equivalent to the Coulombic binding energy.
Generally speaking, the dissociation barrier has a value between 0.1 and 0.5 eV. In this sense, the

carrier separation distance in CTE typically falls between 1 and 4 nm [24].

2.6.3 Charge transport

Conjugated polymer charge carrier transport is modelled after extremely disordered systems and
usually occurs via hopping mechanisms. The temperature and the thermal vibrations of the
molecules affect the hopping transfer, which is dependent on the thermal excitation of the electrons
[9]. Their microscopical conductivity is actually dominated by the thermal hopping between
limited chains of conjugated polymers. In organic semiconductors, the charge carrier mobility is
restricted by this hopping process as well as the movement of positive or negative solitons along
the polymer chain. Furthermore, in the stretch direction as opposed to the perpendicular direction,
the conductivity of conjugated polymers that are stretch orientated is higher. They have an
extremely anisotropic conductivity as a result of these properties [5].

Compared to nondegenerate ground-state polymers, polyacetylene is easier to model as it is a
degenerate one. There is no degeneracy in the ground-state energy of the nondegenerate ground-
state polymers. Rather, two states with distinct energies are produced when single and double

bonds are switched [25]. These nondegenerate ground state energies result in polaron or
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bipolaronic states for charged defects instead of solitonic defects [25]. Instead of having a linear
backbone chain, the majority of conjugated polymers have a cyclic one that is conjugated to .

Table 2.1 lists a few additional common conjugated polymers.

Table 2.1 Different conjugated polymers [26]
Polymer Bandgap (eV) Conductivity (S/cm)

Polyacetylene 1.5 103 —1.7x10°
Polypyrene 3.1 102 - 7.5x10°
Polythiophene 2.0 10 - 10°
Para phenylene 3.0 102 - 10°
P-phenylene vinylene 2.5 3 -5x10°
polyaniline 3.2 20 - 200

2.7 Carrier Recombination

When an external electric field is present, opposite types of charge carriers in OSc move in the
direction of one another through Coulombic interactions. As a result, Coulombic bonds form when
the distance between an electron and a hole gets smaller than the capture radius, or rc. The formula

for calculating the precise distance at which the Coulombic force equals the thermal energy kBT
isr, =€ ’ / (4me kyT) where ¢ is the organic substance's dielectric constant. Recombination is a
T

possibility when electrons and holes have adjacent boundaries. When two such opposite charges
belong at the same location, an exciton is produced. A photon of energy is released when the
exciton that first appeared decays and undergoes radiative recombination with an electron-hole

pair. In the case of organic semiconductors, the energy source might also be non-radiative.

1) Langevin, bimolecular recombination

In certain instances, charge carriers in organic semiconductor blends are confined in material
phases, leading to interfacial recombination. The rate of recombination is decreased by such an
interfacial state of action. It should be necessary to incorporate an extra factor into the Langevin
type recombination rate to account for the interfacial contact area, which usually ranges from 10-
1to 10-3 [27-31]. Charge density dependent mobility can be stated to explain the above-illustrated
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fact. Carrier mobility is influenced by charge density, which also affects the carrier density
dependence of the recombination rate. Assuming the case of ideal semiconductors where n=p,

recombination rate can be expressed as:

R = 9 Wethn) 2 (2.3)

£€p
According to modified Langevin theory, recombination rate applicable to organic semiconductor
blends is explained by:

R = 9 ¥ettn) pa (2.4)

E€p
It is not easy to predict the prefatory and the order of reaction (1 + 1) depends on morphology of
the material sample that can be influenced by properties of material as well as conditions of sample

preparation.

I1) Auger recombination

Recombination of a hole associated with an electron with a third carrier is known as Auger
recombination. Recombination of electron-hole opposite type charge carriers releases energy that
transfers to a third charge carrier, which causes the carrier to jump higher into the band before
returning to the band edge regime. The initial charge pair's energy dissipates as phonons, or thermal
heating.

Situated in a defect, a trapped carrier recombines with the counter charge to form a trapped CT
state in practice. Any interaction between such trapped CT states and free carriers can result in the
Auger process. In this process, all of the recombination energy is fully utilized to match the kinetic
energy of the additional free charge carrier. When this kind of recombination occurs close to a

surface, photoemission can be seen [32].

2.8 Organic semiconductor Schottky diodes

Molecular electronics can benefit greatly from the unique optical, magnetic, and electrical
properties of organic semiconductors. Schottky diodes are semiconductor diodes created when a
semiconductor and a metal combine. They bear the name of the German physicist Walter H.
Schottky. They switch on quickly and have a little forward voltage drop. When it comes to getting
around the drawbacks of pure organic semiconductors, composite materials are essential. In order

to maintain high electrical conductivity and other desirable qualities, these materials blend
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conducting and insulating polymers to improve mechanical strength. Polyaniline, a p-type

semiconductor, and polystyrene are joined to create one such composite system [33].

The active material in organic Schottky diodes is a polycrystalline organic semiconductor layer. A
rectifying contact, also known as a Schottky contact, is formed on one side of this layer.
Conversely, between the organic semiconductor and the ohmic contact layer, an amorphous doped
semiconductor layer serves as a buffer. The modified Schottky equation can be used to fit the
observed current-voltage (I-V) characteristics of the polyaniline-polystyrene Schottky diode in a
satisfactory manner. The non-linear charts in these examples show rectification behaviour.
Furthermore, plots of capacitance versus voltage (C-V) are almost linear in reverse bias [33]. It is
possible to compute several junction parameters, including ideality factor and barrier height, using
temperature-dependent I-V and C-V data. According to these findings, composite materials
outperform pure semiconducting polymers in terms of mechanical strength and diode quality.
Microelectronics, which includes transistors and diodes, uses organic Schottky diodes. Scientists
are still investigating new materials and manufacturing processes to improve their properties and

increase their use in developing technology.

2.9 ZnO nanoparticles in organic devices

ZnO nanoparticles (NPs) have become increasingly important because of their unique chemical
and physical characteristics [34]. In flexible electronics, they are among the well-known electron
transporting layers (ETLs), particularly in organic solar cells (OSCs) [35]. This is because of their
high mobility and transparency, compatibility with large-area fabrication techniques, annealing-

free and solution-processable features, etc [36].

Chemical techniques including the mechanochemical process, controlled precipitation, sol—gel,
vapour transport, solvothermal, hydrothermal, and emulsion and micro-emulsion environments
can all be used to create ZnO NPs. Plant extracts have also been utilized in environmentally
friendly ways to synthesize ZnO NPs. Polymer substrates and organic (carboxylic acid, silanes)
and inorganic (metal oxides) compounds can be used to modify ZnO NPs. It has been demonstrated
that OSCs perform better when ZnO is modified with organic compounds. Zinc oxide (ZnO)

possesses a multitude of distinctive chemical and physical characteristics, including high chemical
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stability, high electrochemical coupling coefficient, broad range of radiation absorption, and high
photostability. These attributes set ZnO apart from other metal oxides and allow for a wide range
of applications in various fields. Because zinc is in the second group of the periodic table and
oxygen is in the sixth group, ZnO is classified as a group I1-VI semiconductor in the field of
materials science. Its covalence lies close to the line separating covalent from ionic
semiconductors. ZnO is the most preferred multitasking material due to its excellent transparency,
high electron mobility, large band gap (3.37 eV), strong room temperature luminescence, high
mechanical and thermal stability at room temperature, broad range of radiation absorption, and
high photostability. It also has an oversized exciton binding energy (60 meV) [34-36]. It is
regarded as a potential material in laser technology, optoelectronic applications, and electronic
applications due to its unique optical and electrical properties [36-40]. Zinc Oxide (ZnO) is one of
the nano-sized metal oxides that has been extensively studied to potentially benefit from its
antimicrobial and antitumor properties [34-36]. Certain cosmetic lotions contain ZnO due to its
absorbing and blocking properties [33-35]. ZnO has additional uses in human medicine, including
as an astringent (to promote wound healing), a treatment for eczema, hemorrhoids, and excoriation.
[36-38] ZnO nanoparticles' distinctive qualities have recently garnered attention. ZnO
nanoparticles’ wound-healing, antibacterial, antineoplastic, and antigenic qualities make them
highly promising for use in veterinary medicine. Zinc oxide (ZnO) materials have been more
effective recently due to a multitude of research studies and experimental analyses that have
produced nano-structures where each nano-dimension is reduced to generate nanowires, thin films,
and other structures for a variety of applications, including defence against intracellular pathogens

and brain tumours.
2.9.1 Electronic properties of ZnO nanoparticles

The electronic, optical, and electrochemical properties of zinc oxide (ZnO) nanoparticles are
remarkable. Because of its 3.37 eV wide bandgap, ZnO nanoparticles can function at substantially
higher voltages, frequencies, and temperatures than traditional semiconductors [37-41]. Several
nanostructured ZnO morphologies, such as nanoparticles, nanorods, nanoribbons, and nano
shuttles, have been thoroughly studied in terms of their optical, electronic, and structural
characteristics [37-41].
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Grain boundaries and the semiconducting nature of ZnO nanostructures affect their electrical
conductivity [42-43]. Compared to other nanostructures, ZnO nanorods exhibit higher electrical
conductivity, whereas ZnO nano shuttles exhibit the lowest electrical conductivity [36-40]. ZnO
nanoparticles, ZnO nanorods, ZnO nanoribbons, and ZnO nano shuttles have optical bandgap
energies of 3.30, 3.33, 3.39, and 3.36 eV, respectively [37-43]. The morphology and particle size

of ZnO nanostructures determine their structural, wettability, optical, and electrical characteristics.
2.9.2 Incorporation of ZnO nanoparticles in organic devices

There are various advantages when using ZnO NPs in organic electronics in conjunction with
organic semiconducting materials. ZnO NPs can be utilized in organic solar cells as interlayers for

electron transport, which will enhance the stability and efficiency of OSC devices [44].

. ZnO NPs can also be used in conjunction with materials that have smaller energy gaps, like
organic polymers, dye sensitizers, and semiconductors with smaller band gaps, to increase their
light absorption into the visible region [44]. In order to improve the main layer's adhesion to the
substrate and provide nucleation sites for the growth of nanowires, ZnO NPs can also be utilized

as a seed layer [45].

We have chosen to use ZnO nanoparticles in our work because of all the aforementioned features.
Chapters six and seven provide a detailed discussion of the effects of incorporating ZnO

nanoparticles with organic electronic devices based on natural dyes.

2.10 Earlier works on organic semiconductors

Research on organic semiconducting materials has traditionally concentrated on molecules that
belong in a crystalline state. It was discovered that molecular crystals that resemble anthracene
and naphthalene exhibited semiconducting characteristics [46]. Organic molecules' photosensitive
conductivity and anthracene-based electroluminescent devices were first described in the 1960s
[47-49]. However, because of their chaotic amorphous structure, which at the time produced poor
semiconducting characteristics, organic materials were typically regarded as exotic materials with
little potentiality in device application. A few years later, chromophores were used to characterize

polymers as side group elements as well as in the polymer chain. Due to their variety in material
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usage and environment-safe use, multilayer photosensitive organic semiconductors supplanted

amorphous selenium and silicon in the 1970s [50].

Doped polyacetylene, the first polymer with noticeably high conductivity, was first published in
1977 [51]. The doped polymers were initially very unstable in air and extremely challenging to
process. The aforementioned materials can still be processed and are stable in nature in new,
ungraded generations. For common insulators like silicon, electrical conductivity obtained in this
generation varies from 102 S/cm to 10®° S/cm. Such polymers started to show up in new
applications during that time period, including coatings and blends for electromagnetic shielding
interference and electrostatic dissipation, conducting layers for optoelectronic devices, and
anticorrosion coatings for various metallic surfaces [52]. However, the growing use of organic
semiconductors in electronics has been constrained by some fundamental limits. In inorganic
crystals, a strong coupling force that acts over a wide range of the constituent atoms drives the
delocalization of electronic states and enables the creation of an energy gap between the valence
and conduction bands. Executing a photo-excitation or thermal activation process will generate
free electrons in the conduction level and living positive holes in the valence band. Bloch function
and the k-space dispersion relation of solid-state physics can both be used to describe how these

free charges conduct [53].

Intermolecular connections in organic semiconductors are typically covalent, however these
contacts are much weaker due to van der Waals and London forces. Therefore, it follows that the
transport bands are sufficiently smaller as compared to inorganic materials. As a result, when there
is systemic disturbance, energy bands are easily disrupted. Excitations and inherent interactions
that are mentioned on the molecular crystals' atoms are therefore more important than the
applicability of energy band idea. In essence, organic materials possess - conjugated electrical
characteristics created by the overlap of carbon atoms' pz orbitals. Due to this orbital overlap, P-
electrons get delocalized, and the energy band gap between the highest-occupied molecular orbital
(HOMO) and lowest-unoccupied molecular orbital becomes relatively narrow (LUMO).

The fact that solid state molecules have lower coupling results in the conclusion that the charges
in such materials are sufficiently confined. Conduction occurs in a sequence that switches between
multiple molecular states, which is remarkably similar to the hopping transport that occurs in

various defect states in inorganic semiconductors [54].
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Excitons are also created when light is absorbed by organic semiconductors, which do not
thermally separate into free carriers at room temperature. Therefore, the generation of stable charge
states after photon absorption occurs infrequently; instead, charges develop when excitons are
quenched by material impurities. These were the contributing elements to the extremely poor

device efficiency.

After some time, Tang et al study’s [55] created the donor-acceptor interface (D-A interface),
which is generated at the junction of two bilayers of organic materials with differing electro
negativities. By dividing the excitons created by the photons' absorption into charge carriers, this
difference in electron affinities creates an effective force for the transition of carriers towards
excited states.

The development quickens the process of realizing the physics of organic semiconductors for both
tiny organic molecules and organic polymers in the late 1980s. The fact prompts (i) the
demonstration of improved performance of electroluminescent devices made by multilayer
vacuum-sublimated organic dye based thin films at Eastman Kodak (increasing the luminescent
efficiency by nearly two orders of magnitude to 1% at nearly 10 volt of operating voltage)[56], (ii)
the explanation of the report of conjugated oligomers and organic polythiophene based
transistors[57-58], (iii) discovery of optoelectronic device from conjugated polymers at
Cambridge University [59], (iv) hetero-structure based efficient solar cell [60]. Recently, in 2000s,
Nobel prize has been won by Heeger-Mcdiarmid-Shirakawa for their remarkable work on

development and application of organic semiconductors.

2.11 Natural dyes in organic electronics

Recently, a thorough investigation was conducted on the optoelectronic characteristics of natural
dyes derived from beetroot, red cabbage, walnut leaves, and henna [61]. Study results showed that
the henna dye had minimum values for all three of these properties, while the red cabbage dye had
maximum values for refractive index, dielectric constant, and optical conductivity. The transition
type between the bonding and antibonding molecular energy levels was identified as the direct
allowed transition of the dyes' optical absorption [62].
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The research progress on natural dyes over the past ten years is summarized in another review
article [62]. Organic light-emitting diodes, dye-sensitized solar cells, and organic field-effect

transistors are just a few of the applications for natural dyes that are highlighted in the article [62].

In summary, organic electronics has demonstrated a great deal of promise for natural dyes. These
are affordable, easily obtainable, and environmentally friendly. Improvements in efficiency and
sustainability in electronic devices could result from more research in this field. The experimental
research work of the thesis consists of three natural herbal dye-based organic semiconducting

materials such as turmeric dye, indigo dye and beetroot dye.

2.12 Conclusion

An extensive overview of OSCs is given in this chapter. There has been discussion of previous
important works on theoretical and experimental research based on OSCs. The chemical
characteristics of these semiconductors have received attention. An example of how their bonds
form in various small organic molecules has been presented. The electronic structure of OSCs has
subsequently been shown. These materials can be divided into three categories based on the levels
of disorder produced by their amorphous nature: highly ordered systems, slightly disordered
systems, and highly disordered systems. This chapter has purposefully included a brief discussion
of these systems. The recombination process and exciton generation in OSCs have been discussed
in the following section. In the current discussion, a pertinent comparison between two distinct
types of recombination processes—Langevin recombination and Auger recombination—has been
obtained. Once more, we have covered the electrical and optoelectronic properties of zinc oxide
nanoparticles. The following chapter will provide a detailed theoretical interpretation of the charge

transport modelling in the Schottky diode based on organic semiconductors.
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3.1 Introduction

The objective of our work is to study the charge transport mechanism through the natural dye-
based organic Schottky diodes. For this we have selected few organic natural dyes such as
turmeric, beetroot and indigo. In the previous chapter a review on charge transport mechanism
through some organic polymers has been done. In this present chapter we will present the
semiconducting behaviour of turmeric dye and the effect of temperature and light on
Al/Turmeric/Cu device. Turmeric, a common spice and medicinal herb, provides a sustainable and
eco-friendly source for semiconductor materials. Researchers appreciate its renewable nature and
low environmental impact. The chemical formula of turmeric dye is C21H200e. Turmeric dye,
unlike certain synthetic dyes, is non-toxic, making it safer for both fabricating processes and
possible applications. Turmeric dye provides very easy surface modification, increasing its
applicability in device fabrication. Its biocompatibility opens the way for electronic and

optoelectronic applications.

Recently organic polymers are drawing considerable attention to the researchers for its promising
opto-electronics properties. Organic materials have such advantages over inorganic materials
which we have discussed in first chapter [1-19]. The natural herbal dyes have potential to play a
role as photosensitizer and also possess some excellent film forming properties. The donor-
acceptor (D-A) type chromophores with low band gap are particularly of interest. The band gap
levels and other optoelectronic properties of the chromophores can be easily tuned. Since naturally
occurring curcumin behaves as a donor-acceptor-donor (D-A-D) chromophore [20],
turmeric(curcumin) based natural dye has been introduced in the present work for the formation
Al/Turmeric/Cu device. The advantages of choosing curcumin as barrier are the followings: (i) it
is known that thin dielectric between two metal layers forms a parallel plate capacitor of high
capacitance with large time constant (TC). It means a small value of maximum operating frequency
while applying in communication system. This is not good enough for acceptance in the device of
high-speed communication. But curcumin has small dielectric constant k [21] which reduces the
capacitance of the device, (ii) the electroluminescent peak emission for curcumin occurs at
wavelength 612 nm and (iii) in comparison to other chromophores this is less expansive,
compatible and naturally available non-toxic dye [22]. The main focus of this experiment is
whether this device behaves as a superior diode with acceptable rectifying characteristics or not.
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In this present work it is found that these dye-based device behaves like a diode. The I-V
characteristics of the diode are determined to find diode asymmetry which is simply defined as the

ratio of forward current to reverse current (I¢/Ir).

Schottky barrier diodes are very important devices in modern electronics and semiconductor
studies because of its high current density and low forward voltage drop. These diodes show fast
response due to current flow mainly by majority carriers. The 1-V characteristics of Schottky
diodes are depend on the nature of the metal / organic semiconductor junction. In practice it is
found that these Schottky diodes do not behave as ideal diode due to the effect of series resistance
(Rs), formation of barrier height, insulating layer between metal and metal interface states etc. One
of the important parameters is the series resistance for which the characteristics of Schottky diodes
to be non-ideal [23- 25]. Present work demonstrates the metal-insulator-metal Schottky diode
using natural dye (turmeric), where two different metals having different work function has been
chosen as front and counter electrodes. There is a variety of factors on which the current transport
mechanism in these devices depends such as, fabrication parameters of semiconductors, formation

of insulator layer, device temperature and bias voltage, etc.

