INVESTIGATIONS ON VANADYL
PHTHALOCYANINE AND ZINC OXIDE
BASED HYBRID PHOTODIODES

Thesis
Submitted in partial fulfilment of the requirements for the degree of
DOCTOR OF PHILOSOPHY
by
MANEPALLI R KIRAN

DEPARTMENT OF PHYSICS
NATIONAL INSTITUTE OF TECHNOLOGY KARNATAKA,
SURATHKAL, MANGALORE-575025
JULY, 2018



DECLARATION
by the Ph.D. Research Scholar

I hereby declare that Research Thesis entitled “Investigations on Vanadyl
phthalocyanine and Zinc oxide Based Hybrid Photodiodes”, which is being submitted
to the National Institute of Technology Karnataka, Surathkal in partial fulfilment of the
requirements for the award of the Degree of Doctor of Philosophy in Physics is
bonafied report of the research work carried out by me. The material contained in this
Research Thesis has not been submitted to any University or Institution for the award

of any degree.

MANEPALLI R KIRAN
Reg. 121193PH12F01
Department of Physics

Place: NITK, Surathkal

Date:




CERTIFICATE

This is to certify that the Research Thesis entitled “Investigations on Vanadyl
phthalocyanine and Zinc oxide Based Hybrid Photodiodes”, submitted by Manepalli
R Kiran (Register Number: 121193PH12F01) as the record of the research work
carried out by him, is accepted as the Research Thesis submission in partial

fulfilment of the requirements for the award of degree of Doctor of Philosophy

Prof. M. N. Satyanarayan

Research Guide

Prof. G. Umesh
Research Co-Guide

Chairman- DRPC
Date:




Dedvoction
t%cﬂy/mzﬁ lbbarao @ Chhanalakbsbms
Do my sister Chandribes Madhurs

Tt my wif Dhgyyaths



ACKNOWLEDGEMENTS

Firstly, I would like to express my sincere thanks, appreciation and gratitude
to my research supervisors Prof. M. N. Satyanarayan and Prof. G. Umesh. I am
thankful for their continuous support, guidance, valuable expertise and inexhaustible
patience during all the stages of my Ph.D., which have enabled me to complete my
research and write up this thesis. I am grateful to Department of Physics, NITK
Surathkal for provided me the Institute fellowship and contingency grant. I would also
like to thank my Research Progress Assessment Committee members, Prof. S. M.
Kulkarni and Dr. Ajith K. M. for their insightful comments and valuable suggestions.
I extend my thanks to The Head, Faculty and Non-Teaching staff of the Department
of Physics for their timely support.

I would like to acknowledge, Prof. A. Subrahmanyam, I[ITM Chennai, Dr.
Udaya Bhat. K, NITK, Dr. Udaya Kumar. D, NITK for extending research facilities.
I thank Prof. Subhasis Ghosh, JNU Delhi and Prof. Thomas Anthopoulos, KAUST,
Thuwal and Dr. Kishore Sridharan, NITK, for sharing their expertise at various times.
I also thank the editors and reviewers of my publications for their valuable

assessment.

I am also deeply grateful for the companionship of my fellow researchers in
the Institute. I would like to thank my seniors Dr. Vikas Shelar, Dr. Garudachar and
Dr. Shashidara for their friendly advice at the beginning stage of my Ph.D. Many
Thanks goes to Dr. Hidayath Ulla, Dr. Raghavendra Prasad J, Dr. Suresh Dara and Dr.
B. Naveen Kumar Reddy for their selfless help in many extents. I also thank Mr.
Krishnamanohara and Mr. Raghavendra M. A. N. S and Mr. M. Vijay and Mr. L
Ramesh Reddy for their help in simulation studies. My special thanks goes to my
friend Mr. Chandra Sekhar. K, NIE Mysore, for his continuous help in AFM and SEM

measurements.

Finally, I would like to acknowledge consistent support and encouragement
from my parents, my sister and my loving wife, without their patience this work

would not have possible.



ABSTRACT

Organic-inorganic hybrid photodiodes have been of recent interest for
optoelectronic applications. The motivation behind these investigations is to utilize the
advantages of both organic and inorganic materials to achieve high-performance long
lifetime devices. This thesis describes the fabrication and characterization of organic-
inorganic hybrid diodes made wusing vanadyl phthalocyanine (VOPc; a p-type
semiconductor) and zinc oxide (ZnO; a widely used n-type semiconductor). The
optoelectronic properties of these materials were investigated in detail to understand the
underlying operating mechanism for charge carrier generation and transport to enable
fabrication of high-efficiency photodiodes. First, VOPc based single carrier hole-only
devices fabricated by physical vapor deposition were characterized using current density-
voltage (J-V) and Impedance spectroscopy (IS) measurements. The morphology
dependence of VOPc films showed that the films deposited at lower rates (0.1A/s) exhibit
improved electrical properties as they possess higher hole mobility (1.5x107 ecm?/V-s)
compared to films deposited at higher rates (5A/s). The dominant charge conduction
mechanism in these films has been identified to follow the correlated barrier hopping
(CBH) model. Following these studies, the sol-gel spin coated ZnO nanoparticulate thin
films were investigated using J-V and IS measurements. The morphology dependent
electrical properties showed that the ZnO films annealed at 350°C exhibit higher electron
mobility (1.9x10° cm*/V-s) compared to the films annealed at lower temperatures.
Finally, the hybrid photodiodes were fabricated using these two materials and
characterized for optoelectronic properties. The devices involving ZnO films annealed at
350°C showed the maximum responsivity (Rpn in A/W) and the value was found to be
0.47 A/W, 0.13 A/W in forward and reverse bias conditions, respectively. Further, hybrid
diodes fabricated using solution processed ZnO nanorods (ZNR) and VOPc showed
higher responsivity compared to all other devices fabricated by us. A high responsivity of
16.28 A/W (forward bias) and 11.5 A/W (reverse bias) was achieved for ZNR films
grown using precursor solution at 120°C. These values are several hundred times higher
than the values obtained for devices made using ZnO nanoparticles thus indicating the

superiority of ZNR based photodiodes.

Keywords: OPD, Vanadyl phthalocyanine, charge transport, mobility, photocurrent.
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CHAPTER 1

INTRODUCTION

Overview

Chapter 1 provides a brief overview of the field of organic electronic devices, the
materials used for fabricating them and their operating characteristics. It begins with
a description of the relevant properties of various organic semiconductors focussing
on the role of interfaces and the charge transfer mechanism on the device
performance. A brief description of the organic-inorganic hybrid heterojunctions and
their utilization in the organic electronic devices is presented. This is followed by a
brief discussion of the charge transport in disordered organic semiconductors. Next,
the nature of materials used for respective devices and their characteristics is
described. Lastly, the scope and objectives of the thesis are presented, followed by a

summary of all the chapters in the thesis.
1.1 Basics of Organic semiconductors

The term organic semiconductor is used to describe organic materials which
possess the ability of electrical conduction due to electrons and/or holes depending on
the materials chosen. The basic constituent of all organic materials is carbon atoms
and the most important aspect of organic semiconductors is the conjugation of the c-c
bonds [Stallinga 2009]. In these materials m-conjugation, involving alternating single
and double bonds between neighbouring carbon atoms, plays an important role in the

charge carrier transport processes.

The formation of =w-bonds in a conjugated molecule corresponds to the
splitting of the electron energy levels into the molecular orbitals (MOs). The energy
of the MOs lower than the original atomic orbitals are known as bonding m-orbitals,
while the MOs with higher energies are termed antibonding w*- orbitals [Briitting
2005]. When the conjugation length increases, the number of p, orbitals, which share

1



their electrons, increases. This leads to the splitting of individual energy levels
resulting in quasi-continuous energy bands. The state possessing the highest energy
amongst all the occupied orbitals is called the Highest Occupied Molecular Orbitals
(HOMO) and is analogous to the top of the Valence Band (VB) in inorganic
semiconductors [Hagan Klauk, 2006]. On the other hand, the state with the lowest
energy amongst all the unoccupied molecular orbital is known as the Lowest
Unoccupied Molecular Orbitals (LUMO) and is analogous to the bottom of the
Conduction Band (CB) in inorganic semiconductors. The energy difference between
the HOMO and the LUMO is taken to be the energy bandgap (Ey). Generally, the
bandgap of the organic molecules decreases if the number of atoms in the conjugated
system is increased. Addition of electron-withdrawing (or -electron-donating)
functional groups lowers (or raises) the absolute energy value of the frontier

molecular orbital [Hu et al. 2016].

LUMO
Pz — band gap
HOMO l

Energy

(a) (b) © @ _@
No. of Molecules DOS

Figure 1.1 Formation of energy levels (HOMO and LUMO) and the band gap of

organic semiconductors.

The variation in conjugation lengths and interaction energies amongst the
neighbouring molecules gives rise to locally varying polarization energies. This leads
to the formation of broad Gaussian Density of States (GDOS) for bonding and anti-
bonding orbitals of the molecules as shown in Figure 1.1.This aspect is also a

consequence of the disordered nature of organic semiconductors.



In organic semiconductors, the charge transport occurs largely due to hopping of
charge carriers between HOMO (or LUMO) levels, having comparable energies, of
neighbouring molecules [Coropceanu et al. 2007]. Thus, organic semiconductors have

several unique properties manifested by GDOS of the HOMO and LUMO levels.

1.2 Electronic Structure of Organic Molecular Semiconductors

The basic electronic structure of an isolated hydrogen atom is shown in Figure
1.2(a): the vertical axis shows electron energy (in eV). The various bound electron
energy levels are shown. The higher energy levels converge to a continuum
terminating in the vacuum level (VL), above which the electron is not bound to the
nucleus. Figure 1.2(b) represents the electronic structure of a polyatomic molecule.
Here, the potential well is formed by atomic nuclei together with the tightly bound
electrons. The potential wells of all the nuclei get merged at higher energies to form a
single broad well leading to delocalized MOs. On the contrary, AOs closer to the
nuclei continue to be localized in the individual potential wells (core levels). The
energy differences between the HOMO and LUMO to the VL are termed gas phase

ionization energy (IP) and the electron affinity (y) of the molecule, respectively.

(@) (b) (c) (d)

;LUMO

E:

F
18
b Eg
Is )
¢ Nucleus ee e e Nuclei HOMO

Figure 1.2(a) Basic electronic structure of hydrogen atom, (b) Electronic structure of

vacuum
level (VL)

3s,3p, 34
2,2p

the polyatomic molecule(c) The simplified representation of the electronic structure of
the organic solid and (d) Density of States profiles of the HOMO and LUMO” of
organic molecules [Ishii et al. 1999], Er and E, represents the Fermi energy level and

the energy band gap, respectively

When the molecules or polymer chains come together to form an organic

solid, the electronic structure gets altered. The HOMO and LUMO bands are still



largely localized to each molecule in spite of the weak van der Waals interaction
between the molecules. Since the energies of HOMO and LUMO bands of individual
molecules are same, a simplified energy band structure may be adopted for the
organic solid as shown in Figure 1.2(c). This model varies between materials,
depending on the strength of interaction between the molecules of the solid and the
arrangement in the crystal. In cases of week interactions and/or energy disorder, the
bands become broader and shape of the bands can be represented by Gaussian as

shown in Figure 1.2(d).
1.3 Differences between Organic and Inorganic Semiconductors

In many aspects, organic semiconductors are very different from the widely used
inorganic semiconductors. Inorganic semiconductors are characterized by strong
covalent bonds or ionic and/or covalent bonds, resulting in electronic bands extending
over the entire solid specimen. On the other hand, organic semiconductors are
composed of organic molecules, held together by weak van der Waals interactions
and have localized energy states [Kohler and Bassler 2015]. However, n-n staking
becomes important in solid organic semiconductors, particularly in samples having a
crystalline structure (fully or partly) and high mobility. Moreover, the intramolecular
coupling is much stronger compared to the inter-molecular van der Waals force. The

mean free path of the charge carriers is of the order of intermolecular spacing.

The mechanisms for electrical conduction are another point of difference between
the organic and inorganic semiconductors. The charge transport in the inorganic
materials is band type, whereas it is mostly hopping type in organic semiconductors
materials. The absence of the long-range order leads to the localization of electronic
wave function and the formation of broad Gaussian Density of States (GDOS) for
LUMO and HOMO bands. The charge carriers in the organic semiconductors hop
between one molecule (site) to a neighboring site due to thermal or electric field
activation [Ancumvan et al. 1995]. It is seen that the charge carrier mobility in
organic materials is very small in comparison with that in inorganic materials [Rand

et al. 2007, Gao and Zhao 2015]. It may be due to the fact that the exciton separation



is very difficult in organic semiconductors having low dielectric constants(~3)

[Spanggaard and Krebs 2004].

The effective charge carrier mobility in the organic semiconductors is dependent
on the temperature and the applied electric field as described by the Poole-Frenkel
(PF) relation [Briitting 2005] given below

u(E,T) = u(0, Mexp[B(T)VE] (1.1)

where, u(0, T) and B(T) are temperature dependent quantities, known as Zero field
mobility and field activation of the mobility, respectively. In these materials, the
operating mechanism for transport of charge carriers is hoping between the two

molecules having comparable energies for HOMO and LUMO.
1.4 Types of Organic Semiconductors

Organic semiconductors are classified into mainly two groups on the basis of their
molecular weight, namely (i) n-conjugated small molecules and (ii) polymeric organic
semiconductors (POSs). The small molecule organic semiconductors are low
molecular weight (< 900 Da) materials, while POSs have much higher molecular
weight (> 900 Da) since they are long-chain organic molecules comprising of
repeated sub-molecular units (at least 20 and typically several hundred units ) [Thejo
Kalyani and Dhoble 2015]. Devices fabricated using POSs have been studied
extensively because of their compatibility with low-cost solution processing
techniques (spin coating, dip coating, and inkjet printing) [Habas et al. 2010].
Solution process techniques are ideal for manufacturing flexible and large-scale
electronic devices and systems. On the other hand, small molecules possess a well-
defined chemical structure, but, many of them are insoluble in common organic
solvents. Moreover, highly ordered films of small molecules can be obtained by using
Physical Vapour Deposition technique (PVD). Generally, thin films of POSs have
much higher disorder compared to films of small molecule organic semiconductors.
Thus, the charge carrier mobilities in thin films of the small molecules are several
orders higher than that of solution processed polymer devices. Figure 1.3(a, b) shows

the molecular structure of some well-known organic semiconductor materials, both
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small molecules and polymer types. Some of the small molecules, viz. copper
phthalocyanine (CuPc), pentacene, fullerene (Cg), rubrene and tris-(8-
hydroxyquinolinato) aluminum (Alq;) are shown in Figure 1.3(a). The long chain
POSs, such as polyphenylene (PPP), polyphenylenevinylene (PPV), polythiophene
(PT) and polypyrrole (PPy), are shown in Figure 1.3(b) [Stallinga 2009].

Electrical conductivity in organic solids was first discovered in doped polypyrrole
in 1960. Several thousand small molecules and polymeric semiconductors have been
synthesized so far, leading to the demonstration of several optoelectronic devices,
including organic light emitting diodes (OLEDs), organic solar cells (OSCs), organic
field effect transistors (OFETs) and, very recently, photodetectors [Arquer et al.
2017].
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Figure 1.3 Typical organic semiconductor materials; (a) small molecules and (b)

polymer sub-molecular units (POSs) [Stallinga 2009].
1.5 ORGANIC PHOTODIODE DESIGN AND OPERATION

An Organic Photo Diode (OPD) is an optoelectronic device, comprising of thin
layers of conductors and photoactive organic compounds, and generates current when
illuminated by light. Almost all the OPDs have a planar structure, where the light

absorbing layer is sandwiched between the two electrodes. One of the electrodes must
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be a transparent conducting oxide such as indium tin oxide (ITO); thin transparent
metal layer can also be used. The other electrode is very often a thin film of aluminum
metal; calcium, magnesium, silver, gold and other metals are also used. Basically, the

working principle of OPD is opposite to that of an OLED as illustrated in Figure 1.4.

In OLEDs, electrons are injected by the low work function cathode and,
equivalently, holes are injected by the high work function anode. The injected
electrons and the holes meet and recombine in the organic layers leading to the
emission of the light. The reverse process happens in an OPD device, wherein, the
light is absorbed by the active material (donor) an electron is excited from HOMO to
LUMO forming an ‘exciton’ (coulombically bound electron-hole pair). The excitons
are transported to the donor-acceptor junction where they get dissociated followed by
charge collection by the electrodes [Spanggaard and Krebs 2004]. In order to achieve
the exciton dissociation, an electric field is needed, which is provided by the
asymmetrical ionization energy/work function of the electrodes. To facilitate better
charge transport through the device and to improve the quality of electrical contacts,
transparent charge transport layers are inserted between the active layer and the

electrode contacts.

Light = Light <
Glass Glass
ITO ITO
Organic material Organic material
Metal (Al) Metal (Al)
OLED mode OPD mode

Figure 1.4 Schematic of OLED and OPD device structures indicating their separate
functionality.

The materials used in this work as active layers, transport layers and electrodes are
discussed in detail in Chapter 2. The active layers in an OPD, typically, comprise of

two organic semiconductors, an electron donor, and an electron acceptor. The donor
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materials have a lower Ionization Potential (IP) and Electron Affinity (y) (or
equivalently, higher HOMO and LUMO levels) with respect to the acceptor materials.
The energy offset at the donor-acceptor interface is necessary to enable efficient
exciton dissociation and generation of free charge carriers in such materials. In the
most basic configuration, the donor-acceptor junction consists of a bilayer structure,
known as planar heterojunctions (Figure 1.5(a)). To optimize the photo-generation
process, alternative device structures have been developed including bulk
heterojunctions (Figure 1.5(b)) and tandem architectures (Figure 1.5(c)) [Wright and
Uddin 2012].

Cathode | Cathode |
Recombination layer
(a) Planar heterojunction  (b) Bulk heterojunction (¢) Tandem multijunction

Figure 1.5 Organic photodiode architectures (a) planar heterojunction, (b) bulk

heterojunction and (¢) Tandem multi-junction configurations.

1.6 PHOTOCURRENT GENERATION PROCESS DETAILS

In this section, the advantages and limitations of individual device architecture
will be discussed by taking a closer look at the photocurrent generation processes. The
photocurrent generation process in OPDs can be modeled as a sequence of four basic
steps: (i) Light absorption (exciton formation), (ii) Exciton migration, (iii) charge
separation (exciton dissociation) and (iv) charge migration (charge collection). The

overall device efficiency is given by [Moliton and Nunzi 2006]

N1 = Nabs X Naiss X Ntrans X Necoll (1.2)

where, 1,551 the light absorption efficiency, 1,45 1S the exciton dissociation
efficiency,nirqns 18 the charge transport efficiency and the n.,; is the charge

collection efficiency.



Absorption of a photon in an OPD leads to the formation of an exciton. In contrast
to the inorganic semiconductor photodiodes, excitons need to diffuse to the donor-
acceptor interface where the exciton dissociation occurs due to the energy offset
between the frontier molecular orbitals [Kippelen and Brédas 2009]. This process of
exciton dissociation involves transfer of electrons from the donor to the acceptor
and/or transfer of hole from the acceptor to donor [Feron et al. 2012]. Finally, upon
exciton dissociation, the separated charge carriers can be collected at the respective
electrodes resulting in an electric current in the external circuit. The efficiency of each
step is determined by the optoelectronic properties of the materials used in the OPD

device. The photocurrent generation process is illustrated in Figure 1.6.

QO —

Cathode

Acceptor

Figure 1.6 Schematic of a bilayer OPD illustrating the sequence of steps involved in
the photocurrent generation process: 1-light absorption, 2-exciton migration, 3-charge

separation and 4-charge migration.
1.6.1 Light absorption (exciton formation)

As mentioned earlier, the first step in the photocurrent generation process in
an OPD is the absorption of light in the active layer. In general, the optical absorption
coefficient of organic molecules is higher compared to inorganic materials (>10°cm’
in the visible region). Therefore, a large amount of light can be absorbed by a small
amount of organic material, usually as films of thickness on the order of hundreds of
nanometers [Nath et al. 2017]. The optical absorption in organic semiconductors is
determined by the optical bandgap which is related to the extension of m-m*
transitions. The excitons generated by optical excitation are classified into mainly
three types based on their binding energy and their exciton (Bohr) radius.

9



Frenkel excitons: Upon optical excitation in the materials of low dielectric constants
(~3), the couloumb attraction between the photo-generated electrons and holes is quite
strong. This results in an exciton radius less than 1 nm. These compact excitons are
referred to as Frenkel-excitons and the binding energies of such excitons are on the
order of 0.1-1eV. These excitons are highly localized to a single molecule and are

usually formed in organic semiconductors [Kumar and Pankaj 2017].

Wannier-Mott excitons: For materials having high dielectric constant, the force of
attraction between the electrons and holes reduces resulting in large exciton radius,
which is greater than the lattice spacing ~10nm. These excitons are known as
Wannier-Mott excitons. The attraction force between electrons and holes are
influenced by neighboring atoms resulting in large exciton radius. The binding energy
between the electrons and holes is in the order of 0.01eV. Such excitons are usually

formed in inorganic crystalline semiconductors [Kumar and Pankaj 2017].

Charge transfer excitons: This is an intermediate case between Frenkel and Wannier-
Mott excitons, wherein, electrons and holes are localized on two different adjacent
molecules [Pope. M and Swenberg H. E 1999]. The exciton radius and binding
energies are typically in the order of 1-10 nm and 0.01 to 0.1 eV, respectively.

The three types of excitons are schematically shown in Figure 1.7 (a, b and c)

(a) (b) (c)

Figure 1.7 Schematic representations of (a) Frenkel,(b) Wannier-Mott and (¢) charge

transfer excitons.