The detail fabrication and characterization of Al/Turmeric/Cu diode is presented here in this work.
Outcome of the experiment shows excellent result to improve the rectification ratio of the device.
Observation represents that our achieved rectification ratio (asymmetry) is 30 at the 4V bias
voltage which indicates enormous improvement over the previous highest reported rectification
ratio 10 at 3 V for a double insulator layer MIIM device [19]. Observation also leads to conclude
that the series resistance of the device decreases with temperature. From the calculated values of
nonlinearity, sensitivity and energy gap between HOMO and LUMO of curcumin molecule, the

device has a great acceptance in optoelectronics application.

3.2 Materials and methods
The detail fabrication and characterization of Al/Turmeric/Cu diode is carried out in step by step

and described in the following subsection for better understanding as follows.
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3.2.1 Materials
Fig.3.1 shows the pictorial representation of raw herbal turmeric and the Al/Turmeric/Cu device.

Turmeric (Curcumalonga) is rhizomatous herbaceous perennial plant of the ginger family
Zingiberacuae [26]. It is native to Southeast Asia, and requires temperatures between 20 and 30 °C
and a considerable amount of annual rainfall to thrive. The main organic compound in turmeric is
curcumin. This is yellow colour pigment present in turmeric plant roots. In the present work natural
curcumin dye was extracted from turmeric plant root, which has been bought from local market.

(@) Turmeric (b) Turmeric paste

(c) Al/Turmeric/Cu (d) Turmeric solution

Fig.3.1 Pictorial representation of Al/Turmeric/Cu raw herbal Turmeric
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Turmeric consists of 60-70% carbohydrates, 6-10% water 6-8% protein and rest of other materials.
Its phytochemical components include diarylheptanoids, demethoxycurcumin and
bisdemethoxycurcumin, germacrone, atlantone and zingiberene and other materials. Its chemical

structure has been shown in Fig.3.2.
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Fig. 3.2 Pictorial representation of chemical structure of turmeric

3.2.2 Preparation of the dye solution

We have purchased raw turmeric root shown in Fig. 1(a). Here used methanol (99.9%) was
purchased from Changshuhongshu fine chemical co Itd. After cleaning and washing the paste of
turmeric was prepared as shown in Fig. 1(b). Here we have used methanol-based solution (22gm
raw turmeric and 180 ml methanol) of turmeric. The solution was stirred for half an hour at room

temperature.

3.2.3 Fabrication of the diode

The aluminium and copper substrates were cleaned for 10 minutes using distilled water in
ultrasonic cleaner and after drying, the substrates were etched with HF and H20 (1:10) to remove
the native oxide from the substrate. And the film was coated on aluminium substrate using a spin
coater with angular rotation of 1000 rpm at room temperature. The copper was formed on turmeric
film through a shadow mask in the vacuum system at 1002 mbar. Finally, the diode was fabricated
(shown in Fig. 3.1c) and the fabricated device was kept at 50 °C for 1 hour to let the moisture in
the film evaporate. Here we fabricate two different diodes for I-V and temperature dependent I-V.
These two Al/ Turmeric/ Cu devices are of contact area 4 mm? and 2.2 mm?. For these two

experiments the used dye layers are of different thicknesses (42um and 84 pm) and thickness of
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the Al electrode is .05mm. Firstly, ampere-volt measurements were held in dark. Then we have
used a 100w bulb and a convex lens of focal length 20 cm to illuminate the sample and effect of

light on the I-V characteristics was observed.

Al

: —ﬁdhﬁﬁﬁﬁ;ﬁh—

Variable resistance Turmeric

DC power supply

Fig.3.3 experimental arrangement and circuit diagram for electrical characterization of turmeric dye-based device.

3.3 Results and discussion

The experimental arrangement and circuit diagram for electrical characterization of turmeric dye-
based device is shown in Fig. 3.3. It works in such a way that when a current is passed through
these two layers of metal, the electrons get induced to quantum mechanically tunnel from one piece
to other piece of metal passing through the thin insulator placed between them at very low voltage.
When electrodes with different barrier heights as well as different work functions (4.26 eV and
5.10 eV for Al and Cu respectively) are used, an internal electric field will build up resulting from
a built-in voltage Vi, which equals to the difference in work function of the electrodes. So, when
voltage is applied across the metal insulator metal diode, electrons preferentially make a tunnel in
one particular direction over the other, therefore resulting in the formation of a diode [27]. Fig.3.
4(a) and 3.4(b) shows the current voltage characteristics of the Al/Turmeric/Cu device for
resistance R=0 and R=1 KQ respectively, performed at room temperature. These characteristics

indicate a non-linear, asymmetric behaviour with high rectification ratio. If this device is
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considered as metal-insulator-metal (MIM) tunnel diode, a quantum mechanical tunnelling action
takes place. Quantum mechanical tunnelling depends on the metal structure and a small area of the
metal surface induces a low tunnelling voltage with higher tunnelling current [28]. If the surface
area of the two metals is different, tunnelling-voltage is to be different and much more asymmetric
graph will be obtained. Due to the reason mentioned above, two metals (Aluminium and copper)
of different work function with different surface area have been used, which are described by
figure 3.4(c). A thin turmeric layer is deposited between aluminium and copper plates. The area of
contact in this experiment is 4 mm?. The flow of electron occurs from one metal to another through
the insulating layer (turmeric) by the field-effect tunnelling. This tunnelling probability is to be
controlled by the contact area of the metals and the bias voltage. In this device at very low
temperature current conduction mechanism is dominant by quantum tunnelling. The energy band
diagram depends on work function of metals (4.20, 5.10), electron affinity of curcumin (1.9 — 2.4
eV) [29] and the band gap of curcumin (2.6 eV). The energy band diagram of Al/ Turmeric/ Cu at
zero bias is shown in figure 3.4c. For a negative bias, shape of the energy band diagram alters and
it is shown in figure 3.4d. From figure 3.4(d) it is shown that electrons in Cu may tunnel into the
vacant states of Al. For very small thickness of turmeric layer there is an occurrence of quantum
tunnelling of electron through it. This tunnelling probability depends on the applied voltage. In
this figure 3.4d the applied voltage is slightly greater than the barrier height at the junction of Al
and turmeric. When this bias voltage is increased, there is a decrease in width of the insulating
layer near the Fermi level. So, there is an increase in tunnel current due to the decrease in tunnel
distance. When a positive voltage is applied to the device same phenomena arises. In this case
tunnelling occurs from Al to Cu. Here for a voltage above the barrier height, the current also
increases with the decrease in tunnelling distance. So, work function difference is the main reason

for the asymmetric behaviour of the 1-V characteristic for Al/Turmeric/Cu device [30].

In this device current conduction occurs either by quantum tunnelling or by Schottky emission.
We know that for any organic material current conduction is governed by other different
mechanism. For turmeric the band alignment for insulating and semiconducting turmeric is shown
in Fig. 3.14. Since the band offset is very small so copper forms ohmic contact. For MIM diode
tunnelling current should be directly proportional to the bias voltage for bias voltages less than
barrier height and should increase exponentially with voltages when the bias becomes comparable
to the barrier height. For this work 1.85 eV barrier heights along Al/Turmeric contact and there is
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ohmic behaviour at Cu/Turmeric contact. In presence of a series resistance of 1kQ the device
behaves like a MIM diode and the I-V characteristics shown in Fig. 3.4(b) is a typical MIM |-V
characteristics. But Fig. 3.4(a) shows Schottky diode I-V characteristics of an Al/n-type
semiconductor for the device structure which is similar with a band bending shown in Fig. 3.4(c).

In the present device, current conduction mechanism occurs due to quantum tunnelling and
thermionic emission. At very low temperature (below 170 K), when turmeric (curcumin) behaves
like an insulator then quantum tunnelling dominant over thermionic emission. Here the tunnelling
occurs between two dissimilar work function metals Al (4.20) and Cu (5.10) separated by turmeric
layer. In current conduction mechanism electrons face off non-identical barriers (piand @)
because of the work function difference between Al and Cu. A voltage was applied to Al and Cu
was grounded for biasing the device. In the presence of 1 k€ resistance in series and temperature
below 190K in this device, there is a domination of direct tunnelling (DT) for low forward and low
reverse bias, where the applied bias is less than the barrier height. On the other hand, for high
forward and high reverse bias that means when the bias voltage is greater than the barrier height
then the current conduction is dominant by Fowler-Nordheim tunnelling (FNT) [31]. But the
temperature dependent I-V shown in Fig. 10 shows that thermionic emission is dominant over
guantum tunnelling in current conduction mechanism of this device. Fig. 3.4(a) and Fig. 3.10
demonstrate Schottky diode I-V characteristics of Al/Turmeric/Cu device at room temperature and

above.
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Fig. 3.4 (a) Current density vs Voltage for R =0 Q
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Fig. 3.4 (b) Current vs Voltage for R=1 kQ
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Fig. 3.4(c) Energy band diagram of Al/ Turmeric/ Cu diode at zero bias where we assume the Fermi levels
of the Al and Cu have same height.
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Fig. 3.4(d) Energy band diagram of Al/ turmeric/ Cu at reverse bias.

Figure 3.4(a) shows that I-V characteristics are non-linear and asymmetric with very low turn on
voltage (below 1V). This non-linear asymmetric behaviour can be explained with the junction
resistance and interface states of junction. Due to different injection direction the energy barrier of
this device is asymmetric. The barrier varies with bias voltage due to the injection of electrons
from curcumin, on the other hand when electrons injected from cathode (Cu), the barrier height
remains constant. When a positive voltage applied, the Al/Curcumin barrier will decrease and
electron will transport through the junction. When negative voltage applied, electron transportation
is controlled by Cu/curcumin barrier. If the turmeric (curcumin) behaves like organic
semiconductor then the depletion layer at the junction is to be decreased at forward bias and
increased at reverse bias. As a result, the ampere-volt (I-V) characteristic is to be non-linear and
asymmetric. So, the device then behaves like a Schottky diode, and the current of the device is

obtained due to thermionic emission and it is given by Equation (3.1) and (3.2) [32]:

I = I[exp (- =% (3.1)

Where, lo is the reverse saturation current and given as Equation 2:
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I, = AA'T?exp (-2 (3.2)

Where, A is contact area of the device,

32

30 4 - .

: Al/Turmeric/Cu
28 4 . .

] without any external resistance
26 +

E [ ]
24
22 4
20 4
18 [ ]

o] T

14 4

Rectification Ratio

Bias (V)

Fig. 3.5 Plot of Rectification Ratio (RR) vs Voltage for R=0 ohm

The reverse saturation current is derived from the straight-line intercept of In (I) at zero bias
voltage. To evaluate the rectification behaviour of the device, the 1-V characteristics was measured
under ambient condition shown in Fig. 3.4a and Fig. 3.4b, and asymmetry, nonlinearity and
sensitivity of the device are extracted from this I-V. The characteristic shows the rectifying
property of the device with non-linear manner. The rectification ratio (RR) is determined from the
ratio of the forward current to the reverse current at a certain applied voltage. In this experiment
we observed that the rectification ratio varies with applied voltage. For this Al/Turmeric/Cu
junction device the maximum value of Rectification Ratio was found to be 30 at 4 V. Fig.3.5.
shows the variation of Rectification Ratio (RR) with applied voltage (V). Ideality factor (n) is the

most important parameter of the diode calculated by using the following Equation (3.3) [33]:

n=-=L (%) (3.3)
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Where V is the applied voltage, T is the temperature in Kelvin. The value of ideality factor for an
ideal diode is to be 1. For a real Schottky diode the value of ideality factor is greater than 1. In this
experiment the value of ideality factor is found to be about 6.56. It is quite normal to have high
value of ideality factor of herbal and organic devices because of their disordered amorphous nature.
This greater value of ideality factor might be explained from the recombination of electrons and
holes in the depletion region and it is also associated with Fermi-level pinning at the interface
region. In this device thickness of the dye layer is greater in comparison with normal Schottky
diode. The greater thickness of the curcumin layer leads to a huge recombination of electrons and
holes. So, the probable reasons of high value of ideality factor of the device are that potential drop
in the interfacial layer and the presence of excess current and a high recombination current through
the interfacial states between metal curcumin layers 34, The In(I) vs V characteristic is linear at low
forward bias, but at higher forward voltages the characteristic becomes non-linear. This deviation
from the linearity occurs due to the effect of series resistance. The complex behavior of non-ideal
diodes arises due to the occurrence of various conduction mechanisms [34]. For such non-ideal

diodes, the following modified Schottky equation as given Equation (3.4) can be used [35]:

=1y [exp (qV_IRS) — 1] + Iy, [exp (qV_IRS) - 1] + s (3.4)

n{kT nykT Rgn

Where, Rs is the series resistance and Rsh is the shunt resistance. Fig. 3.6 shows the variation of
junction resistance (R; = dV/dl) with applied voltage (V). The non-linear behaviour of the current-
voltage (I-V) characteristic for this device can be achieved by the variation of junction resistance.
At certain positive bias the junction resistance reduces to a minimum value. This value of the
junction resistance is called series resistance (Rs). On the contrary, with a certain negative voltage
the junction resistance increases to a maximum value. This value of the junction resistance is called
shunt resistance (Rsh). It is observed for this device the Values Rs and the Rsh are found 8 KQ and
100 KQ respectively.
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The sensitivity vs voltage graph for this device is shown in Fig.3.8. The maximum sensitivity
was found 4.3 V! at -2 V. The sensitivity is the measure of rectified dc voltage or current with
respect to the input power. We can see from Figure 6 that the slope of the junction resistance
(Rj) at -2V is steeper. Due to this rapid resistance change there is a maximum nonlinearity in
current is 1.9 shown in Figure 3.9. Because of this there is the maximum sensitivity 4.3 V! at
-2V. The maximum sensitivity was found 0.1V! under an applied bias 5V and 4.3 V'at-2 V.
The variation of nonlinearity factor for the above device is shown in Fig.3.9. The diode’s non-

linearity is given by,(j—;) %; Where, dl, dV, | and V are variations in current, variation in

voltage, current and voltage respectively. Nonlinearity is a measure of deviation of the I-V
characteristics of an electrical device from Ohmic I-V characteristics, which means deviation
of the device performance from the linear behavior. From fig. 3.9, it is observed that the
nonlinearity is maximum at very low bias voltage and its maximum value is 1.9, which

quantitatively benchmarks the capability of a diode working as a rectifier.

It is observed that the I-V characteristics vary from diode to diode. At first, we fabricate the
device for I-V characteristics and we have done the experiment. Then after one month we
fabricate another device and we have done the experiment for temperature dependent 1-V. For
these two I-V we have used two different Al/ Turmeric/ Cu devices with different contact area
4mm?, 2.2 mm? and of different thickness. Because of this there is a change in current in two
different I-V characteristics. The temperature dependent current — voltage (I-V) measurements
were made over the temperature range of 28 °C — 65 °C. From Fig.3.10 we observed that, the
I-V characteristics changes very much with temperature for Al/Turmeric/Cu device. This
shows that in our device thermionic emission is dominant over quantum tunnelling. The values
of series resistance have been changed from 0.056 MQ (at 65 °C) to 1.1 MQ (at 28 °C). When
the temperature is below 190 K, turmeric behaves like an insulator and the device is like a MIM
diode. At room temperature and above, when thermal energy of electron is greater than the
band gap of curcumin then turmeric behaves like a semiconductor and the device is a Schottky
diode. If we consider turmeric as n-type semiconductor then the Schottky junction formed
between Al and turmeric. Before the contact formation the Fermi level of turmeric is higher
than Al, but after the formation of contact the Fermi levels must line up at equilibrium that
means there is a conduction of electron from the conduction band of the turmeric to empty
energy states above the Fermi level of Al. Due to this motion of electrons there is positive

charges on the turmeric side and electrons on the Al side, which forms an electric field directed
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from turmeric to Al. After the formation of Al-Turmeric junction electrons are not only
conducted from the surface of turmeric but also from a certain depth. Because of this there is a
formation of depletion region at the Al/Turmeric junction. Since the depletion region extends
within a certain depth in the turmeric so there is a bending of the energy bands on the turmeric
side and the energy band bends up continuing from turmeric to Al [36] shown in Fig. 3.14.
Band bending for p-type conductivity of turmeric shown in Fig. 3.14(c) (this band bending will
be upward at Al/Turmeric interface for n-type conductivity).

When temperature of the device increases, thermal energy of the electrons increases and the
depletion layer decreases. As a result, current increases and the series resistance decreases with
temperature. Variation of series resistance changes with temperature shown in Fig.11, which
reveals that Series resistance (Rs) decreases with increase in temperature. Current transport
across the metal semiconductor junction is a temperature activated process, because of these
electrons at low temperatures are able to surmount the lower barriers and current transport will
be dominated by current flowing through the paths of lower Schottky barrier height with a large
ideality factor. At room temperature the barrier height increases with temperature and bias
voltage [37, 38]. The temperature dependent current-voltage (I-V) characteristics are indicating
the dominance of quantum tunnelling mechanism at low temperature and the dominance of
thermionic emission mechanism at higher temperature. From quantum mechanical calculation
using Gaussian 03W package and density functional theory (DFT) [39], it is observed that two
oxygen atoms are responsible for push-pull effect through 7 electron delocalization in curcumin
molecule. In curcumin atom there is a single pair of oxygen in hydroxyl group, which pushing
the aryl residual electron into @ conjugated system. So, the electron is pulled out to one of the
carbonyl groups. There is a difference in electronegativity and oxygen hybridization in C-O
and C=0. The calculated value of energy difference between HOMO and LUMO is 2.95 eV
(at 420 nm) [20]. Which shows, it might behave as an organic semiconductor and has great
possibility of using as an organic light emitting diode? On a semi-logarithmic scale, the
forward-bias I-V characteristics are linear at low bias voltages, but there is a deviation from
linearity due to the effect of series resistance, the interfacial insulator layer and the interface
states when the applied voltage is sufficiently large. Main problem of this device (diode) is that
current decreases with time. This occurs because of the space charges at the junction. If we use
some impurity (or electrolyte) with the turmeric (curcumin) layer which can trap the electrons

and may resolved this problem.
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3.3.1 Absorption spectra of curcumin

Perkin-Elmer Lambda 25 UV-V spectrometer is used to measure the absorption spectra of
curcumin as a solution in pure methanol, shown in Fig. 3.12. The value of energy gap between
HOMO and LUMO levels of curcumin is 2.95 eV (at 420 nm), which is calculated from
absorption spectra of curcumin [20]. The HOMO and LUMO levels are shown in Fig. 3.13.
This energy gap is less than 5 eV and the temperature variation of series resistance shows that
curcumin might behave like a semiconductor and the Al / Turmeric / Cu device is a surface
type Schottky diode which is much better than organic Schottky diodes with high ideality
factor. There are different number of mechanisms for current conduction. If the temperature is
below 190K turmeric (curcumin) is insulator then there is only Quantum Tunnelling but in this
temperature range (25°C-65°C) Richardson-Schottky emission (thermionic emission through
Schottky junction in presence of electric field) dominant over Quantum Tunnelling and Poole-

Frenkle emission, which we have observed in the next chapter.