The optical absorption of organic semiconductors is limited to a narrow

spectral region of the solar spectrum due to the lack of continuous band structure [Cao

10



and Xue 2014]. Consequently, a single donor-acceptor pair has a narrow absorption
spectrum. This limitation leads to the development of tandem devices where the
multiple films, with the complimentary absorption profiles, are incorporated in a
single multi-junction device structure [Cao and Xue 2014] (Figure 1.5(c)). These

tandem devices absorb a major portion of the solar spectrum.

1.6.2 Exciton migration
The exciton transport is voltage dependent and excitons rely on diffusion to
reach the heterojunction. According to Random walk approximation (RWA), the
exciton migration occurs via hopping between the neighbouring molecules. The
efficiency of the exciton diffusion step is related to the diffusion length L, = vDr,
where D is the diffusivity and 7 is the exciton relaxation time. The diffusion length
Lp is defined as the average distance an exciton diffuses before it decays to the ground
state.
There are three types of energy transfers that are responsible for the exciton
migration namely Cascade energy transfer, Forster transfer(mediated by Coulomb
interactions) and Dexter transfer (electron exchange interactions) [Menke and Holmes

2014]. These mechanisms are described below:

» Cascade energy transfer (CET) involves the emission and subsequent
absorption of a photon between two molecules. This mechanism is also
referred to as re-absorption or radiative energy transfer. The energy transfer
efficiency is related to the absorption coefficient o, photoluminescence (PL)
quantum yield, npr, and the Stokes shift. The length scales are relatively long
and proportional to the optical penetration depth (Lx = 1/a = 100 nm). In the
case of organic thin film absorbers, the radiative energy transfer is usually
negligible due to very small absorption of remitted photons [Kumar and

Pankaj 2017].

» Forster energy transfer (FT) is based on the dipole-dipole electromagnetic
interaction between two molecules and occurs when the emission spectrum of
the donor has a significant overlap with the absorption spectrum of the

acceptor. The length scales are typically 1-5 nm. Usually, only singlet excitons
11



can be transferred via the Forster mechanism. However, a triplet exciton that is

located at phosphorescent donor can also undergo FT [Mikhnenko et al. 2015].

» Dexter energy transfer (DT) involves the direct exchange of electrons (or
holes) between two neighbouring molecules. This process requires the overlap
of molecular orbitals. Thus, this energy transfer mechanism is limited to

length scales of 0.1 nm to 1 nm[Kumar and Pankaj 2017].

The exciton lifetime and the diffusion length can be assessed by spectroscopic
techniques (photoluminescence). The diffusion length of excitons in organic
semiconductors (amorphous or polycrystalline) films is typically on the order of 10
nm [Spanggaard and Krebs 2004]. The lifetime of the singlet excitons (mediated by
FT) is on the order of 1ns, whereas triplet excitons (mediated by DT) possess much
longer lifetime. The exciton diffusion can significantly limit the photocurrent
generation in planar heterojunctions in many cases wherein the diffusion length Ly<<

La, the optical penetration depth.

OPDs, comprising of donor-acceptor bulk heterojunctions with interpenetrating
networks, were developed to overcome the exciton diffusion length and lifetime-
related issues. In such structures, the excitons are expected to be generated within the
diffusion length from the donor-acceptor interface (Figure 1.5(b)). This requires
precise control over the preparation of the bulk mixtures (phase segregation),
followed by controlled deposition conditions and/or post-annealing treatments
[Kovacik et al. 2013]. The exciton diffusion efficiency can also be improved by
increasing the crystallinity of the organic semiconductor film itself. Incorporating an
exciton blocking layers was another approach adopted to improve diffusion by

reduction of exciton quenching at the electrodes [Yapi et al. 2010].

1.6.3 Exciton dissociation

The exciton dissociation is often described by a simple model where the
HOMO/LUMO energy level offset of the donor and acceptor molecules acts as the
main driving force for charge separation. Many reports have demonstrated that the

dissociation of exciton at the donor-acceptor interface takes place via an intermediate
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charge transfer state (CT) [Tress 2014, Wang et al. 2017]. The CT state occurs if the
donor (having an electron) is located adjacent to an acceptor (having a hole). The
distance between the electron and hole in this CT state is referred as thermalization
length. The formation, recombination and dissociation of these excitons play a crucial
role in the operation of OPDs. The exact mechanisms enabling efficient exciton
dissociation via CT state are still under debate. Extensive reviews on charge transfer

processes are available in the literature [Bakulin et al. 2013, Ostroverkhova 2016].
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Figure 1.8(a) Schematic illustration of the CT state formation and 1.8(b) Schematic

of CT state separation process [Gao and Inganis 2014].

The schematic representation of the formation of the CT state is shown in
Figurel.8(a), which includes the exciton and CT state binding energies
(EE* and EST). For simplicity, the binding energies are shown relative to the
LUMOs of donor and acceptor materials. Figure 1.8(b) illustrates the CT separation
process. In general, the CT state is generated with the thermal energy (AGcer), which is
greater than the exciton binding energy. This state is referred to as hot CT state and
this state can be dissociated by two processes. The hot CT state can either directly
dissociate into the charge separated (CS) states, thereby generating free carriers
(process 1), or it can thermally relax initially to the lowest lying CT state (CTy,
process 2a), and, then dissociate into the CS state (process 2b) [Gao and Inganis
2014]. However, the actual role of these two processes in the dissociation of CT state

is still not well understood.

Onsager-Braun theory [Braun 1984] is often used to describe the CT state

dissociation. This theory relates the charge separation rate to macroscopic parameters
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such as dielectric constant, internal electrical field and charge carrier mobility of
organic semiconductor. The CT state separation efficiency depends on the
thermalization length. However, this model does not account for other factors which
may influence the CT separation efficiency, such as, energetic disorder, excess kinetic
energy, charge delocalization and entropy contribution to the free energy [Braun
1984]. Since the efficiency of OPD is related to the charge separation efficiency of the
CT state (in turn related to open circuit voltage), it is important to minimize the

energy losses related to the charge transfer without compromising the CT efficiency.

1.6.4 Charge migration/Collection

The final step in the photocurrent generation process in OPD is the collection of
charge carriers at the respective electrodes. Once the charges are separated at the
donor-acceptor interface, they should migrate to the respective electrodes. This charge
transport through the organic semiconductor layers is governed by both drift and
diffusion. The charge carrier mobility and carrier lifetime are the key parameters that

determine the efficiency of the charge transport.

Most of the phthalocyanines possess polycrystalline nature [Dent et al. 1934,
Collins and Mohammed 1986, 1996, Dhanya and Menon 2012, Braik et al. 2015]. The
mobility of charge carriers is high in the crystalline organic semiconductors due to the
reduction of grain boundaries. The charge transport in such materials can be described
fairly well by a band like transport similar to that in inorganic crystalline materials.
Conversely, due to the molecular disorder and charge localization, the charge carriers
in the organic semiconductors are largely transported by hopping mechanism. This
leads to the low charge carrier mobility in organic semiconductors [Rand et al. 2007].
Many models have been proposed in the literature to account for the dependence of
charge mobility on temperature, electric field and charge carrier density. However, the
protocol for using the accurate method is not has been standardized [Blakesley et al.

2014].

Further, traps related to structural and morphological defects, impurities and grain
boundaries greatly influence the carrier lifetime and, hence, mobility. In bulk

heterojunctions, there is also the possibility of forming isolated donor and acceptor
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phases during the fine intermixing of the organic semiconductors [Serbenta et al.
2016]. This leads to the low charge mobility and carrier lifetime in the bulk
heterojunctions due to trapping of charge carriers in the isolated phases. Furthermore,
charge transport layers must be necessarily used to form ohmic contacts with the
electrodes to avoid the barrier height related issues and to avoid, at the same time,
charge recombination at both the electrodes (top and bottom). These transport layers
are usually transparent to visible light and ensure higher charge transport for electrons

or holes depending on the material used [Yapi et al. 2010].
1.7 LITERATURE REVIEW

The metal-free phthalocyanine (Pc) was first synthesized in1907 by Braun and
Tcherniac [Braun and Tcherniac 1907]. In 1927, Diesbach and Weid were the first to
report the synthesis of Copper phthalocyanine (CuPc) along with the copper
napthalocyanine and copper octamethylphthalocyanine [Diesbachde and von der
Weid, 1927]. These were the very first metal substituted phthalocyanines synthesized.
The term ‘phthalocyanine’ was first used by Linstead (1933) to describe a class of
organic dyes whose colours ranged from reddish blue to yellow-green. The name
phthalocyanine originated from the Greek terms ‘naphtha’ for rock oil and ‘cyanide’
for dark blue. Later many other metal phthalocyanines were synthesized and a
comprehensive study of their chemical properties was initiated by Linstead and co-
workers in 1934 [Byrne et al. 1934, Dent and Linstead 1934, Dent et al. 1934,
Linstead 1934, Linstead and Lowe 1934a, 1934b]. As a part of these investigations,
Dent and Linstead first revealed the structure of planar Pcs [Dent and Linstead 1934].
It consists of four isoindole units linked by azo nitrogen atoms. In simple metal
phthalocyanines (MPcs), the metal atoms are coordinated with four nitrogen atoms of
the isoindole moieties [Dent and Linstead 1934]. The molecular structure of a typical

metal phthalocyanine is shown in Figure 1.9.

Eley was the first to observe the semiconducting behaviour of Pc and CuPc when
placed in between two platinum electrodes [Eley 1948]. Heilmeier and Warfield
found that the single crystals of metal-free Pcs exhibit ohmic behaviour under applied

electric fields less than 10*V/cm and square law dependence on voltage (SCLC) for
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higher fields [Heilmeier and Warfield 1963]. Delacote et al. investigated the electron
injection property of the CuPc thin films sandwiched between gold electrodes. They
identified three different types of current density variation with applied voltage,
namely, ohmic (at low voltages), exponential (at intermediate voltages) and square

law dependence at high voltages [Delacote et al. 1964].
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Figure 1.9 Structure of metal phthalocyanine [Sutarlie and Yang 2008].

1.7.1 Planar phthalocyanines

Sussman identified SCLC conduction in CuPc thin films and also studied the
effects of using nitrogen, hydrogen and oxygen gas, as background gas while
depositing thin films, on the conductivity, trap density and carrier mobility of the
films [Sussman 1967a, 1967b]. This effectively laid the foundations for the
subsequent works on phthalocyanines as gas detectors. Barkhalov and Vidadi
investigated the Schottky barrier of CuPc devices with Al/CuPc/Ag structure. They
inferred that the Schottky diode with asymmetrical current characteristics can be
obtained by proper selections of electrodes with one blocking and one ohmic contact
[Barkhalov and Vidadi 1977]. The Schottky diodes and the photovoltaic properties of
different MPcs (Cu, Pb, Zn, Ni and Co) were studied during the 1970s in the metal-
insulator-metal structured devices with different metal electrodes (Pd, Pt, Au, Cu, In,
Al, Mg). These investigations indicated that light was absorbed only in the space
charge layer of the Pc near the interfaces leading to charge carrier generation [Fan and

Faulkner 1978b, 1978a, Loutfy and Sharp 1979, Yamamoto et al. 1981].
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Gould investigated the electrical properties of CuPc thin films sandwiched
between the gold (Au) electrodes for different thickness of the active layer. He
observed ohmic conduction at low voltages and SCLC, controlled by an exponential
trap distribution above the valence band (VB), for higher voltages [Gould 1985]. He
also investigated the electrical properties of the CuPc thin films fabricated by PVD as
a function of vacuum chamber pressure to deposition rate ratio (P/R). The charge
carrier mobility of the films was observed to decrease as the P/R ratio was increased.
This was ascribed to the scattering and trapping effects of ambient gas molecules
embedded in the film at higher values of pressure, indicating that these parameters are
particularly sensitive to deposition conditions [Gould 1986]. Hassan and Gould
studied CuPc films sandwiched between different metal electrodes in the device
configurations In/CuPc/In, Au/CuPc/Au, Au/CuPc/Pb and Au/CuPc/Al. These studies
revealed that symmetrical current density-voltage (J-V) characteristics occur if both
the electrodes are of the same metal and, the J-V plots are asymmetrical (very less
current in reverse bias) if the metal used for the cathode is different from that used for
the anode. These studies also indicated that the conduction mechanism in these
devices is ohmic and SCLC type at lower bias voltages and is Poole-Frenkel (PF) type
at much higher voltages. They also identified similar behaviour when the devices
were exposed to oxygen for longer periods at room temperature [Hassan and Gould

1989, Gould and Hassan 1990, Hassan and Gould 1990].

Fan and Faulkner compared the electrical properties of metal-free
phthalocyanine (H,Pc) and zinc phthalocyanine (ZnPc) in the Metal/Pc/Au
configuration. Al and In were used as injecting metal electrode. The devices showed
non-ideal J-V characteristics (ideality factor >1) with Indium as the injecting
electrode. This was ascribed to (i) lowering of the potential barrier by the image force,
(i1) the presence of an insulating interface layer (iii) charges trapped in the interface
states and (iv) minority charge carrier currents. On the other hand, it was reported that
the devices with aluminum (Al) cathode are several orders less conductive than those
using indium (In) cathode. These devices also showed SCLC conduction at very low
voltages instead of ohmic nature. This was ascribed to the oxide layer (ALOs)

formation in the Al/Pc interfaces [Fan and Faulkner 1978b, 1978a]. Collins and
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Mohammed studied the dark conductivity of ZnPc as a function of material purity,
crystalline phase transformation, temperature, and also the influence of various
background gases such as O,, N, Argon, NH3, and the NH3-Air mixture used during
film deposition. The decrease in electrical conductivity with NHj3 exposure was more
compared to other gases and is found to depend on the material purity. This study
indicated that the ZnPc can also be used as a gas sensor [Collins and Mohammed
1986]. Saleh et al. investigated the ac electrical properties of thermally evaporated
ZnPc films using gold electrodes. The ac measurements, as a function of frequency
and temperature, reveal that hopping conduction is dominant at low temperatures (and
at high frequencies) and band-type conduction at high temperatures ( and at lower
frequencies) [Saleh et al. 1993]. The electrical and photovoltaic properties of
Al/ZnPc/ITO and Al/iodine doped ZnPc/ITO structures were investigated by Sharma
et al. and they observed an enhancement in p-type conductivity with the iodine doping
[Sharma et al. 1996]. Kerp and Faassen carried out a study on the effect of oxygen
doping on the photovoltaic properties of solar cells made of ZnPc. They observed that
the post-deposition annealing has a remarkable influence on the activation energy and

electrical conductivity of phthalocyanine thin films [Kerp and Van Faassen 2000].

Gould and Blyth studied the electrical conductivity of Nickel phthalocyanine
(NiPc) thin films sandwiched between Au electrodes. They observed ohmic
conductivity at low voltages with hole concentration in the order of 10" to 10" m™
and SCLC conductivity controlled by the exponential distribution of traps (order of
10”m™) for higher voltages [Gould and Blyth 1990]. The effect of annealing on the
electrical conductivity in NiPc films was investigated by Hassan and Gould. Both
films, as prepared and annealed, showed ohmic conduction and SCLC. While the as-
prepared film showed discrete trap levels, the annealed NiPc films possessed
exponential trap level distribution [Hassan and Gould 1992]. Schottky barrier
sandwich structures were fabricated in AI/NiPc/Ag and Al/Tetracyanoquinodimethane
(TCNQ)/NiPc/Ag configurations. The devices show a rather small photovoltaic
response in a vacuum environment, while the photovoltaic response is observed to be

much better after exposure to air. The use of TCNQ as a hole injection layer was

shown to enhance the dark conductivity short-circuit current [McHale et al. 1996,
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Hooper et al. 1997]. Riad [Riad 1999] fabricated Schottky barrier devices
(AI/NiPc/Au) to investigate charge transport under oxygen ambient and annealed
conditions. Under forward bias, two distinct regions of SCLC were observed. At
lower fields, discrete trap levels were seen to dominate, whereas, exponential trap
distributions dominate at higher fields. The oxygen exposure (for 10 days) resulted in
an increase in the rectification ratio of the devices. Further, annealing reduces the
conductivity of NiPc due to desorption of oxygen [Riad 1999]. Anthopoulos and
Shafai performed dc electrical measurements as a function of NiPc film thickness
(Au/NiPc/Au) and showed that the electron conduction is initially ohmic and changes
over to SCLC as the applied bias is increased [ Anthopoulos and Shafai 2000]. They
also described the electrical properties of Au/NiPc/In, Au/NiPc/Au, Au/a-NiPc/Au,
Au/NiPc/Al and Au/NiPc/Pb structures in a series of papers. It is seen that the charge
carrier concentration decreases for heat treated samples due to the removal of oxygen
molecules during the thermal annealing process. Further, the rectifying nature of the
junction in the devices was found to improve upon prolonged exposure to dry air.
These results were interpreted in terms of O, adsorption close to NiPc/Al, NiPc/In and
NiPc/Pb interfaces. It was also observed that the Au/NiPc/Pb devices generate
substantial photo-induced voltage and photocurrent. The power conversion efficiency
of the solar cells was found to increase by a factor of 2.75 upon exposure to dry air
due to p-induced doping [Anthopoulos and Shafai 2000, 2003a, 2003b]. The
frequency and temperature dependent studies of ac conductivity revealed that
hopping-type mechanism dominates at lower temperatures and free-band conduction

dominated in the high-temperature region [ Anthopoulos and Shafai 2003a].

The electrical properties of other devices having planar phthalocyanine
(including Co, Pd, Pt phthalocyanines) were reported recently. The studies indicated
the occurrence of ohmic, SCLC and PF conduction mechanisms in single layer

devices [Rajesh and Menon 2005, Jarosz 2010, Braik et al. 2015].
1.7.2 Non-planar phthalocyanines

Waclawek reported the electrical conductivity of lead phthalocyanine (PbPc)

thin films. The electrical conductivity was found to be raised by 7 to 9 orders of
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magnitude with iodine doping [Wac lawek and Zabkowska-Waclawek 1987]. Shafai
and Gould investigated the dc electrical conductivity of PbPc devices as a function of
the thickness of the active layer. At low voltages, ohms law was seen to be valid and
the thermally activated hole concentration was 10'°m™. Above a threshold voltage, a
power law dependence of current density on applied voltage was observed indicating
SCLC with an exponential distribution of traps [Shafai and Gould 1990]. They also
investigated the current density-voltage characteristics for Al/PbPc/Au sandwich
devices for both the polarities. Under forward bias, two distinct types of power-law
dependence of current density were observed. One part of the plot had a slope of ~4
implying SCLC, controlled by the exponential distribution of traps, and a second
region had a slope of ~2, implying SCLC with discrete trap levels. Under reverse bias,
a transition from an electrode-limited behavior to the bulk-limited regime was
observed indicating a change over from the Schottky effect to Poole-Frenkel effect

[Shafai and Gould 1992b, 1992a].

Ahmad and Collins investigated the electrical properties of triclinic PbPc thin
films in Au/PbPc/Al and Al/PbPc/Au configuration. The results emphasized the role
of interfacial oxide layer formation in determining the electrical behaviour of the
PbPc based devices [Ahmad and Collins 1991]. Additionally, the conductivity of
PbPc thin films is found to be critically dependent upon the presence of oxygen.
Prolonged exposure to oxygen enhances conductivity and decreases the conduction
activation energies [Ahmad and Collins 1992]. The electrical characteristics of
monoclinic PbPc thin films have been studied as a function of substrate temperature
during PVD under vacuum and after exposure to both oxygen and air. Oxygen
diffusion into the bulk of the PbPc layer implies that the PbPc device can no longer be
used as an oxygen sensor [Abass et al. 1993]. AC measurements indicated that
capacitance and dissipation factors of the PbPc sandwich devices, with gold
electrodes, decrease with increasing frequency and increase with increasing
temperature. The hopping conduction was observed to be dominant at low
temperatures and high frequencies, whereas band conduction was dominant at high

temperatures and low frequencies [Azim-Araghi et al. 1996].
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Sharma[1995a] observed the dominance of hopping conduction at low
temperatures (higher frequencies) and free carrier conduction at higher temperatures
(lower frequencies) for chloroaluminum phthalocyanine (ClAlPc) thin film
sandwiched between two Au electrodes. He also studied the electrical and
optoelectronic properties of CIAIPc based diodes with different electrodes. The
devices Al/CIAIPc/ITO and In/CIAIPc/ITO showed rectification, while
Au/CIAIPc/Au devices did not show any rectification. The devices exhibited ohmic
nature at lower voltages, whereas, SCLC controlled by a discrete trapping level above
the valence band edge, was observed at higher voltages [Sharma 1995b]. Araghi also
observed similar characteristics for CIA1Pc sandwiched devices. For such devices, the
hopping model is dominant at low temperatures and high frequencies, whereas the
band theory is seen to apply at high temperatures and low frequencies [Azim-Araghi

etal. 1997].

Several studies on the dc and ac electrical properties of other non-planar
phthalocyanines were also reported to verify their electrical conduction mechanism
[Signerski and Koscielska 2005, Song et al. 2008, Kalia et al. 2016, Can Omiir et al.
2017].