1.0 1 I\\
0.8 /
| |
= Ve
< 06 .
N
> /
h—
3 04- - \
[¢D)
& ]
2 /
024 g —
-\
0.0 . -
T T T T T T T T T T T T T
300 350 400 450 500 550 600

Wavelength in nm

Fig. 3.12 represents the absorption spectra of curcumin

But the problem of this device is the stability, load current decreases with time. At the moment
of photo excitation, the curcumin dye emits the electron which travel through the film by
diffusion into the conduction band of metal and hole is generated by photon excitations on the
molecule. Since the HOMO of dye is separated from all other energy levels of the device, there
is no energy channel for the hole to diffuse into electrode, causes current decrease with time.

To reduce this problem authors suggest using an electrolyte. In that case the holes will be filled
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up by electrons from electrolyte ions, will help to conduct current between cathode and the dye
molecule. Another problem of this device is its trap energy, which we discussed in detail in the

next chapter [40].
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Fig. 3.13 (a) Energy band alignment for turmeric (curcumin) in methanol with respect to vacuum, (b) insulating
behaviour of turmeric for a temperature below 190K and (c) band bending for p-type conductivity of turmeric
(this band bending will be upward at Al/ Turmeric interface for n-type conductivity).

3.4 Conclusions

The electronic parameters of Al/Turmeric/Cu surface type Schottky diode have been evaluated
in this chapter by current-voltage method at room temperature. Also, the electronics properties
of Al/Turmeric/Cu device have been investigated by temperature dependent current-voltage (I-
V) measurements at different temperature using another diode. The average values of ideality
factor, series resistance and shunt resistance have been observed to be about 6.562, 8 kQ and
105 kQ, respectively, from forward bias current-voltage characteristics. High value of
Rectification Ratio as found to be maximum 30 at 4 V indicates that this junction has potential
to be used as a good rectifier. maximum sensitivity was found 0.1V under an applied bias 5V
and 4.3V at -2V. The interesting result obtained in this present work is that the series
resistance decreases with temperature and current increases with temperature. At 65°CRs is 56
kQ and at 28°CRs is 1.06 MQ and the energy difference between HOMO and LUMO is 2.95
eV (at 420 nm). These findings indicate that turmeric behaves like a semiconductor and has a
potential to be used as organic semiconductor diode. Turmeric contains diarylheptanoids and
phenolic compounds. These molecules contribute to its semiconducting behaviour. Also, it is

suggesting that this diode can be used as a good rectifier in electronics.
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Chapter 4

The current transport mechanism of Al/Beetroot/Cu used as an organic
semiconductor Schottky diode is superior than natural dye-based thin film
devices
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4.2 Materials and methods
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4.1 Introduction

In the previous chapter we have discussed the semiconducting behaviour of turmeric dye and
fabrication and characterization of turmeric dye-based device. We also measure the electrical
parameters analysing the I-V characteristics of that device. The main focus of this chapter is to
observe the semiconducting behaviour of beetroot dye and a detailed study on charge transport
mechanism through beetroot dye-based electronic device. For this we have used beetroot dye
as insulating layer to fabricate an organic thin film device. Use of a suitable insulating or
semiconducting layer possesses the utmost importance in thin film electronic or optoelectronic
devices. For both quantum tunnelling and thermionic emission, the current conduction
mechanism depends on the properties of the insulating or semiconducting layer. The quantum
tunnelling depends on the work function of the two constituent metals, the electron affinity and
band gap of the insulator component [1-17]. The dielectric constant of this type of film is
extremely low which can be utilised in MIM and Schottky devices [17]. In addition, we found
the dielectric constant of beetroot (k = 2.8) to be low, which could be extremely useful for a
high-speed communication system [18]. In our knowledge some previously reported
rectification parameter like asymmetry 10 at 3 V for Cr/Al,O3/ HFO,/Cr [19] and 18 at 0.35 V
for Ta;0s/Al203 and Nb2Os/Al203 bi-layer MIIM devices [20].

In addition, we found that the ideality factor for p-Si/TiO2/Al schottky diode is 8.9 [21] and
42.9 for 5,14-dihydro-5,7,12,14-tetraazapentacene doped Schottky [22]. The value of n in
organic Schottky diodes has been reported to range from 2 to 11 to our knowledge [23-28]. For
the first time, we have reported the electrical properties of a herbal dye-based organic thin film
device that behaves as a MIM at temperatures below 140 K and as a Schottky diode at room
temperature in this study. In our fabricated device the maximum asymmetry is 17.6 at 0.85 V
and the ideality factor is 4.5, which secures the device as a promising candidate as an organic
Schottky diode in rectifying application. The device exhibits a more impressive performance
than the previously reported organic Schottky diodes. In this paper we also fabricate
Al/Ti02/Cu surface type Schottky diode for a comparative study between this and organic dye
based organic diodes. The main aim of this study is to verify the semiconducting behaviour of
beetroot dye molecules. ii) Quantum tunnelling and trap-assisted current conduction observed
in this Al/Beetroot/Cu device. We also found that SE and GD may also be effective. iv)
Determination of the insulating temperature of this device. Finally, we compared different
natural dye-based thin film diodes and found that Al/beetroot/Cu has significantly superior
electrical characteristics than our previously published Al/indigo/Cu device.
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4.2 Materials and methods

In this work we have used red beetroot dye active layer. Here we have also used ethanol
(99.9%) and polyvinyl alcohol (PVA). We have purchased PVA from Loba Chemie Pvt. Ltd.
and ethanol obtained from Changshu Hongsheng Fine Chemical Co,.Ltd. Here used substrate
is FTO coated glass of resistivity 15 Qcm™. We have purchased raw beetroot then cleaned with
distilled water and rinsed with ethanol. In a clean beaker 35 mL beetroot juice is taken and 15
mL ethanol is mixed with it. This mixture is stirred for 30 min at room temperature in a
magnetic stirrer. Beetroot dye was recrystallized twice in ethanol before being combined with
PVA. Here molecular weight of the used PVA is 1,15,000. In a cleaned beaker 20 mL distilled
water is taken and 4 g of PVA is added with it and the mixture stirred with a magnetic stirrer
for half an hour at 70° C to form a gel like transparent viscous PVA solution. 6 mL beet root-
ethanol solution has been mixed with this PVA solution. Here we have used PVA as an inert
blinder to stable the dye film.

To fabricate the Al/Beetroot/Cu organic Schottky diode, we have used Al (4.20 eV) and Cu
(5.10 eV) as two electrodes. As a consequence, there is high work function difference between
two electrodes. Here the substrate FTO glass was chemically cleaned by acetone. Then native
oxide of Al wafer was removed in HF: H>O (1:10) solution and finally the wafer is rinsed in
deionised water for one minute. The Cu layer was deposited as base electrode using thermal
evaporation process. The dye (Beetroot) solution is coated onto Cu using a spin coater at 2000
rpm and then the dried at 50° C for one hour to let the moisture. Here beetroot dye thin film of
50 um was deposited. Thickness of the Al electrode is about 0.005 mm. Then the beetroot dye
solution spin-coated on the Al, and finally these two electrodes are sandwiched to form
Al/Beetroot/Cu diode. At last, this Al/Beetroot/Cu device has been dried for 10 hours before
characterization. The experimental circuit shown in Fig. 4.1.
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Fig. 4.1. Schematic circuit representation of the experiment with sandwiched configuration of Al/ Beetroot/ Cu
thin film device.

4.3 Results and discussion

4.3.1 Current transport and rectifying Mechanism of Al/Beetroot/Cu device

Fig. 4.2 shows the I-V characteristics of Al/Beetroot/Cu thin film device. It is depicted from
the I-V that, the device exhibits a rectifying behaviour with a suitable non-linear characteristic,
for two metals of different work function. When we use two metals of equal work function as
electrodes then the I-V is linear in nature. These two opposite behaviours might be explained
by the current conduction mechanism of the device. In this experiment the current conduction
mechanism through the Al/Beetroot/Cu device may be explained with the help of the quantum

tunnelling, thermionic emission and Poole-Frenkle emission theory.

From Fig. 4.3 it is observed that fasym increases with increasing biases and reaching a
maximum value of 17.6 at0.85 V, then decreases with increasing bias. The tunnelling current
(I) exponentially varies with the forward bias voltage V, as previously described in the
literature [29]. In this experiment we also observed the exponentially varying 1-V
characteristics. So, electron flux of tunnelling current will change with the change in polarity,
when an alternating voltage field is applied on the Al/Beetroot/Cu device in presence of an
external bias voltage [30]. In presence of forward bias, if an alternating voltage is applied to
the device, then more electrons are tunnelling from the positive biased Al to the negative biased
Cu. So, there is a direct current formed in the device output. From the exponential |-V
characteristics of the device, we may say that rectifying characteristics of the diode is to be
more efficient at higher voltages. Since there is a work function difference between Al and Cu
electrodes, because of this an asymmetric slope of the I-V characteristics is achieved even when
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no biased is applied to the junction [31]. In this diode there is a higher barrier height for the

electron, when tunnelling occurs from the metal of high work function (Cu) to the metal of low

work function (Al) than the reverse way. So, there is a direct current flows from the metal of

low work function to the metal of high work function [32].
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4.3.2 Thermionic emission and electrical characterization

The current conduction process might be explained using thermionic emission theory since the

device behaves like a Schottky diode at room temperature and above. According to this theory,

the current in Schotky diodes can be expressed as [33]

65



| = lo exp{q(V - IRs) / nkT} 4.1)
Where lo is the reverse saturation current and can be expressed as
lo = AA*T? exp(-q¢ / KT) (4.2)

Where V is the applied voltage, A is the effective junction area of the diode, A* is the
Richardson constant, ¢ is the barrier height at zero bias, k is Boltzman constant and T is the
operation temperature in Kelvin scale. We have calculated the ideality factor n from the slope

of the linear region of the forward bias Inl-V plot using the relation:

_q dv
n_kT(dInlj (43)

Slope of the line in Inl-V plot described in Fig. 4.4(a) is determined and imposing this value in
equation 3 we found n = 9.5. This value is higher than any ideal Schottky diode, which
delineates that the charge transportation mechanism can’t be explained by thermionic emission
only. To study the charge transportation mechanism this device we have drawn the Logl-LogV
characteristics in the forward bias of the device at room temperature, shown in Fig. 4.4(b).
From the Logl-LogV characteristics we observed that there was, three distinct regions. The
bias voltage V < 0.25 represents region — I, where the slope is very close to 1 and the current
varies almost linearly. So, the region is ohmic, and the quantum tunnelling is dominant over
thermionic emission for charge transport mechanism. The bias voltage lying between 0.25V to
0.85V represents region- 11, where the slope is larger than 2 and current varies exponentially.
In this region charge transportation primarily depends on trap charge limited current with
recombination tunnelling [34-36]. Bias voltage V > 0.85 represents region-I11, where the slope
value is less than 2 and the maximum charge transportation occurring due to space charge
limited current (SCLC) [37].

66



_ 3.0 (b) ~
7 o — . . e
.,’— (a) et 2.5 '.Region-lll
-84 » g 497 Al/Beetroot/Cu
Al/Beetroot/Cu / g R0 _
g 94 R=0 ./"' g 2.0 Region-ll/./'
T Vi 8 _/'
J - i .'l E . ./
10 b : 1.5 Region-l //
g 2 .
B 4 10/
e o5 10 15  2zo 1.2 1.0 0.8 -0.6 0.4 -02 0.0 02 0.4
Voltage (V) LogV (Voltage)

Fig. 4.4(a) Forward bias Logl-V characteristics and 4(b) Forward bias Logl-LogV

The reverse saturation current for Al/Beetroot/Cu diode is 10.86 pA, determined from semi
Inl-V graph. The value of zero bias barrier height for Al/Beetroot/Cu Schottky diode is 0.5 eV.
From Inl-V characteristics demonstrated in Fig. 4.4(a), we found that at low forward bias the
curve is linear, but at higher voltages the device characteristics deviates from linear behaviour.
This non-linear behaviour is due to the presence of Rs, the effect of interface traps distribution
and the semiconducting behaviour of the dye [38]. For a greater effect of series resistance Rs,
the curve of the non-linear region of forward bias 1-V will be large [38]. The variation of
junction resistance R;jwith the bias voltage shown in Fig. 4.6. From this curve we found that
the value of Rs is 1.46 KQ. Again, we have determined the electronic parameters of this device
using Cheung and Cheung method. According to this method we have calculated series

resistance, n and ¢ by the given equations
dv/dinl = n(kT/q) + IRs (4.4)
and H (1) = V - ( nkT/q)In(I/AA™T?) = IRs + n¢ (4.5)

The values of n and Rs are found from the graph dV/dInl vs | shown in Fig. 4.5(b). Using this
graph we have found that n = 4.5 and Rs = 1.10 KQ. Again, using equation 4.5 measured value
of g and Rsis 0.75 eV and 1.087 KQ. Table 4.1 demonstrates that the measured values of series
resistances in three distinct approaches are quite near to each other, however the values of
ideality factors differ. The existence of high Rs and high interface state density is demonstrated

by this disparity.
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4.3.3 Temperature dependent I-V

Fig. 4.7 shows the temperature dependent 1-V of Al /Beetroot /Cu. There is a more shift in 1-V
characteristics at high voltages but a decrease in temperature. In Fig. 4.7 all the I-V
characteristics shows a non-linear temperature dependence. Which shows an increasing
conductivity with increasing temperature. The experimental values of n, ¢ and Rs for natural

dye-based Al /Beetroot /Cu Schottky diode are displayed in Table 4.2.
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Table 4.1 The calculated electrical parameters of Al/Beetroot/Cu in two different methods.

Method Barrier height(o) Series Resistance(Rs) Ideality factor(n)
I-V Experimental 0.73 eV 1.46 KQ 9.5

dv/dinl vs | 1.10 KQ 4.5

H()vs 0.751 eV 1.087 KQ

Table 4.2 Temperature dependent electrical parameters of Al /Beetroot /Cu.

Temperature (K) Barrier height(o) Series Resistance (Rs) Ideality factor(n)

eV KQ from 1-V
293 0.22 333 151
298 0.25 173 12.1
308 0.41 80 9.1
313 0.57 45 8.7
318 0.61 27 8.4
323 0.72 10.53 7.1

Here we found that n, ¢, and Rs all have a strong temperature dependency, where n decreases

with increasing temperature but ¢ increases. The series resistance also decreases with

increasing temperatures. From this temperature dependency, we may say that in this device,

the current transportation will be mostly dependent on the flow of charge through the lower

barrier height and a larger ideality factor due to the temperature activated process [40]. Due to

increasing temperature and bias voltages, the barrier height will be increased and, due to the

high temperature, a large number of electrons will have gained sufficient energy to overcome

the higher barrier heights. In this device, the presence of the beetroot (natural dye) affects the

current conduction through the electrode-organic layer junction.
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4.3.4 Semiconducting behaviour of beet root (Betanin)

The characteristic absorption spectra of betanin were measured in reference with ethanol, using
Shimazu UV-2400 Pc series spectrometers across a wavelength range 200-800 nm [41].
Betanin was extracted from beetroot, then it is used for absorption spectra. The peak
absorbance for the beet root was observed at 535 nm shown in Fig. 4.11. The band gap between
HOMO and LUMO energy levels was calculated from absorption spectra is 2.31 eV [42].
Again, the band gap value of betanin was verified by DFT (density function theory) simulation

using Gaussian 09. From DFT simulations we found the energy levels of the molecular orbital,
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charge distributions on the molecule and dipole moment of the molecule. The band gap
between HOMO and LUMO of betanin was found from DFT simulation is 2.1 eV [43].
Temperature varying, |-V shows that current increases with temp means, increase in
conductivity with increasing temperature. Once more we observed that Rs decreases with
increasing temperature in Fig. 8., and temperature variation of n and ¢ in Fig. 9-10 shows that
the dye (red beet root) behaves like a semiconductor. The energy band gap is 2.1 eV, which is
less than the band gap of TiO2 (3.2 eV) and the presence of conjugated covalent bond in the
molecular structure of betanin confirms the beetroot dye molecule behaves like a
semiconductor. Moreover, we observed that for a Schottky diode the ¢ vs 1/n graph is linear in
nature [44]. In Fig. 4.12(a) the graph shows a linear relation between ¢ and 1/n which confirms
the device is a Schottky diode [44].
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Fig. 4.11 (a) Absorption spectrum of beetroot and (b) dark 1-V of Al/ TiO,/ Cu

71



0.8

0.8

07 ol N (b)
@ 0.61 % 0.6 l.
£ 05- £ 054

i I .

.:’:-‘ 04 : 044 \
g 0.31 g 0.3 \

0.2 0.2 2

0.06 0.07 0.08 0.09 0.10 0.1 0.12 0.13 0.14 0.15 6 8 10 12 14 16

1n Ideality factor n

Fig. 4.12 (a) Represents ¢ vs 1/n and (b) plot of ¢ vs n for the Al/beetroot/Cu junction.

4.3.5 Comparative study

Table 3 shows a comparative study between previously reported some Schottky diodes and our
fabricated diode. We observed that the values of n, Rs and ¢ are comparable with some
previously reported Schottky diode, even better n and Rs values than organic Schottky, Al/L5
HZ-doped Schottky and p-si/TiO2/Al Schottky. From table 3 we have conducted a comparative
study between our fabricated three natural dye base Schottky diodes. We have got the electrical
parameters of Al/Indigo/Cu and Al/Turmeric/Cu our previous work [45]. According to the
comparison analysis, when we use beetroot dye instead of indigo dye, the values of n and Rs
drop from 11.65 to 4.5 and 430 KQ to 1.1 KQ, respectively. From this comparison table it is
noted that Al/Beetroot/Cu has the lowest ideality factor and series resistance. In our knowledge
the indigo molecule is asymmetric and the dipole moment is 0.0053 D, which is very negligible.
On the other hand, the dipole moment of curcumin and betanin molecules are 5.7D and 8.689D
respectively [46]. Due to negligible magnetic moment of indigo, there is a weak interaction
with electrodes and charge transfer rate is slow. But for curcumin and betanin, there is a
significant value of dipole moment indicating strong interaction with electrodes and charge
transfer rate is high. Because of this current density is higher and series resistance is lower for
Al/Beetroot/Cu. Therefore, we have got better electrical parameters for Al/Beetroot/Cu than

any other natural dye based organic Schottky diodes.
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Table 4.3 Comparison of proposed Al/Beetroot/Cu diode with some previously reported Schottky diodes and
natural dye based Schottky

Schottky n Rs d (eV) lo (LA)
Organic 2-11

Schottky [ 23-

28]

Al/L5 HZ-doped 42.9, 18.8, 20 3x10°, 2x107, 0.78, 0.81,0.75
Schottky [ 22] 1.2x10°Q

Au/DNA/ITO 1.4t08.9 0.12MQto 1.6

[46] MQ

p-si/TiO/Al [ 8.9

21]

Al/Indigo/Cu 11.65 0.43 MQ 0.8 0.69
Al/Turmeric/Cu  6.56 8 KQ 0.738 8
Al/Beetroot/Cu 4.5 1.1 KQ 0.732 10.13
[this work]

Al/TiO2/Cu [this 3.75 198 K Q 0.76 3.04
work]

4.3.6 Schottky emission (SE) and Poole-Frenkle emission (PFE)

From figure 2(a) and 2(b) we observed that the reverse current characteristics of
Al/Beetroot/Cu are unsaturated. The reverse current of the all the herbal dye based thin film
diodes increase with increasing reverse bias. In this paper we investigate the current conduction
mechanism in the reverse bias of Al/Beetroot/Cu, Al/Turmeric/cu, Al/Indigo/Cu and
Al/TiO2/Cu diodes using Poole-Frenkle emission (PFE) and Schottky emission (SE) models.