1.7.3Two layered Phthalocyanine Devices

Tang fabricated the first two-layer organic photovoltaic cell using CuPc and
perylenetetracarboxylic derivatives. A power conversion efficiency of about 1% was
achieved under simulated-air-mass-2 (AM2) illumination. The novel feature of this
device is that the charge generation efficiency is independent of the bias voltage,
resulting in a fill factor value as high as 0.65 [Tang 1986]. Antohe described the
electrical and photovoltaic properties of two-layer solar cell made with CuPc and
5,10,15,20-tetra(4-pyrydil)21H,23H-porphyne (TPyP). The p-n junction cell with
TPyP exhibits optical absorption over a wider part of the solar spectrum than a
Schottky cell using CuPc or TPyP layer. They suggested that the interface between
the two organic materials is more crucial in determining the photovoltaic properties of

the cell rather than the electrode/organic contact [Antohe et al. 1996].
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The Chloroindiumphthalocyanine (ClInPc)/ C60 heterojunction device was
fabricated by Xia et al. They showed that the large photo-response is mainly due to
the photo-induced charge transfer between the C60 and the ClInPc [Xia et al. 1995].
Tsuzuki et al. fabricated p-n heterojunction devices consisting of thin films of Titanyl
phthalocyanine (TiOPc) and N,N'-dimethyl-3,4:9,10-perylene bis(dicarboximide)
(MPCI), sandwiched between ITO and Au. These devices showed a response to light
over the entire visible region from 400 to 900 nm. The device having the structure
ITO/MPCI/TiOPc/Au (0.7% PCE) was seen to be superior to that with the structure
ITO/TiIOPc/MPCI/Au (0.35%) in terms of conversion efficiency [ Tsuzuki et al. 1996].
They also studied the effect of morphology on the photovoltaic properties of TiOPc in
the configuration Au/MCPI/TiOPc/ITO. Solar Cells fabricated using crystalline a-
TiOPc film exhibited higher efficiencies than devices using amorphous TiOPc film
[Tsuzuki et al. 1996]. The photovoltaic properties of solar cells in the configuration
Al/C60/TiOPc/ITO were studied by Yonehara and Pac revealing relatively high
energy conversion efficiencies at 720 nm due to the formation of a p-n junction
between C60 and TiOPc. It was found that the insertion of a thin Silica (Si0;)
insulator layer in-between TiOPc/ Cr.Au (instead of Al) significantly enhanced the
device efficiency [Yonehara and Pac 1996].

Over the past few decades, organic and inorganic heterojunctions have drawn
much interest for application as photodiodes (and/or photovoltaics). The two-layer
devices in combination with Si substrate (n-type or p-type) have been studied by
many researchers for different phthalocyanines. The heterojunctions such as MgPc/n-
Si, ZnPc/p-Si, HyPc/n-Si, NiPc/n-Si, VOPc/n-Si, CuPc/n-Si, CoPc¢/n-Si, CoPc/p-Si,
InPcCl/p-Si and SnPcCl,/p-Si were extensively studied for their electrical and
photovoltaic properties. In these device structures, the highest reported photovoltaic
efficiencies are 3.76% for CoPc/p-Si and 3.05% for SnPcCl,/p-Si configurations
[Riad 2000, El-Nahass et al. 2006, 2007, Hussain et al. 2010, Khan et al. 2011, Liu et
al. 2012, Murtaza et al. 2012, Popielarski et al. 2013, Wahab et al. 2014, Zeyada et al.
2015, Darwish et al. 2016, Zeyada et al. 2016]. These studies concluded that the

efficiency of the devices is dependent on the junction parameters such as junction
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resistance, potential barrier-height, charge carrier mobility and nature of electrodes

used in the devices.

The heterojunctions with transparent conducting oxide (TCO, acceptor) and
MPcs have generated great interest for device applications. This is due to the ease of
device fabrication, choice in the device configuration mode (inverted or normal mode)
and the use of optically transparent metal oxide (TCO) layers. The aim of these
investigations was to utilize the advantages of the material properties, such as
environmental stability, optical absorption/transmission and charge carrier mobility.
The heterojunctions of TiO,/CuPc, TiO,/PbPc, TiO,/AICIPc, TiO,/PBrPc, TiO;nano-
tube (NT)/CuPc, TiO,/PdPc and TiOznano-core (NC)/CuPc, TiO, NT/CuPc&
TiO;nano-flower (NF)/CuPc were investigated for their electrical and photovoltaic
properties. The heterojunctions of ZnO/CuPc and ZnO/ZnPc and ZnP/CoPc and
ZnO/SubPc were also studied recently. ZnO has been prepared by different techniques
for use in these devices. However, the photovoltaic efficiencies of these devices were
very low. Hence, the interest shifted to using such heterojunctions for photodiodes
[Tracey et al. 1998, Ray et al. 2001, Signerski and Koscielska 2005, Ouyang et al.
2008, Signerski et al. 2009, Mali et al. 2014].

Further, phthalocyanines were also used as an active layer in organic field
effect transistor (OFET) devices and the charge carrier mobility values were
estimated. In the FET configuration, Si and SiO, were used as gate and insulator,
respectively. Among all these materials, the non-planar phthalocyanines TiOPc
(mobility = 1-10 cm*/V-s) and VOPc (mobility = 2.6 cm?/V-s) are reported to show
higher mobilities [Bao et al. 1997, Yasuda and Tsutsui 2006. Li et al. 2007, Wang et
al. 2007, Song et al. 2008, Pan et al. 2011, Chen et al. 2013, Fujimoto et al. 2013, Gu
et al. 2013, Rajesh and Menon 2014]. However, the electrical properties of VOPc in
sandwich structures have not been investigated so far. In addition, the hetero-
structures based on VOPc/TCO should give a clear insight into the charge transport
dynamics and the performance of the actual optoelectronic devices such as OPD,

OSC, and OLED.
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1.8 SCOPE AND OBJECTIVE OF THE THESIS
1.8.1 Scope of the thesis

Phthalocyanines have emerged as important materials for optoelectronic
device applications. Wide varieties of MPcs (more than 70) were synthesized and
several Pcs were investigated for their structural, optical, electrical and photovoltaic
properties and were found to be promising materials for the photovoltaic devices. It
was observed that the low photovoltaic efficiencies are dependent on the electrode/Pc
interface quality and also the central metal atom which determines VB, CB values and
the type of charge carriers. Furthermore, it is observed from recent literature that the
non-planar MPcs with oxygen show better stability and higher mobility than other
Pcs. Among many Pcs, TiOPc and VOPc are least investigated materials with regard
to their electrical and photovoltaic properties. Even though, the mobilities are rather
high in the FET configuration, where the properties are dependent on the insulator and
dielectric layers, it is essential to investigate the charge transport properties in the
sandwich structures which are integral parts of the actual optoelectronic devices
(OPD, OPV and OLEDs). There is much scope to improve the charge transport
properties of the sandwich structures by incorporating suitable injection and transport
materials. The heterojunctions based on the ZnO/VOPc and ZnO/TiOPc devices have
not been investigated so far. In view of this, it is imperative to study the electrical
charge transport in both the organic (VOPc) and inorganic materials (ZnO) in
sandwich structures. It is also essential to investigate the structure-electrical property
correlation by varying the deposition and annealing conditions. Further, the role of
these materials as a donor (p-type) and acceptor (n-type) layers in VOPc¢/ZnO
heterojunction photodiode is vital to understand the exact nature of the p-n junction in
optoelectronic devices. Accordingly, this thesis work has been carried out with the

following objectives.
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1.8.2 Objectives of the thesis

1. To study the morphological, structural and electrical properties of
VOPec thin films.
1l To prepare and study the structural, morphological, optical and

electrical properties of ZnO nanoparticulate thin films and ZnO
nanorod (ZNR) thin films.

iil. To fabricate the heterojunction devices in ZnO/VOPc configuration
and determine their optoelectronic properties.

iv. To fabricate the heterojunction devices in ZNR/VOPc configuration

and determine their optoelectronic properties.

1.9 ORGANIZATION OF THE THESIS

The contents of this thesis have been divided into seven chapters with several

sections in each chapter.

Chapter 1 is the introductory chapter and it presents the background and motivation
for the present work. This chapter describes the basic properties of the organic
semiconductors as well as the design and working of the Photodiode devices. Further,
a review of the earlier work on organic semiconductors and their application to the
organic optoelectronic devices is presented. Lastly, the scope and objectives of the

thesis are described.

Chapter 2 discusses the various materials, device structures, device fabrication and
characterization techniques used in this work. A brief theoretical description and
relevant formulae used for the estimation of key parameters are provided for all the
measurements. The experimental setup used in our laboratory for the electrical and

optoelectronic characterizations of the fabricated devices is also described.

Chapter 3 discusses the experimental investigation of the charge (hole) transport in
VOPc thin films using measurements of current density, capacitance and impedance
spectroscopy. The morphology dependent electrical properties of VOPc as a function

of deposition rate are investigated. The role of the MoOs; buffer layer and the
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dependence of the charge conduction of VOPc on the temperature and bias voltage is

discussed in detail.

Chapter 4 discusses the preparation and experimental investigation of electron
transport studies in ZnO nanoparticulate thin films. The morphology dependent
electrical properties of ZnO as a function of annealing temperature are analyzed by
using current density, capacitance and Impedance spectroscopy measurements. The
studies on optical, structural and morphological properties of the films are also

presented.

Chapter 5 presents the characterization of the p-n junction diodes made using organic
(VOPc¢) and inorganic (ZnO) thin films. It is demonstrated that the VOPc/ZnO p-n

junction devices are potential candidates for photodiode applications.

Chapter 6 discusses the preparation of ZNR thin films and its suitability for
VOPc/ZNR hybrid p-n junction photodiodes. The morphology dependent electrical

and optoelectronic properties of these devices are presented in detail.

Chapter7 presents a summary of the work presented in the thesis along with the
important conclusions drawn from the study. Scope for future research is mentioned

at the end.

Appendix, a list of references and a brief resume, including publications in

international journals and conferences, are given at the end of the thesis.
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CHAPTER 2

MATERIALS AND EXPERIMENTAL TECHNIQUES
Overview

Chapter 2 describes the various organic materials, device structures, device
fabrication and characterization techniques used for the work presented in this thesis.
It starts with a brief description of materials, their classification according to their
functionalities and their properties. This is followed by a description of
characterization techniques used for the study of structural, morphological, optical
and electrical properties. A description of other instruments used to analyze the
materials is also presented. Different device structures that were employed are

explained.
2.1 MATERIALS USED IN THIS WORK

The materials selected for this study are based on their functional properties in
the fabricated devices. The key material properties are hole injection, hole transport
(and/or donor), electron transport (and/or acceptor) and nature of the electrodes. We
have found it convenient to select both organic semiconductors as well as inorganic
semiconductors. The molecular energy levels of some of the materials used in this
work are shown in Figure 2.1. The materials, VOPc, MoOs and Al were obtained
from commercial sources and were used as received without any further purification.
ZnO nanoparticles and nanorods, for use in some of the devices, were synthesized in
our laboratory and their synthesis, structural, morphological properties are presented

in detail in Chapter 4. The materials used for this study are described below.

2.1.1 Transparent electrode: Glass substrates with patterned indium tin oxide (ITO,
120 nm), having a sheet resistance of 15Q/o and functioning as the transparent
electrode, were procured from M/s Kintec Company, Hong Kong, for the proposed
devices. The work function of the ITO varies from 4.4eV to 4.9 eV, depending on the
method employed for depositing ITO film and subsequent surface treatment carried

out prior to the deposition of the organic or inorganic layers [Djurisi¢ et al. 2003, Lee
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and Chung 2008].