We know the reverse current in PFE model is given by

Ir = lo exp(BreVY2 [ KTdY2) (4.6)
and the current dominant by Schottky lowering is given by

Ir = AA*Tlo exp(-¢ / kT)exp(BseVY? | kKTdY?) [47, 48] (4.7

where Bpr and PBse are PFE and SE field lowering coefficients respectively. The theoretical
value of Bpr and Pse is to be determined by the relation

Prr = 2fse = (9% /meoer) 2 (4.8)

Using this equation the theoretical values and experimental values 3 for all the natural dye
based thin film diodes are shown in table 4. We observed from the table 4 that the values for

Al/Beetroot/Cu are Ppr = 4.5x10° eVmYV12 and Bse = 2.25x10° evVmY?v-12. The

1/2

experimental value of B is determined from the slope of the plot of In (Ir) vs Vr™< shown in
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Fig. 4.13(a). The experimental value of B for Al/Beetroot/Cu is 3.07x10°. Here we observed
that the experimentally calculated value of B for Al/Beetroot/Cu is closer to the theoretical
value of Bsg, which concludes that Schottky emission is more dominant over PFE in the reverse
bias. From the table 4.5. we observed that for Al/Turmeric/Cu SE is more dominated over PFE
among all the diodes and we also observed that for Al/Indigo/Cu the value of B is away from
both the values of Bpr and Bsg, S0 in this diode SE and PFE both of this mechanism have similar
contribution in reverse current conduction. Fig. 4.13(b) depicts the In (Ir) vs Vgr Y2 for
Al/Beetroot/Cu at various temperatures, which are not perfectly linear due to the high ideality
factor of organic devices with high series resistance, interface states, and trap energy. From
table 4.5. we observed that at high temperature the value of p for Al/Beetroot/Cu is closer to
Bse. Which confirms at high temperature SE dominant PFE, where the carriers absorb thermal
energy and then emitted over the potential barrier at Al/beetroot junction. Because of this we
observed that the 'n' values decrease with increasing temperature. At very low temperature in
reverse bias PFE dominant SE due to donor-like trap, and thermal de-trapping of a carrier from
bulk layer to conduction band. Because of this, it is entitled bulk limited conduction current
[49, 50]. In this bulk limited region current transportation is due to the defect states. We present
the ¢ vs. n graph in Fig. 4.12(b). In this diagram, there are two different linear zones with
varying slopes. This study demonstrates the existence of two different current conduction
processes corresponding to two different temperature ranges. This also suggests that the
Gaussian distribution model could be useful [51-54].
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Fig. 4.13 (a) Plot of In(Ir) vs VVrY? for Al/Beetroot/Cu thin film diode at room temperature (b) Plot of In(Ir) vs VrY? for
Al/beetroot/Cu thin film diode at different temperatures
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Table 4.4 Represents the comparison of theoretical and experimental value of  for three natural dye based thin
film diode.

Thin film diode Experimental f3 ( Theoretical Bse ( Theoretical Bpre (
ele/Z V-1/2 ) e\/m1/2 V-1/2 ) e\/ml/2 V-1/2 )
Al/Beetroot/Cu 3.069x10° 2.25x107° 4.5x10°
Al/Indigo/Cu 0.45x10° 1.825x107° 3.65x10°
Al/Turmeric/Cu 0.52x10° 0.514x10° 1.013x10°

Table 4.5 Represents temperature dependence of B for Al/Beetroot/Cu

Temperature 293 298 308 313 318 323
(K)

B(evm¥2  059x10° 0.53x10° 0.65x10° 0.71x10° 0.78x10°  0.89x10°
V-1/2)

4.3.7 Insulating behaviour of the organic semiconductors

To adequately explain the insulating behaviour of the organic semiconductors, we have
properly introduced a theoretical analysis. In this study we carefully consider a temperature
called insulating temperature and symbolise as Ti (K) such that, below this temperature any
organic semiconductor material behaves like an insulator and above this temperature the
material is a semiconductor. We think this insulating temperature (T;) is proportional with

energy band gap (Eg) of the material that means
Ti X Eg (49)

Using this equation, we have measured the insulating temperatures for Al/Turmeric/Cu,
Al/Indigo/Cu and Al/Beetroot/Cu diodes.

To measure these temperatures, we have used V20s and Ge as references. We found that V205

shows insulating behaviour at 150 K [50] and we theoretically predict this temperature for Ge
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is 38 K. Using these two references the calculated insulating temperatures (Ti) are shown in
table 6. This table shows the measured insulating temperatures with respect to two references
are extremely close to each other, which confirms our theoretical assumption. We observed
that conductivity of the diodes decreases with decreasing temperature and below a certain
temperature the diodes shows insulating behaviour. The corresponding temperatures for
Al/Turmeric/Cu, Al/Indigo/Cu and Al/Beetroot/Cu diodes are 170 K, 144 K and 133 K
respectively. When temperature is below 133 K this device shows insulating behaviour. Hence,
we can say that, when temperature of the device is low enough then thermal energy of electrons
is extremely small, these low energy electrons can travel from Al to Cu through beetroot dye
by quantum tunnelling and the limited amount of current is due to the quantum tunnelling only,
but for a high enough temperature thermal energy of electrons is high enough then current
conduction mechanism depends on both the process of the quantum tunnelling and thermionic
emission. Fig. 4.14 shows the variation of conductance with applied bias. This nearly parabolic
behaviour of conductivity of the device confirms there is quantum tunnelling mechanism takes

an important role with thermionic emission in this device.
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Fig.4.14 Represents the variation of conductivity with bias voltage.
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Table 4.6 Represents the insulating temperatures (T;) for natural dye based organic semiconductors

Reference Curcumin (Turmeric Indigo (2.5 eV) Betanin (Beetroot 2.3
2.95 eV) eV)
Measured T; w.rt 170.2K 144.2 k 132.7 K
V205 (2.6 eV)
Measured Ti w.rt Ge 167.3 K 141.8 K 130.45 K
(0.67 eV)
4.3.8 Trap energy

G(V) vs V characteristics have been used to analyse the trap assisted current conduction. Here

is the equation
G(V) = (d log )/(d log V) (4.10)

Above the built-in voltage, G(V) forms a strong peak to present the change from exponentially
growing current flow to comparably slower power law dependency. Trap filling states are
depicted by the peak in the diagram. As a result, the G(V) vs V plot in Fig. 4.15 focuses on the
trap signature, making it very simple to understand the nature of the traps. In trap-free devices,
the function G(V) should decline monotonically, however in the aforementioned plot, there is
a notable amount of distortion at various voltage regimes, indicating the presence of trapping
states in the device. We have calculated trap energy from the In | - In V plot of Al/Beetroot/Cu

diode which shown in Fig. 4.16. The trap charge concentration N; can be expressed as
Ni(e) = Noexp[-¢/ kT ] (4.12)

where ¢ is depth of traps below conduction band mobility edge and T is the temperature of
trap distribution (i.e., Tc = Ec / k, where Ec is the characteristic trap energy). m = T¢/ T, where
T is the room temperature. We have calculated the trap energy using the equation which can

be expressed as [56]
Ec = mkT (4.12)

Trap energy Ec can be measured from the value of m, which can be estimated from In I- In V
plot of Al/Beetroot/Cu organic Schottky diode. When beetroot dye is substituted for indigo
dye, the values of Ec and ¢ drop from 0.073 eV to 0.021 eV and 0.87 eV to 0.732 eV,

respectively. The values of Ec and ¢ of some metal-organic semiconductor junction Schottky
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diodes are shown in table 4.7. From this table we observed that the values of Rs, Ec and ¢ for
Al/Beetroot/Cu show promising results in compared to our previously reported organic dye-
based diodes [45, 57-60]. When we use beetroot dye then there is a significant reduction in Rs,
Ec and ¢. So, our fabricated Al/Beetroot/Cu organic device possess vast possibilities in

optoelectronic application.
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Fig. 4.15. G(V) vs V plot of Al/Beetroot/Cu. Fig. 4.16. In I-In V plot of

Al/Beetroot/Cu.

Table 4.7 Values of trap energy and barrier height for different dyes used in organic Schottky device.

Device and used dye  Trap energy (Ec) in Barrier height from I- Series resistance (s)

eV VineV in kQ
ITO/CVI/AI [52] 0.044 0.80
ITO/CVIAI-M [52] 0.034 0.77
Al/Turmeric/Cu [53] 0.028 0.825
Al/Indigo/Cu[45] 0.073 0.87 127
ITO/RB/AI-M [55] 0.086 0.95 202
ITO/MR/AI-M[55] 0.076 0.99 439
Al/Beetroot/Cu  [this 0.021 0.732 1.1and 1.46
work]
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Conclusions

The electronic properties of the Al/Beetroot/Cu device have been investigated in the
temperature range of 293-323K by means of current-voltage (I-V) measurement. The average
experimental values of ideality factor, series resistance, and ¢ have been calculated to be about
4.5,1.10 K, and 0.73 eV, respectively, from forward bias current-voltage characteristics. Also
in this study, we used Cheung's functions to calculate n and Rs of an Al/Beetroot/Cu device,
and the values are in good agreement with each other. The fascinating result obtained in this
work is that the series resistance decreases with the increase in temperature, and ¢ increases
with temperature. The band gap of the betanin molecule present in beetroot is 2.1 eV. These
findings indicate that the betanin molecule is a semiconductor with a band gap lower than TiOo,
and the linear behaviour of the vs 1/n graph confirms the device is a Schottky diode. Moreover,
we found that the reverse leakage current is dominated by SE over PFE, and from the
temperature dependent I-V, the values of 3 are noticeably closer to Bse than Bere. At 140 K, the
dye behaves like an insulator and the quantum tunnelling effect dominates over the thermionic
emission. On the other hand, at room temperature, the dye behaves like a semiconductor and
thermionic emission dominates quantum tunnelling. As a result, at room temperature and
higher, the device could be a Schottky diode. The G(V) vs V plot was used to explain the
existence of the dye's trapping effect. There is a significant reduction in Rs, Ec, and ¢ that has
been gained in the use of beetroot dye over some previously reported organic dyes. As a result,
we may conclude that Al/Beetroot/Cu exhibits significantly better electrical properties than

herbal dye-based organic diodes.
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5.1 Introduction

The fundamentals of organic semiconductors and devices made using organic semiconductor
diodes based on natural dyes were covered in the earlier chapters. The electrical characteristics
of various MIM and Schottky diodes have been covered in [1-23]. The semiconducting
behaviour of beetroot dye molecules and the charge transportation mechanism via a Schottky
diode based on beetroot dye were covered in chapter 4. Excellent rectification parameters, such
as asymmetry and sensitivity, are essential for any diode. We are aware of the highest reported
rectification parameters such as, sensitivity 2.5A/W and asymmetry 10 at 3V for Cr/Al.Oz/
HFO2/Cr [24] and asymmetry 18 at 0.35V for Ta20s/Al203 and Nb2Os/Al>O3 bi-layer MIIM
devices [25]. Again, we know that for Al/Al>Os/Ag MIM diode the rectification parameters
are: sensitivity (fsens)= 18 A/W, nonlinearity =12.5 and asymmetry (fasym)= 1.2 [26]. An
essential factor in determining how well a MIM diode performs rectification is its sensitivity.
Sensitivity is the diode's ability to detect weak signals. Any diode must have great sensitivity
in order to correct high frequencies with tiny amplitudes without the use of an external voltage.
Many studies have been conducted on MIM diodes with different metal work functions in an
effort to create devices with higher sensitivity and nonlinearity at low turn-on voltage. The
majority of the MIM diodes that have been previously described have lesser sensitivity and
higher zero bias resistance. Therefore, additional research was necessary to improve the

sensitivity with low zero bias resistance.

Here we have fabricated a natural dye based thin film diode where Al>.O3 has been replaced
by natural dye layer (betanin, curcumin and indigo) and Ag has been replaced by Cu. Under
the same ambient conditions, we have fabricated another (Al/TiO2/Cu) diode, and we have
compared the rectifying parameters between these two diodes. We know that TiO: is the mostly
used active layer for MIM and Schottky diode. This work compares all of the natural dye based
Schottky diodes in order to experimentally confirm the observation of quantum tunnelling
through the current conduction mechanism of a series of natural dye based Schottky diodes.
For a single layer Al/Beet/Cu diode, we have found a superior low bias asymmetry of 18 at
0.85 V and the highest sensitivity of 25.7 A/W at 0.7 V, making the diode a good choice for
high-speed optoelectronic use. Poisson's equation was used in this investigation to quantify the
trap density, carrier density, and mobility of the active layer (beetroot dye). Again, we
suggested a natural dye-based one-dimensional organic semiconductor Schottky diode. As
shown in Fig. 14, a natural dye-based organic semiconductor in this configuration is covered

by an oxide layer and only partially exposed at the one-dimensional edge.
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5.2 Materials and Methods

For the experimental study of the natural dye based organic thin film, the following
procedures have done to prepare the Al/Beet/Cu thin film diode.

5.2.1 Material

In this experiment, the insulating layer was made of TiO2 and red beetroot paste. Actually, this
crimson beetroot is the plant's taproot. Additionally, 99.9% pure ethanol and polyvinyl alcohol
were employed here (PVA). We acquired ethanol from Changshu Hongsheng Fine Chemical
Co,.Ltd. and PVA from Loba Chemie Pvt. Ltd. Here, the substrate is FTO-coated glass with a

resistivity of 15 cm, and the two electrodes are Al and Cu.

5.2.2 Preparation of the dye solution

We purchased raw beetroot root, cleaned it in distilled water, pilled and diced it and then rinsed
it in ethanol. The ethanol-based beetroot root solution was made using 15ml of ethanol and
35ml of beetroot root juice. The primary component of red beetroot is betanin, whose chemical
composition and IUPAC nomenclature [27-29] are depicted in Fig. 5.1. The solution was left
at room temperature for 30 minutes on a magnetic stirrer. PVA was combined with twice-
recrystallized beet root dye made from ethanol. The PVA utilized here has a molecular weight
of 1,15,000 units. Initially, 20 ml of distilled water was added to 4 g of PVA in a beaker, and
the mixture was stirred with a magnetic stirrer for 30 minutes at 700 C to create a thick,
translucent gel-like PVA solution. This PVA solution has been combined with 6 ml of beet
root-ethanol solution. Here PVA has been used as an inert blinder which has been stable the

dye film.
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HO l OH

Names

IUPAC name
(25)-1-{2-[(2S)-2,6-dicarboxy-2,3-dihydropyridin-
4(1H)-ylidenelethylidene}-5-(3-b-
glucopyranosyloxy)-6-hydroxy-2,3-dihydro-1H-
indol-1-ium-2-carboxylate

Fig. 5.1 Beetroot juice and chemical structure of betanin with its IUPAC name.

5.2.3 Fabrication of the device

The fabrication process is same to that used by A.K. Das et al. to produce Al, Beetroot, and
Copper [1]. We select Al (4.20 eV) and Cu (5.10 eV) for the fabrication of the organic dye-
based thin film diodes, resulting in a significant work function difference between the
electrodes. In this investigation, the film developed on the FTO-coated glass was an insulating
layer made of beetroot paste. The glass substrate was chemically cleaned with acetone prior to
film development. Al and Cu wafers were treated in deionized water for a minute after being
treated with HF: H>O (1:10) solution to remove the oxide coatings from their surfaces. The thin
film was produced, spun-coated onto a Cu substrate at 2000 rpm, and then dried for an hour at
50 °C to remove any remaining moisture. A 50 um thin layer of beetroot root dye was applied
here. The TiO- layer is roughly 50 um thick, while the Al electrode is about 0.055 mm thick.
Al is spin-coated with the same thin film, followed by the sandwiching of these two electrodes
to create an Al/Beetroot/Cu diode. This Al/beet root/Cu gadget has now finished its 10-hour
drying process. In the similar way Al/indigo/ Cu, Al/Turmeric/Cu and Al/ TiO2/ Cu surface

type Schottky diodes were fabricated and the experimental circuit shown in Fig. 5.2.
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Fig. 5.2 Schematic representation of sandwich configuration of Al/ Beet root/ Cu thin film device

Glass substrate

—>Cu

5.3 Results and discussion

5.3.1 Rectifying mechanism

== Ohmic Contact

> Natural dye(beet root)

> Rectifying Contact

—= Al

Now we want to determine the rectifying characteristics of the natural dye-based Al/Beet/Cu

diode and for this the |-V characteristics is derived and presented in Fig. 5.3. The I-V

characteristic shows a strong rectifying behaviour. The fasym increases with increasing bias,

reaching a maximum value of 17.6 at 0.85 V, and then falls with increasing bias, as seen in Fig.

5.4.
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Fig. 5.3 (a) I-V characteristic of Al/Beet/Cu, adapted from A.K.Das et al [1] (b) I-V characteristics of another

three MIM diodes
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Fig. 5.4 (a) Device asymmetry with respect to bias voltage, adapted from A.K.Das et al [1]. (b) Asymmetry of
indigo and turmeric based MIM diode.

Strong rectification behaviour is depicted in Fig. 5.3 and is defined by fasym = I/Ir. Fig. 5.4
demonstrates that fasym rises with rising biases, reaches a maximum value of 17.6 at 0.85 V,
and subsequently falls with rising bias. We are aware that the forward bias voltage (V) and the
tunnelling current (1) vary exponentially [30]. We also saw the same type of I-V characteristics
in this MIM diode. So, when an AC voltage is given to the described device under an external
bias, we may claim that the electron flux of the tunnelling current is to be modified with the
change in polarity [31]. More electrons tunnel from the positively biased Al to the negatively
biased Cu when a constant voltage is supplied to Al with respect to Cu and an alternating
voltage is applied simultaneously. Hence, the Al/Beet/Cu MIM diode output has a DC voltage
produced. The device's I-V relationship is exponential, which makes the rectifying ability of
the diode more effective at higher voltages. We employed two metals (Al and Cu) with different
work functions as electrodes in this device, and as a result, the I-V characteristics exhibit an
asymmetric slope even though there is no bias applied to the diode [32]. In this diode, the
barrier height for electrons is larger when tunnelling occurs from the metal of high work
function (Cu) to the metal of low work function (Al), as opposed to the other way around.
Direct current consequently flows from a metal with a low work function to a metal with a high

work function [33].
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5.3.2 Figure of Merits of the reported diode

Fig. 5.5 shows that the variation of differential resistance of the diode with respect to applied

input bias. With the increasing applied bias, the differential resistance decreases. It is found

that the maximum value of the resistance at zero bias is 23.3kQ.

0.6+
0.5
0.4
0.3

R (MQ)

0.2
0.1
0.0+

Junction resistance or
differential resistance
Al/Beetroot/Cu for R=0

Fig. 5.5 Variation of R; with applied bias [1].