In this study, ITO was used either as an anode or cathode based on the device
configurations. It is used as an anode to inject holes into the organic (VOPc) layer as
described in Chapter 3. In Chapter 4, 5 and 6, the use of ITO as a cathode to inject
electrons into the inorganic (ZnO) layer is described. The nomenclature of the

materials used in this study is given in Table 2.1

Table 2.1 Organic and inorganic material used in this thesis

Abbreviation Chemical description
VOPc :Vanadium(IV)phthalocyanine oxide,
MoO; :Molybdenum trioxide

Zn0O :Zinc oxide

2.1.2 Hole injection material: The inorganic material, MoO; (Sigma-Aldrich,
99.98% trace metal basis) was used as a hole injection material (HIM) in this study
due to the fact that its HOMO energy level (5.3eV) is close to the work functions of
both the electrode materials, viz., ITO and Al [Zhu et al. 2001, Greiner et al. 2013].
The HOMO, LUMO and the work functions of the materials used in this thesis are
shown in Figure 2.1.

-3.6
MoO;

VOPc Al
ITO 4.2
4410 5.4 -5.3
4.9

43

Zn0O

Energy (eV)

-7.5

Figure 2.1 HOMO and LUMO energy levels of all the semiconducting materials used
for the fabrication of various devices for the works reported in this thesis.

2.1.3 Hole Transport Material: In the present study, Vanadyl phthalocyanine
(VOPc, Alfa Aeser, > 85% dye content) was used as a hole transport material (HTM).

It is often used in OLEDs and Organic Solar cells as HTM because of its film-forming
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capability and low lying HOMO (~5.4eV) levels, along with a hole mobility of
0.26cm*/V-s measured in a FET configuration [Pan et al. 2011].

2.1.4 Electron Transport material: Sol-gel synthesized ZnO nanoparticles and
nanorods were used as electron transport materials (ETM). Both these have a
Conduction band (CB) energy value of 4.2eV, which is closer to the work function of
ITO and Al, used as electrodes in this study. They are often used as an ETM in
organic solar cells, OLEDs and hybrid devices due to greater chemical stability as
compared to organic n-type materials and high electron mobility (approximately 1-40
cm?®/V-s in FET configuration [Ong et al. 2007, Esro et al. 2015]). The conduction
band and valence band energy levels of ZnO are approximately 4.2eV and 7.5eV,
respectively [Yoon et al. 2012].

2.1.5 Metal electrode: Aluminium (Al, Alfa Aeser, purity >99.99) film, with a thin
over-layer of MoQO;, was used as the metal electrode. It has a work function of
approximately 4.3eV [Yip and Jen 2012]. It is known that the work function of ITO

and Al increases with the addition of a overlayer of MoOj; [Greiner et al. 2013a].
2.2 MATERIALS CHARACTERIZATION
2.2.1 X-Ray Diffraction

X-ray diffraction (XRD) was performed using a Rigaku600 MiniFlex
diffractometer equipped with Copper target emitting Ka (A =1.5405A) radiation
(Figure 2.2).The analysis of the XRD patterns of thin films used in this study yields
information regarding the crystallinity and size distribution of the crystallites. The
basic principle involved in the diffraction studies is the well-known Bragg’s law and

is given by [Cullity 1956]
nA = 2d sin® (2.1)

where n is the order of diffraction, 20 is the angle of diffraction and d is the inter-
planar distance in the crystalline material. The inter-planar spacing depends on the

dimensions of the crystal unit cell, whereas, the intensity of the diffracted rays is a
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function of the arrangement of the atoms in the unit cell. The crystallite size can be

estimated using the well-known Scherrer's equation [Cullity 1956].

K
" BCos#

(2.2)

where B is the full width at half maximum (FWHM) of the most intense diffraction
peak and K is the shape factor, which usually has a value of 0.9.

Figure 2.2 Rigaku 600 MiniFlex diffractometer
2.2.2 Atomic force microscopy (AFM)

AFM is a high-resolution imaging technique that can resolve the surface
features of the test sample down to a unit cell. The AFM consists of a cantilever
which is made up of silicon or silicon nitride with a sharp tip (probe) of radius of
curvature of the order of nanometers. This arrangement is used to scan the surface of
the specimen. When the tip is brought into the proximity of a sample surface, the
electric force between the tip and the specimen lead to a deflection of the cantilever.
AFM can be operated in static (contact) or dynamic (non-contact or tapping) modes
depending on the application. The surface topography of the samples in this study was

observed using Park XE70 atomic force microscope in non-contact mode (Figure 2.3).

In non-contact mode, the AFM tip does not get damaged and there is no
scratching of the specimen surface as tip does not touch the surface. The typical
distance between the tip and the specimen surface is about 5-14 nm. Thus, non-
contact mode is preferable for surface imaging of any soft specimen such as
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biological samples and organic thin films. The Van der Waals forces acting between
the tip and the specimen are sensed and the topographic images are recorded by
scanning the tip over the surface. As the attractive forces from the sample surface are
substantially weaker than the forces used by non-contact mode, the ac detection
methods can be used to detect the small forces between the tip and the sample by
measuring the change in amplitude, phase or frequency of the oscillating cantilever in
response to the force gradient from the sample [Zhang et al. 2008]. For best
resolution, it is necessary to measure force gradients arising out of Van der Waals

forces, which may extend only up to a nanometre from the sample surface.

Figure 2.3 Park Xe70 Atomic Force Microscopy [at NIE, Mysore, India]
2.2.3 Scanning Electron Microscopy (SEM)

The field emission microscope (FESEM, shown in Figure 2.4) is a type of
electron microscope that constructs the image of the sample surface by scanning it
with a thin high energy electron beam in the raster scan pattern. When the electron
beam hits a point on the sample, numerous interactions occur between the incident
electrons and the atoms of the specimen. These interactions generate a wide variety of
signals such as backscattered electrons, secondary electrons, absorbed electrons,
characteristic and continuum x-rays, etc. The secondary electrons have relatively low
energy and can be easily detected by the detector. The detector counts the number of
electrons emitted from the sample and the resulting pattern is displayed on the
computer. The spot size in a FESEM is smaller than the conventional SEM.

Therefore, it can produce very high-quality images with a spatial resolution in the
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range of 1-5 nm. In this study, the surface morphology of the thin films was recorded
using Zeiss Sigma FESEM operated at an accelerating voltage in the range SkV -
15kV.

Figure 2.4 Scanning Electron Microscopy (FESEM) [at Mangalore University, India]

The surface morphology of the inorganic thin films, such as ZnO thin films

was also obtained using the same FESEM and is discussed in the subsequent chapters.
2.2.4 UV- Vis absorption and transmission spectra

UV-Vis absorption spectrum gives an insight into the absorption of the
electromagnetic radiation by the test sample. The absorption process is governed by
the Beer-Lambert’s law, using which, the absorption/transmission coefficients can be
determined by recording the intensity of transmitted light beam through test samples
of varying thickness. When the light is incident on the sample, a part of the light will
be reflected by the sample, a part will be transmitted through the sample and the rest
of the beam will be absorbed. Absorption of photons results in the transition of
electrons from the lower energy level to the higher energy levels. The Beer-Lambert’s

law is written as
I = Irgexp(—ad) (2.3)

Here, I7 is the transmitted light intensity and I is the intensity of the incident light, o

is the absorption coefficient and d is the thickness of the sample.
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Figure2.5 Ocean Optics SD2000 Spectrophotometer

The relation between the absorption coefficient and the optical band gap of the
material is given by

r
A(hv—E
o = Alwo=Ey)

— (2.4)

Here the material is assumed to possess a parabolic band structure. In Eq.(2.4) the
parameter A depends on the transition probability, E, is the band gap, v is the
frequency of the incident light. The constant » represents the nature of the electronic
transition. For direct allowed transitions » =1/2, » =2 for indirect allowed transitions, r

=3 for indirect forbidden transitions and r =3/2 for direct forbidden transitions

[Pankove J. I, 2010].

In the present study, the optical absorption/transmission spectra of the
samples were recorded using the Ocean Optics SD2000 spectrophotometer shown in
Figure 2.5. This instrument consists of a deuterium lamp (UV) and a halogen lamp
(Vis) as sources and has a resolution of 0.6 nm in the UV/Visible region. To obtain
the absorption or transmission coefficients of the inorganic/organic thin films, the
absorption/transmission spectra of a blank glass plate was subtracted from the spectra

of each sample.

2.3 DEVICE STRUCTURES
In this present work, three types of devices were fabricated: hole only devices,
electron-only devices, and organic-inorganic p-n junctions. In this section, the device

structures are described.
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2.3.1 Hole only devices: In order to study the hole transport properties in organic
materials, hole-only devices were fabricated. A thin film of an organic material was
sandwiched between ITO and Al electrodes to fabricate hole only devices. To
improve the charge transport through the organic material, a thin hole injection layer
was also incorporated in the structures. The details are discussed in Chapter 3. Figure

2.6(a) shows a schematic of the device used for the hole transport study.

2.3.2 Electron only devices: To study the electron transport properties in the
inorganic semiconductors, a series of electron-only devices were fabricated.
Morphology and annealing temperature dependence of charge transport was also
investigated for the inorganic materials. The details are presented in Chapter 4. Figure
2.6(b) shows a schematic of the device used for the electron only devices in this

study.

a) (b)

Glass Glass

Figure2.6 (a) Schematic device structure of the hole only devices and (b) electron-

only devices

2.3.3 Organic-inorganic p-n junction: Figure 2.7 shows the structure of a typical
organic-inorganic hybrid p-n junction device fabricated for the charge transport
investigations. In these devices, multiple layers of inorganic and organic layers are
deposited over a transparent electrode on a glass substrate. ITO as a cathode allows
visible light to fall on the active layers of the device. The other layers of the p-n
junction are ETL/acceptor (inorganic), HTL/ donor (organic) and HIL or/and EBL.

Finally, a metal electrode is deposited on the top to function as an anode. In this
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study, MoOsis used as a HIL while VOPc was used as a HTL/donor and ZnO as a
ETL/acceptor.

B .

or

Glass

Figure2.7 Typical device structure of the organic-inorganic hybrid p-n junction

device

2.4 DEVICE FABRICATION

In this section, the steps used in the device fabrication are discussed in brief.
2.4.1 Cleaning of the patterned ITO coated glass substrates

Proper cleaning of the substrate is very crucial for the successful fabrication
and reliable performance of the devices. A small amount of contamination on the
surface of ITO can severely alter its work function and/or interfacial barrier height
between the organic layer and ITO. Unless the anode is thoroughly cleaned, the
electrical and optical characteristics can be highly unstable and unpredictable.
Therefore, the substrates are thoroughly cleaned before the deposition of the required
thin film. Pre-patterned ITO coated substrates have four ITO stripes (2mm x 25mm)
separated by a 2mm gap. The thickness and the sheet resistance of each stripe are 120
nm and 15Q/0, respectively. These substrates are first mechanically washed with
labolene solution and rinsed well using distilled water. Next, these substrates are
sequentially ultrasonicated in labolene (to remove oil contaminants), distilled water
(to remove detergent), acetone (to remove the chemical contaminants) and 2-proponal
(to remove acetone stains), respectively, for about 20 min duration for each step.
Further, the substrates are ultrasonically cleaned with distilled water multiple times
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and then dried using ultra-pure (99.999%) N, gas. Finally, the substrates are
degreased with acetone and then dried in a vacuum oven for 10 min at a temperature
of 100°C. To improve the wettability and the work function of ITO, the cleaned
substrates were treated by UV generated ozone for 15 min. This treatment has been
proved to increase the work function of ITO from 4.5e¢V up to 4.9¢V [Djurisic et al.
2003, Briitting 2005].

2.4.2 Fabrication procedure

In the present work, both vacuum thermal evaporation (VTE) and sol-gel spin
coating techniques (SSC) were employed for thin film deposition depending on the
material. VTE technique is often used to make thin films of organic small molecules
which are thermally stable. This process is based on the sublimation of the material,
kept in a Molybdenum boat, by resistive heating of the boat under high vacuum (~ 10°
Smbar). On the other hand, in SSC, the solution-gel is deposited, using a microsyringe,
onto the substrate mounted on the Spin-Coater platform. The Spin-Coater is then
turned on so as to spin the substrate at the desired speed. Centrifugal force drives the
solution to spread uniformly on the rotating substrate resulting in a film of the
required thickness. The solvent evaporation and annealing of the films are necessary
steps to be taken after the spin coating of thin film to get desired optoelectronic

properties

2.4.3 Fabrication of hole only devices: The fabrication of the hole only devices was
carried out using a custom-made VTE system shown in Figure 2.8. This system is
capable of evaporating six materials with a rotary filament (boat) arrangement. This
enables one to sequentially evaporate six materials without breaking the vacuum. This
system is also equipped with turbo molecular pump (backed by Roots pump) to

eliminate contamination by oil vapours.

For the fabrication of all the devices, the substrate to source (molybdenum
boat/ tungsten filament) distance was maintained as 15 cm. The organic materials in
granular or powder form, used for the deposition, were put into small molybdenum
boats. For deposition of Al, aluminum wire (purity of 99.95%) was placed in a

tungsten helical filament. The entire chamber was pumped down to a base pressure of
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~ 10°mbar and the source was heated by passing electrical current (resistive heating)
through the boats containing them. The evaporated materials condense on the surface
of the substrate. The current flow through the boat/filament was controlled manually
such that the evaporation rates for MoOs, and Al metal electrode, were 0.1-0.2A/s,
0.1-0.2 A/s, and 5-6 A/s, respectively. The deposition rate of the organic material
(VOPc) was varied for studying its effect on the device properties; this is discussed in
Chapter 3. The effective device area was ~1.6 mm’, which was achieved using a
shadow mask. The film thickness and the deposition rates were monitored in-situ by a
quartz crystal balance. During the multilayer deposition, in between two successive
depositions, the chamber was pumped down to high vacuum and kept in that

condition for 30 min to avoid contamination from the previously evaporated material.

PHYSICAL VAPOUR DEPOSITION SYSTEM

Figure 2.8 VTE system equipped with turbo-molecular pump used for the fabrication

of hole- only devices and inorganic-organic p-n junction devices.

2.4.4 Fabrication of electron-only devices: For these devices, the active layer was
deposited on the pre-cleaned ITO substrate by means of sol-gel spin coating
technique. The details of the preparation of precursors for the active layer deposition
are discussed in Chapter 4. Spin coating was done using Milman-SPN2000 Spin
Coater (shown in Figure 2.9). This is a two stage spin coater having the option to vary
the rotation rate ramping-up at each stage and finally ramp down to zero speed. In this
thesis, the samples were coated at a spin speed of 500 rpm for the first 30s and 1000

rpm for the next 30s. The ramping speed was set at 100 rpm/s between two stages.
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The spin-coated substrates are subjected to heat treatment to enable evaporation of the

solvent.

Figure 2.9 Milman SPN 2000 Spin coating unit

For fabrication of electron-only devices with films of an inorganic
semiconductor with different morphologies, spin coating with solvent evaporation
step was repeated 3 times to get films of the required thickness. The deposited thin
films were subjected to different annealing temperatures for about 1 hr. Finally, the Al
layer (cathode) was deposited over the spin-coated (annealed) films using a shadow

mask.

2.4.5 Fabrication of hybrid p-n junctions: The fabrication of p-n junction was a
three-step process in which both spin coating and VTE were utilized as described
below:

Step 1: The inorganic material, ZnO, was spin coated on the pre-cleaned substrates
and annealed at the desired temperatures.

Step 2: The organic material, VOPc, was evaporated thermally on the ZnO/ITO layers

(films annealed in step-1) at a base pressure of ~10°° mbar.

Step 3: Finally, the MoOs3/Al electrode was deposited over the organic materials using

the shadow mask.
2.5 ELECTRICAL CHARACTERIZATION

The fabricated devices were characterized electrically by measuring the

current-voltage characteristics and by impedance spectroscopy. The suitability of
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these methods for our devices is discussed in this section along with a brief theoretical

background.
2.5.1 Current density-voltage (J-V) characteristics

Current density-voltage characteristic (J-V) were obtained by measuring the
current through the device upon varying the bias voltage. The J-V characteristics are
used to determine the basic electronic properties of the organic semiconductors in
different device configurations. One may estimate material properties such as charge
injection, electrical conductivity and, hence, the mobility. Optimization of the device
performance requires a good understanding of not only the electrical properties of
individual materials used in device, but also the details of device architecture. They
yield a good insight into the underlying conduction mechanism that operates in the
devices as well as role of the quality of the interfaces between the organic

semiconductor layer and the electrodes.
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Figure 2.10 Typical J-V characteristics of the electronic devices illustrating different

regimes of electrical conduction.

J-V characteristics of metal/semiconductor/metal devices are controlled by
two basic processes: (i) the charge carrier injection from the electrodes into the
semiconductor, and (ii) the charge carrier transport through the bulk of the film. The
difference between the electrode work function and the HOMO (or LUMO) of the

organic semiconductor determines whether the charge transport is injection limited or
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bulk limited. One can also derive information regarding charge trapping as well as the
intrinsic bulk mobility of the charge carriers in a given device configuration. Further,
a precise control over the deposition parameters can minimize the surface states at a

metal/semiconductor interface, which is of vital importance.

In the case of single carrier devices, the current density under forward bias
usually shows a power law dependence on the applied voltage (see Figure. 2.10)

[Gould 1996, Shafai and Anthopoulos 2001], and is given by,
J o V8 (2.5)

where & is the slope of the J-V characteristics and may take different values in
different regions of the J-V plot. The first region 6 =1is the ohmic region. The second
regime (6~2) indicates that the electrical conduction in this region follows the SCLC
mechanism with traps. The third region (high value of §) is the transition region
wherein deep traps get filled by the injected charge carriers, leading to a transition
from the trap charge SCLC conduction mechanism to the trap-free SCLC (& = 2)
mechanism. This region is known as the trap filled limit region (TFL) [Stallinga
2009]. When high electric fields are applied, some of the trapped charges are ejected
from the traps. Therefore, the current density and hence the slope of the J-V plot
reduces in comparison with the TFL region without achieving the trap-free SCLC.
This region is described by the Poole-Frenkel effect [Spahr et al. 2013]. The mobility
estimation from SCLC analysis will be discussed in the subsequent chapters in this

thesis.

In this study, J-V characteristics were measured (under dark and illuminated
conditions) using the Source Measure Unit (SMU) Keithley 2400 interfaced to a
computer through the IEEE488.1 interface. Labtracer and Kickstart software were
used to operate the SMU through the computer.

2.5.2 Capacitance-Voltage (C-V) Characteristics

The typical Capacitance-voltage characteristics (C-V) for a single layer device
is shown in Figure 2.11(a) and the corresponding Mott-Schottky plots are presented in

Figure 2.11(b). The C-V characteristics are used to estimate the concentration of
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conduction charge carriers in a single carrier type device. It was shown that the C-V
analysis for a single carrier device can also provide information about the quality of
the injection barrier and the built-in voltage resulting from the use of different metal
contacts [Nowy et al. 2009, Sharma et al. 2011, Ramar et al. 2014]. This analysis is
also used to monitor the dynamics of an electron-hole pair in two-layer devices such

as OLED, OPD and OPV [Macdonald 1992, Nowy et al. 2009].
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Figure 2.11(a) Typical Capacitance-voltage characteristics and (b) Mott-Schottky

plots for a single layer device.

According to the standard Mott-Schottky equation, the dependence of
capacitance on the applied bias is given by [Singh and Ghosh 2015]

1 2V —V)

— = 2.6
C? A?qeye Ny (2.6)

where Vy,; is the built-in voltage, A is the interface area of the device, q is the electron
charge, is the dielectric constant of the material , is the absolute permittivity and

NA is the effective charge carrier concentration of the conduction charge carriers.

In this study, C-V measurements were carried out using Agilent E4980A,
20Hz-2MHz precision LCR meter at a fixed frequency of 1 KHz with ac amplitude of
500mV. Prior to the measurements, the system was corrected for short and open

measurements
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2.5.3Impedance Spectroscopy (IS)

Impedance spectroscopy is a widely used non-destructive characterization
technique to study many of the electrical properties of the semiconducting materials
and their interfaces. It is often employed to obtain information related to the factors
influencing charge transport, quality of the electrodes used for device fabrication,
nature of  electrode/semiconductor interface, defect density at the
electrode/semiconductor interface, defect density in the bulk of the semiconductor,
charge injection efficiency and mobility. From the literature, it is observed that IS has

been successfully applied to investigate a variety of issues in organic materials.

In a typical measurement involving IS, a small ac signal, V,.(t) =
V,Sin(2nft) with an amplitude V; and frequency f , is applied to the device in
addition to a dc bias voltage V4. = V0. Therefore, the total bias voltage applied to the

device and the current through it are given by

V =V, + V,Sin(2rft) 2.7)
I,c(t) = Sin(2nft + ¢) (2.8)

where ¢ is the phase shift between the voltage and current. Electrical impedance, Z
(f), is a complex quantity and is defined as the ratio of the voltage phasor (V) to the

current response phasor (7), to include their phase angles, and may be written

Z(f) = = = Re[Z] + i Im[Z] (2.9)

~ <

The real and imaginary parts of the complex impedance are given by

Re[Z] = ZCos6 Im[Z] = ZSind )
Therefore |Z| = \/(Re[Z])Z + (Im[Z])? > (2.10)
The phase angle @ = tan™1 (%) )

If the real and imaginary parts of impedance are plotted against each other,

one may obtain a single semicircle, or a plot which may be a combination of
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semicircles, depending on the response of the device to the total applied voltage, as
shown in Figure 2.12(a). In Figure 2.12(b), R represents the series resistance of the
device. This series resistance is analogous to the resistance at the metal/semiconductor
contacts. R, represents the parallel resistance of the device which is the electrical
resistance of the bulk of the film sandwiched between the metal electrodes. The

parameter C,, 1s the parallel capacitance of the device.