V (V)

For a better use of MIM diode in rectenna application, the zero-bias resistance of the MIM

diode must be small or of the order of the resistance of the antenna [34]. For Al/Beet/Cu the

calculated zero bias resistance is 23.3kQ, which is smaller than previously reported
Al/AlOs/Ag and Al/AlOz/Pt MIM diodes [26]. Fig. 5.8 shows the variation of conductance

with bias voltage, which exhibits the higher value of forward bias as compared to the reverse

bias. So, we may say that the natural dye based thin film behaves like a diode. We know that

nonlinearity and sensitivity are two important parameters for any MIM diode. The

mathematical representation of nonlinearity is given in equation (5.1) as follows;

far =

<i-jgl2

(5.1)

So, the nonlinearity factor is defined as the ratio of dynamic to the static conductance. The

sensitivity represents the relationship between the input ac signals with the output rectified

current and is given in equation

(5.2) as follows;

d?1

f SENS =
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In rectenna applications this sensitivity also known as responsivity or curvature coefficient
which is defined by the ratio between outputs rectified voltage in response to the input power.

This responsivity is given as in equation (5.3);
fres = fsens/2 (5.3)

Fig. 5.6 shows the variation of sensitivity (responsivity) and its maximum value is 25.1 A/W
at 0.7V, and zero bias sensitivity is 5.47. The variation of nonlinearity with bias voltage is
shown in Fig. 5.7. which shows that the maximum nonlinearity is 5.998 at 0.74 V. Again we
observed that in reverse bias the maximum sensitivity is 19.38 at -1.58V and maximum
nonlinearity is 13.35 at -1.68V, this is due to the sharp change in current in that region which
we observed from the | vs V plot shown in Fig. 5.3.We know that for an ideal MIM diode, fni >
3and fsens> 7 A/W [35, 36].Therefore, all the values of figure of merits (FOMS) of this device
(Al/Beet/Cu) shows that this present device has a great potential as a rectifier and in rectenna
application. Moreover, the FOMS may vary from device to device.
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Fig. 5.6 Device sensitivity for Al/Beet/Cu MIM diode
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Fig. 5.7 Device nonlinearity factor for Al/Beet/Cu MIM diode
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5.3.4 Quantum Tunnelling

Fig. 5.8 shows the variation of conductance with bias voltage, which exhibits a parabolic
behaviour of conductivity of the device. This parabolic conductivity behaviour of the
Al/Beet/Cu device proves that the quantum tunnelling process plays a significant part in the
current conduction mechanism. Additionally, an asymmetry in this parabolic curve is seen. The
dissimilarity in work functions between Al and Cu electrodes is what causes this imbalance in
parabolic conductance. Therefore, all the natural dye-based Schottky diodes is to be forward
biased if the voltage applied to the Al with the lower work function is greater than the voltage

applied to the Cu with the higher work function.
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Fig. 5.8 Device conductance for the MIM diodes (a)Al/Beet/Cu, (b) Al/Indigo/Cu (c) Al/Turmeric/Cu and (d)
Al/TiO2/Cu.
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From Fig. 5.8 we observed that the conductivity is higher in forward bias region than reversed
bias region of all the Schottky diodes, which is due to the work function difference between Al
and Cu. According to Brinkman et al., the dI/dV vs V (conductance vs V) plot will be a parabola
for quantum tunnelling in MIM diode [37]. Therefore, it was proven by the parabolic behaviour
of the dI/dV versus V plot that all-natural dye-based Schottky diodes may be affected in some

way by the quantum tunnelling phenomena.

Fig. 5.9 shows the energy band diagram of the reported device. The device consists with a dye
(beetroot) layer of very small thickness surrounded by two metals (Al, Cu). In current
conduction there arises a barrier due to the band gap of betanin molecule present in the beetroot

layer. Metal bands are filled up to Fermi energy.

________________

----------------

P

Metal 1
(Cu)

Natural dye(beet root) IQ_

Fig. 5.9 Represents the energy band diagram of Al/ Beet/ Cu device

The barrier heights (db1, ¢n2) at junctions are depends on the work functions of used electrodes
(Cu=5.10 eV, Al=4.20 eV) and the work function of betanin present in the insulating layer.
Here the current conduction depends on quantum tunnelling and this tunnelling current depends
on the motion of electrons and holes. It is due to the high barrier height for holes causes’ motion
of electrons as well as the tunnelling current. In quantum tunnelling if the barrier width is thin
enough then the electronic wave can penetrate the barrier with large enough amplitude. In MIM
diode with two same metals as electrodes the tunnelling current is to be determined by
Simmons theory [38]. In this device tunnelling appears between two different work function
metals Al and Cu separated by natural dye paste layer. Fig 5.9 shows the energy band diagram

of the Al/Beet/Cu device in different bias voltages. There are non-identical barriers (o1, ¢n2)
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arise to the conduction of electron in this device, due to the difference in work functions
between Cu and Al. So, barrier height difference (Ad= b1 - Ppn2) arises at zero bias which is

shown in Fig. 5.9.

5.3.5 Comparative study

Now we discuss a comparative study between three natural dye-based MIM diodes and
Al/TiO2/Cu, which are prepared in same ambient condition. From Fig. 5.4 we observed that for
beetroot and turmeric, asymmetry is maximum at low voltage and then it decreases with bias
voltages, but for indigo and TiOzasymmetry is an increasing function of bias. This can be
explained from the I-V characteristics of all the natural dye based MIM diodes shown in Fig.
5.3, where we observed that the reverse current of Al/Beet/Cu, Al/Turmeric/Cu diodes increase
with reverse bias but for Al/Indigo/Cu there is a saturated reverse current. Because of this we
have found two different types of asymmetry plot. The FOMs of the diodes are shown in Table.
1. We have seen from that table, the current density, sensitivity and all other FOMs of
Al/Beet/Cu are comparatively better than other two natural dye-based diodes. This is due to
the higher dipole moment of betanin (8.69D) in comparison with indigo (0.0053D) and
curcumin (4.854 D) [1,39]. Because of this there is a strong interaction between betanin
molecule with the electrodes, which causes a large value of carrier conduction rate. If we use
beetroot instead of TiO», rectification behaviour observed again, and current is much higher
compared to the diode with TiO2. This is because of the band gap of betanin is 2.1eV, which is
smaller than band gap of TiO (3.3eV). So, there is a significant thermionic emission with the
quantum tunnelling in current conduction mechanism of Al/Beet/Cu based Schottky diode.

Table 5.1 FOMs comparison between natural dye-based diodes with Al/TiO2/Cu

I (uA) at fasym fsens (A/W)  Zero bias

2V resistance

Al/Indigo/Cu 0.6 Increases . 2.57TMQ
with bias

Al/Turmeric/Cu [§Ejee] 30 1.9 4.3 12.8kQ2
Al/Beet/Cu 1180 17.6 5.998 25.7 23.26kQ

Al/TiO2/Cu 8 Increases 0.4 436kQ
with bias
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The literature for the Al/Beetroot/Cu structure is lacking, though. In order to compare our
findings with those kinds of literature, we gathered some other MIM structures that are
relevant. Table.2 represents the comparison between Al/Beet/Cu and previously reported some
MIM diodes. This table shows that Al/Beet/Cu diode exhibits maximum nonlinearity and
maximum sensitivity with smaller zero bias resistance than Al-Al.O3-Ag. This may occur due
to the high value of work function difference between Al and Cu, and high value of dipole
moment (8.689D) of betanin molecule present in the beetroot. From Fig. 5.6 and Fig. 5.7, we
observed that the maximum sensitivity and zero bias resistance of Al/Beet/Cu diode are
25.7A/W and 23.26kQ, which is much better than previously reported Al-Al203-Ag MIM
diode with highest sensitivity 18A/W with zero bias resistance 27K [26]. Therefore, from the
comparative study we may conclude that this MIM diode has a great potential in energy

harvesting rectifier application.

Table 5.2 Comparison of Al/Beet/Cu MIM diode with previously reported MIM diodes.

MIM diode Zero bias Max Sensitivity
resistance (Q) (A/W)

Pashang Estandiari™ WA AP0V \IE In mega ohms
Jffrey A. Al/AL203/Pt 312 M 4.8
Mohamed Abdel- V-V20s-Al 20K -8.52

Zia, M. F(2015)[ 43] VAo 13.4K 2.35

M. N. Gadalla Au/CuO/Cu 505 6
Martino Aldrigo et  WAUTLi{@F/x 405 6.58

Kapil Bhatt et Al/AI203/Ag 27K 18
al.(2019)[26]

Al/Beet/Cu 23K 25.7
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5.3.6 Determination of Nt and no for Al/Beet/Cu

From the examination of the I-V curve, the charge transport pathways through the beetroot
layer may be inferred. Fig. 5.9 depicts the variation of log (I) with log (V) for the
Al/beetroot/Cu diode. Voltage dependency is first shown in the characteristic, then power law
dependence in higher voltage regions. This behaviour fits with the space charge-limited current
theory (SCLC). The ohmic, SCLC, trap filling limit, and trap-free SCLC regimes are the four

primary zones that might manifest in double-logarithmic characteristic, as shown in Fig. 5.10.

Applying the following equations [45-46], the traps density, carriers’ density, and mobility of
the active layer (beetroot dye) were determined from Fig. 5.10. We used the Poisson equation

to get the density of the trap N:. Therefore, it is simple to determine the trap concentration Nt.
Nt = 2 egoVrL /qd? (5.5)
A trap density of about 1.25x10° cm™ was obtained for Ve = 1.14 V and d = 5um
The following expression can be used to determine the carriers’ number, no:
No = 9ge0Vonm / 80d? (5.6)
For Vonm = 0.3 V a density of carriers was found in the order of 1.8x10° cm—3.

Finally, the mobility was determined from the experimental characteristic in region IV and
presented in the following equation:

Jscl = 9egouVv? / 83 (5.7)

As shown in Fig. 10, for V = 1.8 V, | = 800 x10°® A/cm? which gives a mobility of about
124.54 cm?v st
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Fig. 5.10. Forward bias Logl-LogV (experimental)

5.3.7 Simulation study to verify the experimental result

Without introducing additional defects, we have modeled the J-V parameters of the Al/Beet/Cu
device in this article. Fig. 5.11(a) displays the J-V characteristics of this device. It has properties
similar to those of a Schottky diode and is in strong agreement with our experimental findings.
We calculate the device's series resistance using the Rj-V figure in Fig. 5.11(b). The
experimental value of 1.10 K and the simulated value of Rs are extremely similar. The device's
threshold voltage is 0.70 V and the measured value of is 0.69 eV. According to the temperature-
dependent J vs. V. plotin Fig. 5.12, the device's insulating temperature is close to 140 K, which
is quite close to the theoretical value of 133 measured by A K Das et al [1]. The electrical
characteristics derived from the experimental and simulated results are compared in Table 3,
which demonstrates that they are reasonably close to one another.
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Fig. 5.11. (a) Dark J-V characteristics of Al/Beet/Cu using SCAPS, (b) Rj vs V for Al/Beet/Cu using SCAPS.
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Table 5.3 Comparison of the electrical parameters of the device extracted from experimental by AK Das et al and

simulated results [1].

Electrical parameters Experimental Simulated
Rs (KQ) 1.10 [1] 0.64

@ (eV) 0.73 [1] 0.69

Vin (V) 0.75 [1] 0.70

Ti (K) 133 [1] Nearly 140
Nt (cm3) 1.25x10°

No (cm™2) 1.8x10°

i (cm?v=! s—1) 124.54

5.3.8 Determination of maximum cut-off frequency in one dimensional geometry of the

device

The maximum cut-off frequency of an MIM diode coupled to an antenna is calculated with
the help of Sanchez theoretical model. Sanchez introduced a theoretical model [47] to calculate
the cut-off frequency of a MIM diode. In this model the equivalent circuit of the MIM diode is
a parallel combination of junction resistance R and capacitance C, shown in Fig. 5.13. The

mathematical expression of cut-off frequency [47] is given as follows in equation (5.8).

1

f= 52 (5.8)

ke, A
Where: ¢ = —22

We found that the dielectric constant K= 3.9 for SiO2, K= 15 for TiO. and K= 9 for Al,03[48],
again we found that the values of dielectric constants for betanin, Cur-M and Indigo are 2.81,
2 and 4.3 respectively [23, 24, 49].
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Table 5.4 Calculated values of Cut-off frequency for MIM diodes using different insulating layers

Dielectric Capacitance  Cut-off Cut-off
constant (K)  (C) frequency for frequency for
1Q 1kQ

Al/SiO2/Cu 3.9 10.62x10° F  14x10'? 14x10°
Al/TiO2/Cu 15 40.85x10°F  3.8x10'2 3.8x10°
Al/AI203/Cu 9 24.50x101° F 6.49x1012 6.49x10°
Al/Beet/Cu 2.81 7.65x101°F 20.8x10%2 20.8x10°
Al/Cur-M/Cu W 5.45x101° F 29x1012 29x10°
Al/Indigo/Cu  [%; 11.7 X105 F 12.7 x10*2 12.7x10°

R

— AN ——
|
C

Fig. 5.13. Equivalent circuit of a MIM diode.

Table. 5.4 show that the values of capacitance and cut-off frequency of MIM diodes with
different insulating layers. Here all the values are calculated in same ambient conditions (d=
13 nm, A= 4um?). From the above theoretical prediction, we may also say that Al/Beet/Cu
MIM diode has a great potential in energy harvesting rectifier and rectenna application. Again,
we may fabricate a one-dimensional Al/Beet/Cu Schottky diode and Al/TiO2/Beet/Cu diode
using FTO or silicon as a substrate shown in Fig. 5.14. This one-dimensional geometry of the
reported diode will be of very low junction capacitance, which will increase the cut-off
frequency. This ensures the potential of this diode in future research in high frequency
communication system. But the main problem of this device is its area and instability in current
(current decreases with time). Though the zero-bias resistance of Al/Beet/Cu is much smaller
than some previously reported MIM diodes, but this value is high enough for a better use of
optoelectronic system. These three reasons are the main restrictions to its implementation in
the rectifier system. It should be optimized corresponding these problems before its
implementation.

101



Beetroot

Substrate

Fig. 5.14. One dimensional geometry of the diode.

5.4 Conclusion

In this chapter we have demonstrated organic dye active layer based single layer thin film diode
and its comparison with TiO2 based inorganic thin film diode. The experimental results show
that Al/Beet/Cu diode shows better FOMs among all the natural dye-based diodes and TiO>
based diode. The present reported diode exhibits an acceptable low voltage large signal and
small signal nonlinearities with asymmetry of 17.6 at 0.85 V, maximum rate of change of
nonlinearity of 6 and sensitivity of 25.6 A/W at 0.7 V. The maximum sensitivity of the diode
is higher than earlier reported diodes. A validation with experimental curves was conducted
once the major Al/Beetroot/Cu parameters required for the simulation were extracted from the
logarithmic characteristic, and a good agreement was seen. The trap density and carrier
concentration were found 1.25x10° cm and 1.8x10° cm™ respectively with the mobility 124.54
cm?v st for Al/Beetroot/Cu. It was proven by the parabolic behaviour of the dI/dV versus V
plot that all-natural dye-based Schottky diodes may be affected in some way by the quantum
tunnelling phenomena. For this device fni> 3 and fsens> 7 A/W, and from the FOMs of the
diode we may conclude that, the diode has a great potential to the researchers in energy
harvesting rectifier application. In order to have a predictive behavior and to have a better
understanding of the physical processes and mechanisms influencing the effectiveness of the

appliance under examination
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6.1 Introduction

In the previous chapters we have discussed that researchers' interest in fabricating a MIM and
Schottky diode with organic materials as the active layer has grown [1-6]. However, existence
of high trapping tendency, charge carrier recombination, enhanced effect of series resistance
and high barrier height at metal-organic semiconductor interface limits its development in
optoelectronic applications. Gradually, researchers are tasked with improving the performance
of an organic Schottky diode based on herbal dyes by lowering the barrier height(¢v), series
resistance (Rs) and trap energy (Ec). When the barrier height at the metal -organic
semiconductor junction is high enough, current conduction is poor, resulting in a high threshold
voltage (V). Most organic Schottky diodes have a voltage at which current conduction obeys
Ohm's law and I-V characteristics are virtually linear, but above this voltage 1-V characteristics
are non-linear due to non-ohmic current conduction. This voltage is recognized as the threshold
voltage (V). To improve the efficiency of the herbal dye based organic device, threshold
voltage should be optimized. According to some prior research, the trapping of charge carriers
affects the increase in threshold voltage [7-8]. Charges are captured at trap centres and
recombined in current conduction through herbal dye based organic thin film devices. Two
significant conditions for collecting charges and recombination are trap state energy and trap
state density. Trap energy, barrier height and threshold voltage can all be reduced using a
variety of approaches. Incorporation of nanoparticles in the organic-metal Schottky diode is
one of them. However, no significant research has been conducted which reports on the
influence of ZnO nanoparticles on the threshold voltage (Vw), ¢» and trap energy (Ec) of an
organic Schottky diode based on herbal dyes. It has been assessed the impact of incorporating
zinc oxide nanoparticles within the herbal dye on the threshold voltage (V), ¢p and Ec of a
herbal dye based organic Schottky diode in this paper. ZnO is a broad band gap semiconductor
with a distinctive nanostructure and unique features like high heat conductivity, high electron
mobility and high transparency. The zinc oxide (ZnO) nanoparticle has a high exciton binding
energy (60 meV) [9] and optical transparency [10]. ZnO was chosen for integration into the
herbal dye based organic Schottky diode because of all of the above intriguing features. It is
observed at a variety of natural pigments in this study, including betanin (beetroot), curcumin
(turmeric) and indigo dyes. Different organic Schottky diodes were fabricated by dissolving
all the above dyes in a viscous solution of PVA. The organic Schottky devices were then made
by incorporating ZnO nanoparticles into each of the herbal pigments. For both types of

fabricated diodes, it has been calculated the threshold voltage (Vt), barrier height (¢b) series
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resistance (Rs) and trap energy (Ec). Barrier height(¢b) of an organic Schottky diode at metal-
organic dye junction is analysed by using the interfacial barrier height at the metal-organic dye
contact. Barrier height is defined as the difference between the energy band of the natural dye
based organic semiconductor and the fermi level of the metal electrode [11]. The Richardson-
Schottky model based on thermionic emission theory [12] has been utilized to investigate the
charge injection process of this diode in this work. Finally, we examined the electrical
characteristics of other natural dye-based thin film diodes and discovered that the
Al/beetroot/Cu device outperforms our previously published Al/indigo/Cu and Al/turmeric/Cu
devices significantly. The work will be fruitful to enrich the information regarding the further
application of herbal dyes and as well the significance of the ZnO nanoparticles in different

segments of optoelectronic development applications.

6.2 Materials and methods

In this experiment, the red beetroot pastes and mixture of ZnO with red beet root paste is used
as insulating layer. In actuality this red beetroot obtains a taproot of red beetroot plant. Structure
of betanin which present in the beetroot dye shown in Fig. 1. Here it has also been used zinc
oxide (ZnO) and polyvinyl alcohol (PVA). It has been procured PVA from Loba Chemie Pvt.
Ltd. and ZnO obtained from Adnano Technologies private limited (Shimoga-577222,
karnataka, india). In this experiment the FTO coated glass with resistivity 15 Qcm-2 as
substrate and Al and Cu as two electrodes are utilized. Specification of the used ZnO
nanoparticles is developed as: APS = 30-80 nm, SSA = 110-120 m?/g, molecular weight =
81.408 g/mol, melting point = 1975°, bulk density = 0.69 g/cm3. SEM images, EDX and

chemical structure of zinc oxide nanoparticles are shown in Fig. 6.1

At first, it has been taken 20 mL distilled water in a beaker and then 4 g of PVA is mixed with
it by stirring with a magnetic stirrer for 40 min at 80 °C. It is used PVA as an inert blinder to
produce a gel-like viscous solution. Viscosity and molecular weight of PVA are 98 and
1,15,000 respectively. 6 mL beetroot juice solution is mixed with the prepared PVA solution
and then the solution is divided into two identical parts in two clean beakers. One beaker is
placed aside, which contains beetroot dye solution. In the other beaker 6 mg of zinc oxide

nanoparticles is added to prepare Beet + ZnO solution.
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FTO coated glass used as a substrate material for the fabrication of the Al/Beetroot/Cu and
Al/Beetroot +Zn0O/Cu diodes. The FTO glass was chemically polished by acetone. At that time
native oxide of Al and Cu wafers was removed in HF: H>O (1:10) solution and finally the
wafers were rinsed in deionised water for one minute. The Cu layer was deposited as base
electrode using thermal evaporation process. The dye (Beetroot) was coated onto Cu substrate
using a spin coater at 2000 rpm and then, the film was dried at 50 °C for one hour to let the
moisture. Here beet root (betanin) dye thin film of 50 u m was deposited. Thickness of the Al
electrode is about 0.005 mm and thickness of the beetroot +ZnO dye layer is about 50 um. The
same thin film spin-coated on the Al, and finally to make an Al/Beetroot/Cu diode, these two
electrodes are put together. At last, this Al/beet root/Cu device has been dried for 10 hour. In
the similar way Al/Beetroot +ZnO/Cu surface type Schottky diode was fabricated and its

schematic circuit shown in Fig. 6.2.
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SEM IMAGES
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Fig. 6.2 1-V measurement circuit where beetroot has been selected as active layer with and without ZnO
nanoparticles.

6.3 Results and discussions

The dark I vs V characteristics of both the natural dye based organic diodes with and without
ZnO are shown in Fig. 6.3(a)-(d) respectively. It has been observed that the 1-V curves are
highly non-linear with quite low dark current for all the reported natural dyes. But for the
incorporation of ZnO nanoparticles with the herbal dyes, the obtained current is greater in
comparison. From all the 1-V characteristics we observed that current conduction varies after a
particular transition voltage is reached. This particular value of the bias voltage can be treated
as threshold voltage (Vi) of the device. For different dye based Schottky diodes, this voltage

is different.

Using thermionic emission theory, we can analyse the | vs V characteristics and current
through the natural dye based organic semiconductor Schottky diode can be described as the
following Egs. (6.1-6.3) [ 13-18]:

14
| = Io(exp (:W) — 1) (6.1)
where lg is the saturation current, given by
— * 12 q¢
1= AA" T2exp (- 12) (6.2)

and

- (‘*”q;’;*"z) (6.3)

>
I
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Here A* is the Richardson constant, and its obtained value is 120 Acm™ K2, calculated from
the saturation current of the device. From the interpolation of the exponential slope of current
| at zero bias voltage, we can determine the reverse saturation current. The ¢ at metal- herbal
dye (organic semiconductor) junction can be determined by the Eq. (6.4) [19-22] :

KT 1 2472 (6.4)

q Io

(1):

The dark 1-V characteristics of the herbal dye based organic diodes with and without ZnO
nanoparticles are shown in Fig. 6.3(a)-(d) respectively. From all the dark I-V characteristics it
has been observed the amount of electric current flowing through the reported devices is
increased due to the presence of zinc oxide nanoparticles. These increments of electric charge
carrier conduction can be attributed due to the trap filling process. Current conduction
mechanism through a natural dye based organic device can be influenced by various factors.
Among all these factors, thickness of the dye film and presence of traps are the most important
factor in these types of organic devices. In this study the film thickness is relatively high.
Thickness of the active layer should be selected in such a way that the thinner layer production
can accumulate and conduct carriers frequently. In present experiment, such thickness has been
chosen to overcome the problem related to poor charge collection of the dye-based organic
semiconductor. The aforementioned parameter has quite significant impact on device
performance based on Schottky formation. E. Verna et al. investigated that due to increasing
film thickness resistivity decreases from 17.99 Qcm to 1.48 Qcm and carrier concentration
increases from 2.14 x 10% to 4.02x 10" cm™. Ahmadi et al. shows that increasing layer
thickness of the sample reduces Schottky barrier which prevents the active formation of deep
level traps in organic semiconductors [23-25]. We know that natural dye based organic
materials are solids that are amorphous, disordered, and have weak intermolecular bonding. In
natural dye based organic Schottky diodes, traps are present inherently. As a result, these types
of organic diodes are trap prone, which are distributed randomly between the HOMO and
LUMO of the organic layers [26, 27]. When we incorporate the ZnO nanoparticle the traps are

filling by them, as a consequence there is an increment in current conduction in these devices.
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The semi-logarithmic I-V characteristics of all the reported devices are shown in Fig. 6.4(a)-
(d) respectively. When forward bias voltages are larger than kT/q, then extrapolated intercepts
of all these plots at zero bias gives the saturation current for these reported devices. Using these
values of saturation currents, we have calculated barrier heights ( ¢ ) of all the reported devices.

From Fig. 6.4 we observed that saturation current ( lo ) increases due to the presence of zinc

oxide nanoparticles, which causes the decrease in barrier heights as obtained in Eq. (6.4 ).

115



6.5

Y — L. @ 604 —*— AlBeet/Cu //-(b)
—=— Without Zn o ~
74 o’ —o— Al/Beet+ZnO/Cu —
e WIthZnO | o e 551 . e .
— Experiment2 —
61 4 5.0 —
/. ] |/
~  ]Al/Beet/Cu o / ~ 451 /
i 51 i o o §~ .
2 SExperimentl o 2 0l
-— ./ /l — °
= 44 ava S sl J/
% S/
34 c//|/ ] '/l/.
7 254 v
2 T T T T 20 T T T T T T T
00 05 10 15 20 0 2 4 6 8 0 1R
Voltage (V) Voltage (V)
40
s @ 3 Without ZnO —
J — : —=— Without Zn
41| —s— without ZnO P /'/' 40, . /
24| e withzno | = L Wiz | -
7.04 ./// l/ 25+ o l/.
JAITurmeric/Cu ./ 20 ; ./
68 ~ AllIndigo/Cu /
E 6.6 . / g 15- 2 .
T 64+ / . T 104 /
T 62 / 05- ’
584
054 .
56
T T T T T T T T T T T -10 T T T T T T T
2 4 6 8 10 12 2 4 6 8 10 12
Voltage (V) Voltage (V)
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Barrier heights of the reported Al/Beet/Cu and Al/Beet+ZnO/Cu devices can also be
computed using Norde function. Norde function F (V') can be expressed as Eq. ( 6.5)[28, 29]:

kT 1(V)

7 In (AA* TZ)

F(V):(g)— (6.5)
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where X is the first integer greater than n. I ( Vo ) is the value of current for which Norde
function is minimum, and F (Vo) is the minimum value of the Norde function, where Vo
represents the corresponding voltage. We calculated the barrier height of the device in absence
and presence of zinc oxide nanoparticles using the eq. ( 6.6 ).

0=F(Vo)+(2)-= (6.6)

x) q

In Fig. 6.5 from the plot of Norde function we observed that barrier height of Al/Beet/Cu device
reduces due to the presence of zinc oxide nanoparticles, which agrees with the values of barrier

height computed from the dark 1-V characteristics of the reported diode.
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Fig. 6.5 Norde function F (V) - V plot for beetroot dye with and without ZnO where the metal organic junction

area is 4 mm?2

The variation of junction resistance ( Rj = dV/dl ) with bias voltage (V) is shown in Fig. 6.6.
At a certain applied voltage the junction becomes minimum, which is called series resistance (
Rs ) of the device. From Fig. 6.6 we observed that the value of Rs in absence and presence of
ZnO is 48.78 KQ and 20.62 KQ respectively. Which confirms that ZnO nanoparticles will
reduce the series resistance ( Rs) of an organic Schottky diode.
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Fig. 6.6 Plot of variation of Rjwith applied bias of Al/Beet/Cu (a) in absence of ZnO (b ) in presence of ZnO.

We have calculated trap energy from the In | - In V plot of Al/Beet/Cu diode which shown in

Fig. 6.7. The trap charge concentration N: can be expressed as
Ni(e) = Noexp [-e / kT ] (6.7)

where ¢ is depth of traps below conduction band mobility edge and T¢ is the temperature of
trap distribution (i.e., Tc = Ec / k, where E is the characteristic trap energy). m = T/ T, where
T is the room temperature. We have calculated the trap energy using the equation which can
be expressed as [30]

Ec = mkT (6.8)

Trap energy Ec can be measured from the value of m, which can be estimated from In I- In V
plot of Al/Beet/Cu organic Schottky diode. In current conduction process through the organic
Schottky traps carry out a significant role. Presence of traps causes the immobilization in
majority charge carriers, motion [31-32]. As a consequence of these trapping states there is an
internal resistive property arises inside the organic Schottky diode. We found that Rs, Ec and ¢
are high enough for organic Schottky diodes based on herbal dyes in our previous research [33-
35]. The values of threshold voltage (Vi ) trap energy (Ec) , series resistance (Rs ) and barrier
height (¢ ) of some metal-organic semiconductor junction Schottky diodes are shown in table
1. From this table we observed that the values of Rs, Ec and ¢ are reduced because of the

presence of ZnO nanopatrticle.
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(b) beetroot dye with and without ZnO where the metal organic junction area is 2 mm? and external resistance is
1 KQ, (c¢) turmeric dye with and without ZnO, (d) indigo dye with and without ZnO.

119



Table 6.1. Different electrical parameters of the natural dye-based devices.

Device Vi (volt) Rs(KQ) Ec(eV) ¢ (eV) from d(eV)
-V using
characteristics Norde

function

Al/Beet/Cu

Al/Beet+Zno/Cu

exptl

Al/Beet/Cu

Al/Beet+Zno/Cu

Expt2

Al/Turmeric/Cu

Al/Turmeric+ZnO/Cu

Al/Indigo/Cu
Al/Indigo+Zn0O/Cu

6.4 Conclusion

The effect of ZnO on Vu, Rs, Ec and ¢ of natural dye-based organic Schottky diodes is
investigated in this study. The measurement of electrical properties of a variety of herbal
pigments, including beetroot, turmeric and indigo with and without the incorporation of ZnO
is done. It is clearly noticed that the incorporation of ZnO nanoparticles reduced all of the
aforementioned parameters. The barrier height for all known organic devices with and without
ZnO is calculated using dark I-V characteristics and the Norde function. From these two
approaches the calculated values are very similar to one another. Based on the consistency of
the data, it is concluded that employing zinc oxide nanoparticles reduced the barrier height (¢)
at the metal-herbal dye (organic semiconductor) junction. When ZnO nanoparticles are
injected, they occupy a wide range of trap states, which reduces the trap energy (Ec) and series
resistance (Rs). As a result, the threshold voltage (V) was decreased, and the device's electrical

conductivity improved.
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7.1 Introduction

In the previous chapter we have discussed on the impact of ZnO nanoparticles on natural dye-
based organic semiconductor diodes. In this chapter we have discussed the impact of
morphology of ZnO Np on natural dye-based organic semiconductor Schottky diodes. For this
purpose, we have used ZnO Np’s of Spherical and cylindrical in geometry. Semiconducting
zinc oxide (ZnO) nanoparticle is a unique material and attracted to the researchers due to its
high electron mobility, thermal conductivity and good transparency. The exciton binding
energy of ZnO is 60 meV [1] and its optical transparency [2] is high. Because of all these
properties, zinc oxide nanoparticles have been chosen for the fabrication of Schottky diodes
[3] and solar cells [4]. The high value of excitonic binding energy of Zinc oxide leads to
extreme stability of excitons at high temperature [5] and enables the device to function at low
threshold voltage. The morphology-dependent electron mobility of zinc oxide nanoparticles is
another key characteristic. By altering their morphology, nanoparticles with a sufficient band
gap for a certain device application can be created. Absorption is affected by the materials
effective surface area, which affects the direct band gap. According to the Burstein-Moss
effect, all states close to the conduction band are crowded, pushing the absorption edge of
semiconducting nanoparticles to higher energies. Changes in the morphological growth can
have an impact on this [6]. At higher temperatures, an n-type semiconductor material with a
larger band gap is ideal for the creation of a Schottky barrier. Zinc oxide is compatible with
metal-semiconductor Schottky diode as a classical semiconductor with a wide band gap. Many
metals, including Ag [7], Au [8], Pd [9], and Pt [10,11], have been used to make ZnO-based
Schottky barrier diodes. The barrier height for all these metal-semiconductor Schottky diodes
is around 0.6-0.8 eV, and ideality factor is around 1.5 [7-11]. Synthesizing ZnO nanoparticles
with various morphologies took a lot of time and effort. Zhang et al. [12]. reported flower-
shaped, prism-shaped, rod-shaped ZnO nanoparticles. Optoelectronics, sensors, and
photocatalysis are just a few of the uses for zinc oxide (ZnQO) nanoparticles. ZnO nanoparticles'
shape significantly influences both their characteristics and potential uses. Electrical
conductivity and optical characteristics vary across various ZnO nanostructures. For instance,
ZnO nano shuttles have the lowest electrical conductivity out of all nanostructures, whereas
ZnO nanorods have the highest [13]. Surface morphology and particle size have an impact on
ZnO nanoparticle structural parameters such as lattice constants, crystallite size, micro strain,
and other associated structural parameters [13]. The size of the nanoparticles, surface

morphology, pH levels of the preparation solution, synthetic solvents, and annealing
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temperatures are the primary factors that predict the creation of various nanostructured ZnO
materials [13]. The morphological impacts of ZnO on the metal-organic semiconductor
junction physics of FTO/Beet/Al, FTO/beet+ZnO/Al and the morphological effects of ZnO
nanoparticles on the rectifying electrical properties of FTO/ZnO/Al Schottky diodes,

respectively, have not yet been studied.

For this purpose, in this work we have fabricated FTO/ZnO/Al to examine the effect of ZnO
nanomorphology on metal-inorganic Schottky diode parameters. We have also fabricated
FTO/Beet/Al and FTO/Beet + ZnO/Al diodes to analyse the effect ZnO nanomorphology on
herbal dye based organic Schottky diode parameter. The rectifying nature of the I-V
characteristics of the reported devices was consistent with the Schottky diode. With the
variation of the shape of ZnO nanoparticles, a significant change in diode behaviour as well as
electrical parameters like barrier height (¢), series resistance (Rs), and trap energy (Ec) were
explored. In order to gain better understanding of the charge transport mechanism within the

device, we examined the 1-V characteristics using thermionic emission theory.

A. K. Das et al, fabricated natural herbal dye based organic semiconductor Schottky diodes
[14-17] and organic semiconductor HTM based perovskite solar cell [18]. Natural dye-based
organic semiconductor diodes provide numerous advantages over inorganic semiconductor
diodes, including enhanced performance, cost-effectiveness, lightweight, biocompatibility,
tuneable characteristics, flexibility, and versatility. But the values of Rs, n and ¢ for natural
herbal dye-based organic semiconductor Schottky diodes are high enough, as we have seen in
certain literature and in our published works [14- 29]. Therefore, lowering the value of Rs, n,
and ¢ is one of the key objectives of this study. In order to create an organic semiconductor
Schottky diode based on natural herbal beetroot dye, we incorporated ZnO nanoparticles with
beetroot dye. This demonstrates a notable drop in the Schottky diode's Rs, n and ¢. Which boost
the mobility and current conduction through the natural beetroot dye based Schottky diode. But
there are ZnO nanoparticles of many forms. Now, we want to determine which ZnO
nanoparticle forms are more efficient. We have therefore employed two distinct morphological
(cylindrical and spherical) nanoparticles. For both types of Schottky diodes, it has been found
that the presence of spherical ZnO nanoparticles reduces Rs, ¢ and n more than cylindrical ZnO
nanoparticles do.
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7.2 Materials and Methods

7.2.1 Fabrication of FTO/ZnO/Al based inorganic Schottky diode

In this experiment we have used FTO coated glass with resistivity 15 Qcm™ as substrate and
Al and FTO as two electrodes. At first, 4 g of PVA is dissolved with 20 mL of distilled water
in a clean beaker by swirling with a magnetic stirrer for 40 minutes at 80 °C. We created a
thick gel-like solution using PVA as an inert blinder. PVA has a viscosity of 98 and a molecular
weight of 1,15,000. Then, two identical portions of this solution are separated into two beakers.
PVA solution is combined with 8 mg of ZnO(S) nanoparticles in one beaker, and 8 mg of
ZnO(C) nanoparticles in the other beaker. To make ZnO solution, the solutions were then

mixed with a magnetic stirrer for 40 minutes at 80 °C.

Glass with FTO coating was employed as the base material to create the FTO/ZnO/Al diode.
Acetone was used to chemically polish the FTO glass. Al wafers' native oxide was then
removed using an HF: H20 (1:10) solution, and the wafers were then washed for a minute in
deionized water. ZnO was applied to the FTO substrate using a spin coater at 2000 revolutions
per minute, and the film was then allowed to dry at 50 °C for an hour then then it is cooled at
room temperature for four hours. A 50 um thick thin layer of ZnO was formed here. The Al
electrode has a thickness of around 0.055 mm. Finally, these two electrodes are sandwiched to
create an FTO/ZnO/Al diode by having the same thin film spin-coated on both the Al and ZnO.
This device has finally been dried for 10 hours.

7.2.2 Fabrication of FTO/Beet/Al based organic Schottky diode with and without ZnO

In this experiment, the insulating layer was made of red beetroot paste and a combination of
red beetroot paste and ZnO. We have first poured 30 mL of distilled water into a clean beaker,
and then we have added 6 g of PVA and stirred with a magnetic stirrer for 40 minutes at 80 °C.
We created a thick gel-like solution using PVA as an inert blinder. PVA has a viscosity of 25-
32 cps and a molecular weight of 1,15,000. The produced PVA solution is combined with 9
mL of beetroot juice solution before being divided into three identical portions in three beakers.
The beaker containing the beetroot dye solution is set aside. In the other two beakers 6 mg of

zinc oxide nanoparticles of different morphology is added to prepare Beet + ZnO solution.

Using a spin coater at 2000 rpm, the dye (beetroot) was deposited to the FTO substrate. The

film was then dried at 50 °C for an hour to remove the moisture. A 50 um thin coating of beet
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root dye was placed here. The beetroot + ZnO dye layer has a thickness of around 50 um, while
the Al electrode is about 0.055 mm thick. To create an FTO/Beetroot/Al diode, the same thin
film is spin-coated on the Al, and then these two electrodes are sandwiched together. This
Al/Beet root/Cu device has finally been dried for 10 hours in a dark place at room temperature.
The FTO/Beetroot + ZnO/Al surface type Schottky diode was created in a similar manner. Fig

7.1. Shows the flow chart and sandwiched configuration of the device.

ZnO nanoparticles' XRD patterns were captured during analytical tests using a Bruker D8 X-
Ray Diffractometer with CuKa (A= 1.5418A) radiation. The ZnO nanoparticles' microscopic
images were captured using a Hitachi S-4800 scanning electron microscope (SEM). A
computer interfaced Keithley 2400 Source Meter was used to characterize the current-voltage
(1-V) properties of the reported Schottky barrier diodes. The electrical properties of the diodes,

were assessed by rectifying I-V characteristic curves.

Preparation of PVA, ZnO and Beetroot
solution (maenetic stirrer)

k Zn0 mixed with

PVA+Beetroot solution

Substrate cleaning (Warm

soap solution) acetone

PVA mixed with Al wafer cleaning
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) O
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(spin coating)
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v

These two electrodes are sandwiched to fabricate FTO/ZnO/Al,
FTO/Beetroot/Al and FTO/Beetroot+Zn0O/Al Schottky diodes. These devices
has finally been dried for 10 hours.
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Fig. 7.1 (a) Flow chart of the diodes fabrication and (b) Sandwiched configuration of the FTO/Beetroot+ZnO/Al
diode

7.3 Results and discussion

SEM images XRD and EDX of ZnO nanoparticles are shown in Fig. 7.2. Which shows that
our used ZnO nanoparticles are different in morphology, one is spherical and another is
cylindrical. Using EDX we find the weight% and atomic% of Zn and O are 80.39, 39.61, 27.17
and 72.83 respectively. The crystallite size was estimated from the basic Scherrer equation
[30],

D= ﬁto/za (7D
where D is the average crystallite size, A is the x-ray wavelength, gis the x-ray peak's width on
the 2@ axis, which is typically measured as full width at half maximum (FWHM) after the error
caused by instrumental broadening has been properly corrected (subtraction of variances), is
the Bragg angle, and K is the so-called Scherrer constant. The diffraction line indices, the size
distribution of the crystallites, and the definition of /—FWHM or integral breadth—that is
actually utilized all affect K [31]. K can range in value between 0.62 and 2.08. K = 0.9 was
employed in this study. Table 7.1 displays the technical specifications of the utilized ZnO

nanoparticles.
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Fig. 7.2 (a) SEM images of ZnO(S), (b) EDX of ZnO(S), (c) XRD of ZnO(s), (d) SEM image of ZnO(c), (¢) XRD
of ZnO(c) and (f) EDX of ZnO(c).
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Table 7.1 Specification of the used ZnO nanoparticles

Physical properties ZnO(S) spherical ZnO(C) cylindrical

99.9 % 99.5 %
81.408 g/mol 81.39 g/mol
0.69 g/cm® 5.61 g/cm®
50-80 nm 70 -85 nm
Powder Powder
Spherical Cylindrical
Milky white Milky white

Fig. 7.2 depicts the dark I vs. V properties of organic devices based on natural dyes with ZnO
nanoparticles of different morphology. For all of the described natural dyes, we have observed
that the curves are significantly non-linear and have a rather modest dark current. However,
the resulting current is noticeably larger when ZnO nanoparticles are combined with the dyes.
There is a certain transition voltage after which current conduction varies among all the I-V
characteristics we have seen. The device's threshold voltage (Vi) can be thought of as this

specific bias voltage value. This voltage varies for different dye-based Schottky diodes.

Using thermionic emission theory, we can analyse the dark | vs V characteristics and current
through the natural dye based organic semiconductor Schottky diode can be described as the
following Egs. (7.2-7.4) [ 32-37]:

1=1o (exp () - 1) (7.2)

where lg is the saturation current, given by

lo=AA" T2 exp (- 22) (7.3)
and
A = (47tq’:r31*k2) ( 7.4 )

Here A* is the Richardson constant, and its obtained value is 120 Acm K2 for organic beetroot
dye and 32 Acm K2 for ZnO calculated from the saturation current of the device. From the

interpolation of the exponential slope of current | at bias voltage V = 0, we can determine the
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reverse saturation current. The barrier height at metal-organic semiconductor junction for all
the natural dye-based devices with and without ZnO nanoparticles can be determined by the
Eq. (7.5) [38-41]:

kKT , AA*T?

o=t (7.5)

q Iy

Figures 7.3(a)-3(b) illustrate the dark I-V characteristics of organic Schottky diodes based on
herbal dyes with ZnO nanoparticles of different morphology. Considering all the dark I-V
characteristics we noticed, the reported devices' higher current flow is caused by the presence
of spherical zinc oxide nanoparticles. These increases in electric current can be attributed to
the process of filling several traps. Many factors can affect the current conduction process
through an organic device based on natural dyes. The existence of traps is the most crucial
feature in these kinds of organic devices out of all of these. We are aware that organic
compounds used to make natural dyes are amorphous, disordered solids with weak
intermolecular interactions. Traps are a built-in feature of organic Schottky diodes that use
natural dyes. Due to their random distribution between the HOMO and LUMO of the organic
layers, these kinds of organic devices are trap-prone [42, 43]. There is an increase in current

conduction in these devices when we introduce ZnO nanoparticles because they fill the traps.
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Fig. 7.3 (a) J-V characteristics of FTO/ZnO(s)/Al and FTO/ZnO(C)/Al Schottky diode. (b) J-V characteristics of
FTO/Beet/Al with and without ZnO.
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Fig. 7.4(a)—(b), respectively, displays the semi-logarithmic J-V characteristics of all the
reported devices. When forward bias voltages are greater than kT/q, the saturation current for
the given devices is revealed by extrapolating intercepts of all these numbers at zero bias. Using
these saturation current values, we calculated the barrier heights (¢) of all the devices that were
reported. As seen in Fig.4, the presence of zinc oxide (ZnO) nanoparticles causes saturation

current (lo) to increase, which lowers barrier heights.
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Fig. 7.4 Semi-logarithmic dark J-V characteristics (a) FTO/ZnO/Al (b) FTO/Beet/Al with and without ZnO.

Barrier heights of the reported FTO/Beet/Al and FTO/Beet+ZnO/Al devices can also be
computed using Norde function. Norde function F (V) can be expressed as Eq. (7.6) [44, 45]:

i Ga)

where X is the first integer greater than n. | (Vo) is the value of current for which Norde function

F(V)=(§)— (7.6)

is minimum, and this minimum value of Norde function is F (Vo) where Vo represents the
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corresponding voltage. We have calculated the barrier height of the device in absence and

presence of zinc oxide nanoparticles using the eq. (7.7).

p=F (Vo) + () - (7.7)

q

We can see in Fig. 7.5 from the plot of the Norde function that the introduction of zinc oxide
nanoparticles causes the barrier height of the FTO/Beet/Al device to decrease, which is
consistent with the values of barrier height calculated from the dark J-V characteristics of the

reported device.
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Fig. 7.5 Norde’s function F(V) vs V plot of (a) FTO/ZnO/Al (b) FTO/Beet+ZnO/Al.

Fig. 7.6 depicts the variation of junction resistance (R; = dV/dl) with bias voltage (V). The
junction becomes lowest at a specific applied voltage, which is known as the device's series
resistance (Rs). We can see from Fig. 7.5 that the value of Rs for FTO/ZnO(C)/Al is 1.86 Q and
for FTO/ZnO(S)/Al is 1.84 Q. Again, the values of Rs for FTO/Beet/Al, FTO/Beet+ZnO(C)/Al
and FTO/Beet+ZnO(S)/Al are 580 €2, 60.6€2 and 51.7 Q respectively. This demonstrates that
the reduction in series resistance when ZnO nanoparticles with a spherical morphology are
present is greater than when ZnO nanoparticles with a cylinder morphology are present.
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Fig. 7.6 Plot of variation of Rjwith applied bias of (a) FTO/ZnO/Al (b) FTO/Beet + ZnO/Al.

We have calculated trap energy from the In I - In V plot of Al/Beet/Cu diode which shown in
Fig. 7.7 The trap charge concentration N; can be expressed as [46]

Ni(e) = Noexp [— %] (7.8)

where T is the temperature of the trap distribution and ¢ is the depth of traps below the
conduction band mobility edge (i.e., Tc = Ec / k, where E¢ is the typical trap energy). As T is
the ambient temperature, m = T¢ / T. Using the equation 14 [47], we were able to compute the

trap energy.

The value of m, which may be determined from the In I- In V plot shown in Fig. 6 of the
reported Schottky diode, can be used to calculate the trap energy Ec. Traps play an important
part in the current conduction process via the organic Schottky. The presence of traps causes
the majority of charge carriers to become immobile [48-49]. An intrinsic resistance property
emerges inside the organic Schottky diode as a result of these trapping states. In prior research
we observed that the series resistance and trap energy for organic Schottky diodes based on
herbal dyes are high enough [50-52]. Table 1 shows the values of electrical parameters of
reported Schottky diodes measured in different methods. Due to the presence of ZnO
nanoparticles, the values of Rs, Ec, ¢ and Vi are reduced in this table. This reduction is greater
for spherical ZnO nanoparticles than for cylindrical ZnO nanoparticles.

136



61| = Without ZnO
=N e With ZnO (S)
4- With ZnO (C)

2
M

InJ (MA/cm?)

Region Il
Region Il

Region |

-40 -35 -30 -25 -20 -15 -1.0 -0.5 0.0
InV (V)

Fig. 7.7 In I- In V characteristics of Beetroot dye with and without ZnO nanoparticles.

Egs. (7.10)-(7.12), which Cheung [53] derived from Egs. (4) and (5) were used to calculate the
series resistance (Rs), ideality factor(n) and barrier height (¢):

dl‘;‘fm = (”qﬂ) + IRs (7.10)

HD)= V- (%) (20 (7.11)
and

H(D) = IRs + nd (7.12)

The series resistance and ideality factor were calculated using the slope and intercept of the
dv/din(l) vs. I plot, and the potential barrier height was calculated using the intercept of the
H(J) vs. J curve (Fig. 7.8). Table 7.2 shows the measured ¢, n, Rs and Vi for FTO/ZnO/Al and
FTO/Beet+ZnO/Al Schottky diodes in presence of ZnO nanoparticles with various
morphologies. The ideality factor in these devices is not equal to one, indicating divergence
from ideal behavior. This difference is most likely due to multigenerational recombination in
the junction area via interface traps [54]. The values of ideality factor 1.77, 1.4 and 1.7 imply
that the interface is not totally intimate metal-semiconductor, and that some trapping states in
the interfacing layer must exist [55], which can act as localized generation-recombination
centers. The density of trapping states grows as the disorder in the nanoparticle structure

increases, resulting in a high ideality factor. Because the cylinder-like ZnO nanoparticles have
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a more disorder structure, the ideality factor is larger here. FTO/ZnO(S)/Al and
FTO/ZnO(C)/Al Schottky diodes have barrier heights of 0.43 and 0.49 eV respectively. Again,
for FTO/Beet+ZnO(C)/Al and FTO/ Beet+ZnO(S)/Al Scottky diodes the barrier heights are
0.589 eV and 0.57 eV respectively. According to Schottky- Mott's hypothesis [56], the barrier
height (¢) is closely correlated with the work function of the metal and the electron affinity of
the semiconductor. The difference between the metal work function and semiconductors
electron affinity at the Schottky limit is known as the barrier height [57]. The Inl vs. InV graphs
shown in Fig. 6 were used to demonstrate the implementation of charge transport mechanism.
The slopes of these logarithmic characteristic curves reflect three distinct regions. Region 1 is
represented by the bias voltage V< 0.26 Volt, where current varies virtually linearly. As a
result, the region is ohmic, and quantum tunnelling outperforms thermionic emission for charge
transport. Region-11, where current varies exponentially, is defined by a bias voltage ranging
from 0.26 to 0.6 Volt. Charge transport in this region is mostly based on recombination
tunnelling [58-60]. Region-111 is represented by a bias voltage V> 0.6 Volt, in which maximal
charge transportation occurs due to space charge limited current. By interfering with the
mobility of carriers, the rate of recombination can be visualised. To gain a better understanding
of the device interface carrier mobility, the slope of region-1l1 evaluated. According to these
slopes, the carrier mobility of a device based on spherical ZnO nanoparticles is larger than that
of a device based on cylindrical ZnO nano particles. From the carrier mobility and electrical
characteristic parameters shown in Table 1 we observed that spherical ZnO nanoparticles based
organic device can perform better than cylindrical ZnO nanoparticles based organic device.
Thus, to reduce the barrier height, series resistance and trap energy of an organic Schottky
diode the spherical ZnO nanoparticles with regular structure can be more effective than

cylindrical ZnO nanoparticles.

A comparison of suggested diodes to various previously reported Schottky diodes and Schottky
diodes based on natural dyes is shown in Table 3. The values of n, Rs, ¢ and E. are significantly
better, as we have shown. Because of the high value of the beetroot molecule's dipole moment
[14] and the presence of spherical ZnO nanoparticles, our reported FTO/Beetroot + ZnO(s) /Al
diode performs significantly better than previously reported diodes. Table 4 Percentage error,
mean and standard deviation values of electrical parameters of the natural herbal dye-based
Schottky diodes.
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Table 7.2 Electrical characteristic parameters of the reported Schottky diodes.

Methods FTO/ZnO(S)/Al FTO/ZnO(C)/Al FTO/Beet/Al FTO/Beet FTO/Beet

+ZnO(s)/Al  +ZnO(C)/Al

SOINNAVA n = 1.65 n=1.68 n=2177 n=14 n=17
$=0.43 ¢=0.49 ¢ =0.65 $=0.6 ¢ =0.62
Rs=1.84 Rs =1.86 Rs = 580 Rs =52 Rs =61

From $=0.42 ¢ = 0.447 ¢ =0.62 ¢ =0.56 ¢ =0.60

Rs =1.98 Rs=21 Rs =589 Rs =98 Rs =115

From ® =045 @ =0.459 @ =0.598 ®=0.57 @ =0.589

Norde

function

Trap - - 0.052 0.046 0.048

energy

ineVv

Table 7.3 Comparison of proposed diodes with some previously reported Schottky diodes and natural dye based
Schottky diodes

Schottky n Rs D (eV) Ec (eV)
Organic Schottky [ 20- 2-11

25]

Al/L5 HZ-doped 42.9,18.8, 3x108, 2x107, 0.78, 0.81,

Schottky [ 19] 20 1.2x10'Q 0.75

Al/Indigo/Cu [14] 11.65 0.43 MQ 0.80

Al/Turmeric/Cu [14] 6.56 8 KQ 0.74

Al/Beetroot/Cu [14] 4.5 1.1 KQ 0.73

Al/TiO2/Cu [14] 3.75 198 K Q 0.76

FTO/ZnO(S)/Al [this 1.65 1.84 Q 0.43

work]

FTO/Beetroot/Al [this 1.77 580.00 Q 0.65 0.052
work]

FTO/Beetroot+ZnO(S)/Al 1.40 98.00 Q 0.60 0.046
[this work]
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Table 7.4 Percentage error, mean and standard deviation values of electrical parameters of the natural herbal dye-
based Schottky diodes

parameters Percentage
Error (%)
FTO/Beetroot/Al

FTO/Beetroot+ZnO(c)/Al

FTO/Beetroot+ZnO(s)/Al

7.4 Conclusions

Different morphologies of ZnO nanoparticles have been used to make Schottky diodes. To
examine the impact of ZnO nanoparticle architecture on the metal organic semiconductor
surface, several device parameters were calculated. The calculated values of ideality factor (n),
barrier height (o), trap energy (Ec), and series resistance (Rs) of FTO/Beetroot/Al have been
1.77,0.65 eV, 0.052 eV, and 589, respectively. These values change to 1.7, 0.62 eV, 0.048 eV,
and 61 when cylindrical ZnO is incorporated with beetroot dye. When spherical ZnO
nanoparticles are used in place of cylinder-shaped ZnO, the values of n and Rs drop from 1.7
to 1.4 and 61 to 52, respectively. In the reported Schottky diodes, these were explained with
the help of trap energy and carrier mobility. The electrical parameters were calculated in
different methods. It was found that these methods were comparable to one another. As the
data are reliable, we may draw the conclusion that using ZnO nanoparticles decreased the
barrier height at the metal-organic interaction. The ZnO nanoparticles based organic and
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inorganic Schottky diodes demonstrate that there are less trap energy and small series resistance
with higher carrier mobility within the metal-organic semiconductor interface for the spherical
morphology. Using spherical ZnO instead of cylindrical ZnO results in a 17% greater reduction
in Rs. The disclosed devices' mobility and current conductivity are enhanced by this lowering.
The ZnO nanoparticles used in this study are not perfectly spherical; if they were, this increase
would be more obvious. Trap energy decreases significantly when spherical ZnO is utilized
rather than cylindrical ZnO. Spherical ZnO nanoparticle injection results in a wide range of
trap states being occupied, which lowers the trap energy and series resistance. The device

conductivity increased and the threshold voltage was lowered as a result.
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8.1 Summary

The primary objective of this thesis is to explore the semiconducting properties of natural dye-
based organic materials and investigate the charge transport mechanisms in natural dye-
based organic semiconductor Schottky diodes. In this thesis, we explore the semiconducting
behaviour of natural herbal dyes, specifically Indigo, Turmeric, and Beetroot. These dyes are
less studied compared to other organic materials like Polyacetylene. To analyse their electrical
properties, we have fabricated metal-organic semiconductor junction devices (Al / Indigo / Cu,
Al / Turmeric / Cu, and Al / Beetroot / Cu) and examined their dark I-V characteristics.
Additionally, we determined the band gap of the dye molecules using absorption spectra, which
lying within the semiconductor range. Finally, we discuss the charge transport mechanism in
natural dye-based organic Schottky diodes. Furthermore, we have done a comparative study on
the electrical conductivity, and carrier mobility of organic semiconductor Schottky diodes
based on natural dyes.

The electrical characteristics of the devices have been evaluated using 1-V characteristics,
Cheung function, and Norde function measurements. For the current transport mechanism, we
have discussed Schottky Emission (SE), Poole-Frenkel effect (PFE), Gaussian Distribution
(GD), and quantum tunnelling. We have also calculated the insulating temperature of our
fabricated devices, and some experimental results have been verified through simulation

studies.

The performance and applications of natural dye-based organic semiconductor devices in
optoelectronics are limited by high barrier height, high series resistance, high trap energy, and
low current conduction at the metal-organic semiconductor interface. One way to address these
challenges is by incorporating nanoparticles, such as zinc oxide (ZnQ), into the organic layer.

This thesis investigates the impact of ZnO nanoparticles on the electrical characteristics of
organic Schottky diodes derived from herbal dyes. The results for natural herbal dye-based
organic Schottky diodes have been compared with previously reported typical organic Schottky
diodes. Additionally, this thesis explores potential explanations for the observed impact of ZnO

nanoparticle’s shape on organic Schottky diodes.
We have designed our present work into eight chapters.

The Chapter 1 establishes the goal of the research. This chapter presents simplified discussions
of the interwork covered in the thesis. The purpose of this study is to discuss the analytical
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explanation of the charge transfer mechanism via the natural digest organic semiconductor
Schottky diode. This chapter has covered the overall introduction, motivation, and aims of the
entire study. The significance of the present work is also discussed. The overall structure of the
thesis study has also been detailed.

Chapter 2 provides a detailed overview of Schottky diodes based on organic semiconductors.
Review of previous history including notable studies with theoretical and experimental
clarification has been clarified. The properties of organic semiconductors are divided into two
groups: electrical structure and chemical properties. The focus has been on the exciton
production process and its subsequent recombination. A thorough description of the various
recombination processes has also been discussed. It has been stated that the cause of
recombination at the interfacial regime is Langevin recombination. On the other hand, photons
are produced by thermal agitation caused by Auger recombination. The focus has been on
various experimental and theoretical modeling approaches related to the charge transport
mechanism in organic semiconductors. CTE generation, dissociation, and charge conduction
with various recombination types are generally discussed. We have also been discussed about

the ZnO nanoparticles in thin film electronics.

The detailed fabrication and characterization of the Al/Turmeric/Cu diode presented in this
work were covered in chapter 3 of this thesis. The experiment's excellent outcome
demonstrates how to improve the device's rectification ratio. Our obtained rectification ratio
(asymmetry) of 30 at the 4V bias voltage. The conclusion drawn from the energy gap between
HOMO and LUMO of the curcumin molecule and temperature dependent |-V characteristics
observation is that the turmeric dye molecule behaves like a semiconductor. Al/Turmeric/Cu
device's series resistance reduces as temperature rises and the presence of light also reduces the
threshold voltage. So, the device might be accepted in optoelectronic applications based on the

calculated values of nonlinearity, sensitivity.

In chapter 4, we have fabricated Al/Beetroot/Cu device for the first time and conclude that the
electrical characteristics of an organic thin-film device based on herbal dyes that works as a
Schottky diode at room temperature and as a MIM below 140 K. Our device's ideality factor
of 4.5 and maximum asymmetry of 17.6 at 0.85 V establish it as a viable option for use as an
organic Schottky diode in rectifying applications. The device performs better than the organic
Schottky diodes that have been previously reported. Additionally, we have fabricated an
Al/TiO,/Cu surface type Schottky diode in this chapter to compare it with organic dye-based
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organic diodes. First conclusion of this chapter is semiconducting behaviour of beetroot dye
molecules which is one of the primary goals of this investigation. In this Al/Beetroot/Cu
device, quantum tunnelling and trap-assisted current conduction were observed. We also
observed that GD and SE might work well in the charge transportation mechanism. There is a
theoretical prediction of this device's insulating temperature. Finally, we have conducted a
comparative analysis of various natural dye-based thin-film diodes and observed that
Al/beetroot/Cu exhibits markedly better electrical properties than our fabricated indigo and

turmeric based devices.

Chapter 5 covered the in-depth construction of a thin-film diode based on natural dyes, in
which Ag is substituted with Cu and natural dye layers (betanin, curcumin, and indigo) for
Al203. We have also fabricated another (Al/TiO2/Cu) diode under the same ambient conditions,
and we have compared the rectifying parameters of these two diodes. In order to confirm
experimentally the observation of quantum tunnelling through the current conduction
mechanism of a series of natural dye based Schottky diodes, this work compares all of the
Schottky diodes based on natural dyes. We have found that a single layer Al/Beet/Cu diode has
the highest sensitivity of 25.7 A/W at 0.7 V and a superior low bias asymmetry of 18 at 0.85
V, which makes it a good option for high-speed optoelectronic use. In this study, the trap
density, carrier density, and mobility of the active layer (beetroot dye) were measured using
Poisson's equation. Once more, we proposed a one-dimensional organic semiconductor
Schottky diode based on natural dyes. We also covered simulation studies in this chapter to
confirm the experimental findings. The electrical properties obtained from the simulated and

experimental data are fairly similar to each other.

ZnO was selected for incorporation into the organic Schottky diode based on herbal dyes due
to all of the aforementioned fascinating characteristics which we have discussed in Chapter 6.
We have fabricated various natural herbal dye-based organic Schottky diodes using viscous
PVA solution to dissolve each of the aforementioned dyes. ZnO nanoparticles were then added
to each of the herbal pigments to create the organic Schottky devices. The series resistance
(Rs), trap energy (Ec), barrier height (¢v), threshold voltage (Vw), and trap energy (Ec) for both
kinds of fabricated diodes have been calculated. The interfacial barrier height at the metal-
organic dye contact is used to calculate the barrier height (¢») of an organic Schottky diode at
that junction. Within this chapter 6 lastly, we have investigated a comparative study of the

electrical properties of three natural dye-based thin-film diodes and found that the
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Al/beetroot/Cu device performs substantially better than our fabricated Al/indigo/Cu and
Al/turmeric/Cu devices. The work will be beneficial in enhancing knowledge about the
potential uses of herbal dyes going forward and the importance of ZnO nanoparticles in various
optoelectronic devices development applications.

Organic semiconductor diodes based on natural dyes have many benefits over inorganic
semiconductor diodes, such as improved performance, affordability, lightweight design,
biocompatibility, tuneable features, flexibility, and versatility. But as we have seen in some
literature and in our discussed chapters, the values of Rs, n, and ¢ for organic semiconductor
Schottky diodes based on natural herbal dyes are sufficiently high. Thus, one of the main goals
of this study is to reduce the values of Rs, n, and ¢. We have incorporated ZnO nanoparticles
with beetroot dye to create an organic semiconductor Schottky diode based on a natural herbal
beetroot dye. This shows a significant decrease in the Rs, n, and ¢ of the Schottky diode. which
increase the Schottky diode's mobility and current conduction through the use of natural
beetroot dye. However, ZnO nanoparticles come in a variety of geometrical shapes. The goal
at this point is to identify the more effective ZnO nanoparticle forms which we have discussed
in Chapter 7. Thus, we have used two different morphological (spherical and cylindrical)
nanoparticles. It has been observed that spherical ZnO nanoparticles reduce Rs, ¢, Ec and n

more than cylindrical ZnO nanoparticles do for both types of Schottky diodes.

8.2 Findings

The entire work involves in charge transport mechanism of natural dye-based organic
semiconductor Schottky diodes. For this we have fabricated and characterized the natural dye-
based organic semiconductor Schottky diodes. We observed that the I-V characteristics of all
the three natural dye-based diodes discussed here are asymmetric in nature. The electronic
parameters of Al/Turmeric/Cu Schottky diode have been evaluated at first by current-voltage
method at room temperature. Also, the electronics properties of Al/Turmeric/Cu device have
been investigated by temperature dependent current-voltage (I-V) measurements at different
temperature using another diode. The average values of ideality factor, series resistance and
shunt resistance have been observed to be about 6.562, 8 kQ) and 105 kQ, respectively, from
forward bias current-voltage characteristics. High value of Rectification Ratio as found to be
maximum 30 at 4 V indicates that this junction has potential to be used as a good rectifier. As

the diode shows high rectification ratio at low voltage, this may be used as a good rectifier at
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low voltage application. The maximum sensitivity was found 0.1V* under an applied bias 5V
and 4.3V at -2V. The interesting result obtained in this present work is that the series
resistance decreases with temperature and current increases with temperature. At 65°CRs is 56
kQ and at 28°CRs is 1.06 MQ and the energy difference between HOMO and LUMO is 2.95
eV (at 420 nm). These findings indicate that turmeric behaves like a semiconductor and has a
potential to be used as organic semiconductor diode. Turmeric contains diarylheptanoids and
phenolic compounds. These molecules contribute to its semiconducting behaviour. Also, it is
suggesting that this diode can be used as a good rectifier in electronics and solar cell

applications.

Then the development and characterization of Al/Beetroot/Cu device has been presented. The
electronic parameters of the diode are retrieved using a thermionic emission approach from the
I-V characteristics. Furthermore, the computed values of ideality factor (n), barrier height (¢)
and series resistance (Rs) of Al/Beetroot/Cu using the Cheung and Cheung functions are 4.5,
0.73 eV and 1.10 KQ, respectively. The values of Rs in these two different approaches are very
similar (shown in table 1), but a discrepancy in values of n confirms the existence of high Rs
and high interface state density. The band gap of the betanin molecule present in beetroot is
2.1 eV. The electronic properties of the Al/beetroot/Cu device have been investigated in the
temperature range 293-323 K and the findings shown in Table 8.1. These findings indicate that
the betanin molecule is a semiconductor with a band gap lower than TiO2, and the linear
behaviour of the ¢ vs 1/n graph confirms the device is a Schottky diode. Moreover, we found
that the reverse leakage current is dominated by Schottky emission (SE) over Poole-Frenkle
emission (PFE), and from the temperature dependent |-V, the values of 3 are noticeably closer
to PBse than Bere. Which concludes from the findings of the Table 8.3 and Table 8.4 that at high
temperature SE is dominant PFE and at very low temperature PFE dominant SE. At 140 K, the
beetroot dye behaves like an insulator and the quantum tunnelling effect dominates over the
thermionic emission. On the other hand, at room temperature, the dye behaves like a
semiconductor and thermionic emission dominates quantum tunnelling. As a result, at room
temperature and higher, the device could be a Schottky diode. The G(V) vs V plot was used to
explain the existence of the dye's trapping effect. There is a significant reduction in Rs, Ec, and
¢ that has been gained in the use of beetroot dye over some previously reported organic dyes
which shown in Table 8.5. When we utilise beetroot dye instead of indigo dye, the value of n
and Rs decreases from 11.65 to 4.5 and 430 KQ to 1.1 KQ, respectively, according to the

comparison analysis. The trap energy drops from 0.0732 to 0.021 eV once more. The

153



theoretically estimated value of the insulating temperature for Al/Beetroot/Cu is 133 K. As a
result, we may conclude that Al/Beetroot/Cu exhibits significantly better electrical properties

than herbal dye-based thin film diodes such as Al/Turmeric/Cu and Al/Indigo/Cu.

Table 8.1 The calculated electrical parameters of Al/Beetroot/Cu in two different methods.

Method Barrier height(o) Series Resistance(Rs) Ideality factor(n)
I-V Experimental 0.73 eV 1.46 KQ 9.5

dv/dinl vs | 1.10 KQ 4.5

H(I)vs I 0.751 eV 1.087 KQ

Table 8.2 Temperature dependent electrical parameters of Al /Beetroot /Cu.

Temperature (K) Barrier height(p) eV Series Resistance (Rs) Ideality factor(n)

KQ from I-V
293 0.22 333 151
298 0.25 173 121
308 0.41 80 9.1
313 0.57 45 8.7
318 0.61 27 8.4
323 0.72 10.53 7.1
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Table 8.3 Represents the comparison of theoretical and experimental value of  for three

natural dye based thin film diode.

Thin film diode Experimental [ ( Theoretical Pse ( Theoretical Pere (
evml2\-12) evVml2\V-12) evml2\-12)
Al/Beetroot/Cu 3.069x10° 2.25x10° 4.5x10°
Al/Indigo/Cu 0.45x10° 1.825x10° 3.65x10°
Al/Turmeric/Cu 0.52x10° 0.514x10° 1.013x10°

Table 8.4 Represents temperature dependence of § for Al/Beetroot/Cu

Temperature 293 298 308 313 318 323
(K)

B(eVm”ZV‘ 0.59x10° 0.53x10° 0.65x10° 0.71x10° 0.78x10°  0.89x10%
1/2)

Table 8.5 Values of E¢ and barrier height for different dyes used in organic Schottky device.

Device and used dye  Trap energy (Ec) in Barrier height from I- Series resistance (s)

eV VineV in kQ
ITO/CVI/IAI [52] 0.044 0.80
ITO/CV/AI-M [52]  0.034 0.77
Al/Turmeric/Cu [53] 0.028 0.825
Al/Indigo/Cu[45] 0.073 0.87 127
ITO/RB/AI-M [55] 0.086 0.95 202
ITO/MR/AI-M[55]  0.076 0.99 439
Al/Beetroot/Cu [this 0.021 0.732 1.1and 1.46

work]
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Again, for this Al/Beetroot/Cu device fni> 3 and fsens> 7 A/W, and from the Table 8.6 using
the FOMs of the diode we may conclude that, the diode has a great potential to the researchers
in energy harvesting rectifier application. In order to have a predictive behaviour and to have
a better understanding of the physical processes and mechanisms influencing the effectiveness
of the appliance under examination. Significant consistency has been obtained in experimental
observation and simulation study. From the parabolic behaviour of the dI/dV vs V plot we may
conclude that all the three natural dye-based Schottky diodes may affected in some way by the
quantum tunnelling phenomena. Two different linear zones with varying slopes of ¢ vs n graph
for Al/Beetroot/Cu device demonstrates the existence of two different charge transport
processes corresponding to two different temperature ranges. Which concludes that the GD

model could be useful.

Table 8.6 FOMs comparison between natural dye-based diodes with Al/TiO2/Cu

Increases

with bias
300 30 1.9 4.3 12.8kQ
1180 17.6 5.998 25.7 23.26kQ
8 Increases 0.4 436kQ
with bias

Again, we observed that due to the incorporation of ZnO nanoparticles the Rs, n, and ¢
of the Schottky diode have significantly decreased, which increase the charge carrier’s mobility
and current conduction in the natural beetroot dye-based Schottky diode. The findings on the
impact of ZnO nanoparticles on electrical characteristics of herbal dye based organic Schottky
diode shown in Table 8.7 and these findings conclude that, when ZnO nanoparticles are
injected, they occupy a wide range of trap states, which reduces the trap energy (Ec) and series

resistance (Rs). As a result, the threshold voltage (V) was decreased, and the device's electrical
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conductivity improved. Finally, we observed the influence of ZnO nanoparticle morphology
on various electrical properties of the organic semiconductor Schottky diodes based on herbal

dyes and the findings are shown in Table 8.8.

Table 8.7. Findings of different electrical parameters of the natural dye-based devices with

and without ZnO nanoparticles.
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Table 8.8 Findings of electrical characteristic parameters of the reported Schottky diodes with

the incorporation of spherical and cylindrical ZnO nanoparticles.

n=1.65 n=1.68 n=1.77 n=14 n=17

¢ =0.43 ¢ =0.49 ¢ =0.65 $=0.6 ¢ =0.62

Rs =1.84 Rs=1.86 Rs = 580 Rs = 52 Rs = 61

¢ =0.42 ¢ = 0.447 ¢ =0.62 $=056  ¢$=0.60
. Rs=1.98 Rs=21 Rs = 589 Rs =98 Rs =115
. ® =0.45 ® =0.459 ®=0598 ®=057 ©=0.89
. - - 0.052 0.046 0.048

From the findings of Table 8.8 we may conclude that spherical ZnO nanoparticles have been
found to reduce Rs, n and ¢ more than cylindrical ZnO nanoparticles do for both types of
Schottky diodes. There have been reductions of 91%, 11.5%, and 8% in series resistance (Rs),
trap energy (Et), and barrier height (¢), in that order.
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8.3 Conclusion of the work

In this thesis we have studied the charge transport mechanism in natural dye-based organic
semiconductor Schottky diodes and found the semiconducting property of natural herbal dyes
like turmeric, indigo, and beetroot. The natural dyes show the semiconducting property which
has been concluded from the band gap measurement using absorption spectra and temperature
dependent dark 1-V characteristics. The linear behaviour of the ¢ vs 1/n graph confirms the
device is a Schottky diode. Moreover, we found that the reverse leakage current is dominated
by Schottky emission (SE) over Poole-Frenkle emission (PFE), and from the temperature
dependent I-V, the values of 3 are noticeably closer to Bse than Bpre. Which concludes that at
high temperature SE is dominant PFE and at very low temperature PFE dominant SE. At 140
K the beetroot dye behaves like insulator and the observed parabolic conductance concludes
that quantum tunnelling takes an important role in charge transportation. Using Poisson's
equation, we extract the mobility, carrier concentration, and trap density in Al/beetroot/Cu
Schottky diodes. The mobility is notable for reaching 124.54 cm?#/V-s, indicating effective
charge transport. The diode is a potential rectifier due to its sensitivity, nonlinearity, and
asymmetric current-voltage characteristics. Again, a simulation study was run using the
SCAPS 1d program to confirm the findings of the experiment. The value of conductivity and
forward bias current is quite low for all these natural herbal dye-based organic semiconductor
devices. Again, we observed that due to the incorporation of ZnO nanoparticles the Rs, n, and
¢ of the Schottky diode have significantly decreased, which increase the charge carrier’s
mobility and current conduction in the natural beetroot dye-based Schottky diode. Finally, we
may conclude that spherical ZnO nanoparticles have been founded to reduce Rs, n and ¢ more
than cylindrical ZnO nanoparticles do for both types of Schottky diodes. There have been
reductions of 91%, 11.5%, and 8% in series resistance (Rs), trap energy (Et), and barrier height
(¢), in that order.

8.4 Scope of the future work

8.4.1 Challenges and current research

One of our approaches involved studying biodegradable natural herbal organic semiconductor-
based electronics. This thesis provides valuable insights into nonconventional biodegradable
organic electronic materials. The current conduction is highly dependent on the barrier height
at the metal-organic semiconductor junction. The goal of this thesis is to investigate the current

conduction mechanism through natural dye-based organic semiconductor devices, aiming to
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reduce this barrier height and series resistance to enhance device performance. Charge carrier
mobility is restricted by high series resistance. We also encountered a challenge where the
forward bias current decreases over time in all our fabricated devices using Turmeric, Indigo,
and Beetroot dyes, resulting in poor forward bias current. For, organic semiconductor devices
to be efficient, strategies to lowering Rs and increasing the forward bias current are essential.
Charge transport is impeded by trap states present in the organic semiconductor layer. It is
crucial to look into trap energy levels and minimize their effects. We observed that ZnO
nanoparticles affects barrier height, trap energy, and series resistance because of its distinct
nanostructure. While natural dyes derived from beetroot have been studied extensively, other
natural dyes, like indigo and turmeric, also show promise. Research on their behaviour in

organic devices is an exciting area to pursue in the future.

8.4.2 Future Directions

Researchers must continue to optimize barrier height, reduce series resistance, and minimize
trap energy. For this we can optimise the thickness of the dye layer. In our fabricated device
thickness of the dye layer is high enough, so it should be optimised to decrease the trap energy.
For this, researchers can observe the 1-V characteristics by varying the dye layer’s thickness.
Researchers can also observe the electrical parameters by varying the junction area between
organic semiconductor and metal electrode. Novel approaches, including hybrid materials and
interface engineering, can lead to breakthroughs. Again, in our fabricated device we have used
Al, Cu and FTO as electrodes which are not biodegradable. In light of future development of
implantable and biocompatible electronics, Al and Cu substrates must be replaced with organic
counterparts. Starch, composed of complex carbohydrates, can be proposed as suitable
candidate for biodegradable, recyclable electronic device operation.

Herbal dye-based organic semiconductors can serve as sensors, photodetectors, and energy
harvesters. Integrating these functionalities within a single device is an exciting challenge.
Bridging the gap between lab-scale demonstrations and large-scale production is essential.
Collaboration with industry partners can accelerate commercialization.

Organic semiconductors based on natural herbal dyes provide a flexible and sustainable
platform for electronics of the future. As scientists continue to explore their characteristics and
uses, we should anticipate ground-breaking discoveries that will completely transform the
industry.

Remember, the colourful natural herbal dyes may hold the key to our technological future!
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