(a)
E Phase ot =1
q angle
N
£ /2
o ®»= o mF0 R
R
R Re [Z], Ohm ’
(b)
&
— R, S
RP

Figure 2.12 Plot of Im[Z] versus Re [Z], also known as Cole-Cole plot, and (b) the

corresponding equivalent circuit to model the Cole-Cole plot.

In the present work, the impedance measurements were done using Agilent
E4980A, 20-2MHz precision LCR meter equipped with 16089B Kelvin clip lead
(Figure 2.13(a &b)). This instrument can provide ac voltage in the range of £12V and
dc voltage in the range of +40V. All the IS measurements in this work were
performed at a constant ac amplitude of 100mV. Prior to the measurements, the

system was corrected for short and open measurements.
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Figure 2.13 (a) Impedance measurements setup (Agilent 4980A) and (b) schematic of

the setup for the IS measurements.
2.5.4 Characterization of Devices under illumination

Hybrid p-n junctions were fabricated for our investigations. They were
characterized through J-V, C-V and IS measurements in the dark condition as well as
under illumination. The devices were illuminated inside a custom-made lamp-housing
having al50W metal halide lamp. The incident power of the light on the sample
surface was measured using Ophir NOVA2 power meter. The detailed analyses are
presented in Chapter 5 and 6. Since the VOPc has an absorption peak around 660nm
(as shown in Figure 2.14), the responsivity of all the photodiodes in this thesis were

estimated with respect to the incident light wavelength of 600nn.

Intensity (CTS)

- RF
300 400 500 600 700 800
Wavelength, nm

Figure 2.14 Emission spectrum of the metal halide lamp (dark green) and the
absorption spectra of the ZNR (red dots) and VOPc (blue dots) films.
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2.6 CONCLUSION

In this chapter, a brief description of the materials used for fabricating our
devices was presented. The different techniques to characterize the materials for their
structural, morphological, and optical properties were described. The different
techniques employed for fabricating the devices and the various electrical and
optoelectronic characterization techniques were explained in detail, thus laying the

foundation for the chapters to follow.
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CHAPTER 3

CHARGE TRANSPORT INVESTIGATIONS IN HOLE- ONLY DEVICES
MADE USING VANADYL PHTHALOCYANINE THIN FILMS

Overview

This chapter explores the charge transport properties of Vanadyl
phthalocyanine  (VOPc) thin  films in  hole-only device configuration:
ITO/MoO3/VOPc/MoO3/Al. The VOPc thin films were characterized for their
structural and morphological properties. The morphology-electrical property relation
for the VOPc films was established using various electrical characterization
techniques which include J-V, C-V and IS studies. The results suggest that the VOPc
films deposited at lower rates are better suited for optoelectronic applications as they

possess higher hole mobility.
3.1 INTRODUCTION

The electronic structure of metal phthalocyanines (MPcs) and their optical,
morphological and electrical properties play an important role in device applications.
Special attention has been devoted to MPcs due to their environmental stability [Ohta
et al. 2003]. Several investigations have been reported on charge transport and device
applications of planar phthalocyanines (CuPc and ZnPc) as well as non-planar
phthalocyanines (SubPc and TiOPc)[Kim and Yim 2011, Williams et al. 2014]. Non-
planar phthalocyanine-based devices offer better performance in comparison with
planar phthalocyanines [Song et al. 2008, Jin et al. 2014]. An example of such a
material is VOPc which has been used in several optoelectronic devices such as
OLEDs, OPVs, OFETs and sensors [Williams et al. 2014]. However, the charge

transport in VOPc based devices has not been extensively investigated.

In order to achieve higher device performance, it is essential to understand the
charge conduction mechanism that operates in these devices. In this chapter, the
effects of the deposition rate on the transport properties of VOPc in hole-only devices
with the configuration: ITO/MoO3;/VOPc/MoOs/Al is discussed. The dependence of
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electrical conductivity on the frequency of the applied signal, bias voltage, and
temperature was investigated in order to understand charge transport mechanism

operative in these devices.
3.2 FABRICATION AND CHARACTERIZATION OF THE DEVICES
3.2.1 Fabrication of hole only devices

Several devices with different deposition rates of VOPc were fabricated by
sequentially evaporating MoO; (3 nm, 0.1-0.2 A/s), VOPc (100 nm) and MoOs (3
nm, 0.1-0.2 A/s) on the pre-cleaned patterned ITO (120 nm) substrates. A 100 nm
thick Aluminium (Al) layer was deposited at a rate of 56 A/s on the top layer of
MoOj; using a shadow mask to function as a cathode. The deposition rate of VOPc
was maintained at 0.1-0.2 A/s, 1-2 A/s and 5-6 A/s, respectively, for these devices.
For simplicity, these deposition rates are denoted as 0.1 A/s, 1 A/s and 5 A/s
throughout the chapter. During the deposition, the substrates were maintained at room
temperature under a vacuum of 8x 10 mbar. The active area of the device was 0.016

2

cm~. All the devices were characterized under ambient conditions without

encapsulation.
3.2.2 Structural and morphological properties

The structure of VOPc is illustrated in Figure 3.1(a). Ziolo et al. [1980] first
determined the VOPc crystal structure along with TiOPc. VOPc molecule has C,;
symmetry and belongs to the non-planar category of Pcs. The vanadium atom is five-
coordinated in a square pyramidal geometry and is 0.575 A above the plane of four
Nitrogen atoms. The V=0 distance is 1.580 A; the V-N distance does not differ
significantly and has a mean value of 2.026 A [Ziolo et al. 1980, Tverdova et al.
2013]. VOPc is known to exhibit polymorphism and exists in three polymorphic
phases namely phase I, phase II and phase III. Among these phases, VOPc¢ of phase I1
is a stable form of the molecule. Phase I is deemed to be a meta-stable form and phase
IIT is reported to be a result of fast cooling VOPc from the melt (>600°C) [Griffiths et
al. 1976, Wang et al. 2014b, J. Ramadan et al. 2016].
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Figure 3.1(a) molecular structure of VOPc; the yellow, blue, brown and pink
coloured spheres represent vanadium (V), Nitrogen (N), carbon (C), Hydrogen
(H) atoms, respectively and (b) X-ray diffraction patterns of the VOPc thin

films at different deposition rates

The X-ray diffraction patterns of all the VOPc films (deposited at
0.1A/s, 1A/s, and 5A/s) prepared at room temperature is shown in figure 3.1(b).
The existence of different phases of VOPc thin films has been widely
investigated [Pan et al. 1998a, 1998b]. However, in this study, the VOPc thin
films were identified to be in the phase-II structure. The most intense
characteristic peak, observed at 20 = 7.38°, corresponds to an inter-stack
spacing of 11.9 A. This implies the predominance of (001) orientation of the
VOPc occurring with the backbone (a-axis) parallel to the surface plane of the
substrate [Pan et al. 1998b]. The low-intensity diffraction peak (002) observed at
20 = 14.9° corresponds to the inter-stack distance of 5.9A. The full width at half
maximum (FWHM) for the films prepared at 0.1A/s, 1A/s, and 5A/s are 20 =
0.22°, 0.29° and 0.37°, respectively, which indicates that the grain
size/crystalline nature decreases with increase in deposition rate. The average

grain size can be calculated using Scherrer’s formula (see Eq. 2.1).

The average grain sizes of the VOPc thin films at different deposition
rates were found to be 36.2 nm, 27.4 nm and 21.4 nm for 0.1A/s, 1A/s and 5A/s
deposition rates, respectively. The large grain size (or better crystallinity) at
lower deposition rates is attributed to the fact that at low deposition rates the

molecules have enough time to reach the thermodynamical position
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(equilibrium). This is also confirmed by the surface morphology of the films
shown in Figure 3.2, which shows the AFM images of the thin films evaporated
at different deposition rates. It is clearly observed that the film deposited at 0.1
A/s shows elongated grain structure, whereas the films deposited at 1 A/s and 5
A/s show smaller and nearly spherical grain structure, which has also been
reported earlier [Singh and Ghosh 2013]. The root mean square (RMS) roughness
of the films was estimated as 6.2 nm (0.1 A/s), 4.5 nm (1 A/s), and 4.3 nm (5
AJs).

Figure 3.2Surface morphology of VOPc films recorded at a scale of 2umx2pm
for the deposition rate of (a) 0.1A/s; (b) 1A/s and(c) 5 A/s

3.2.3 J-V Characteristics

The schematic representation of the fabricated devices is shown in Figure
3.3(a) together with the molecular energy level diagram (Figure 3.3(b)). The values of
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) of VOPc, the work function of ITO and Al electrodes have been taken from
existing literature [Cai et al. 2009, Jin et al. 2015, Kiran et al. 2015]. The
disagreement in the HOMO-LUMO energy level values 2.3-5.3 eV and 6.7-9.7 eV
for MoOs in the literature are still under debate [Zhao et al. 2008, Kroger et al. 2009].
The sensitivity of UPS and/or other measurements for MoOs energy level to surface
states, the material purity, the thin film processing and the post-treatment techniques
determine the energy levels of MoOs;. However, there is no discrepancy in the energy
gap of approximately 3 eV. In the present work, we have assigned the energy band
values as 2.3-5.3 eV as shown in Figure 3.3(b). Insertion of a thin layer of MoOs is
reported to increase the work function of ITO and Al electrodes [Greiner et al.

2013b]. This helps in achieving an ohmic contact between ITO and VOPc molecules.
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Figure 3.3(a) Schematic representation of the VOPc hole only device (error
bars included); (b) Energy level diagram; (¢) Forward bias J-V characteristics
of all the samples deposited at different deposition rates; (d-f) double
logarithmic plots for the devices at0.1 A/s, 1 A/s and 5 A/s.

Figure 3.3(c) shows the forward bias J-V characteristics for the device
deposited at different deposition rates. For each deposition rate, four samples have
been investigated for J-V characteristics. The results are reproducible within the
experimental errors and are presented with the error bars in Figure 3.3(c). The main
observation drawn from Figure 3.3(c) is that there is no significant change in the
current density in case of devices deposited at 1 A/s and 5 A/s. However, there is an
improvement of 40 A/cm” (at 8 V) in the case of deposition at 0.1 A/s compared to the
devices deposited at higher rates (1 A/s and 5 A/s). Figure 3.3(d—f) depicts J-V
characteristics of devices deposited at 0.1 A/s, 1 A/s and 5 A/s on log-log scale. Each
plot exhibits three different regions. The power law which governs the current density

in the three regions is [Shafai and Anthopoulos 2001]

J o VA 3.1)
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where 0 is the slope of the J-V characteristics in different regimes. The first is the
ohmic region where 6~1(V <0.52 V for 0.1 A/s, V< 0.33 for 1 A/s and V< 0.26 for 5
A/s). This implies that the electrical conduction in this region is due to the thermally -
generated charge carriers (excluding traps). Hence, in the ohmic region, the current
density of the device is given by [Gould 1996b]

14
J= Poett 3.2)

where, py is the concentration of thermally generated holes, e is the electron charge, p
is the hole mobility, d is the thickness of the VOPc layer and V is the applied bias
voltage. In the second regime, the gradient of the current density is 6~2 (0.52 <V <
1.6 for 0.1 A/s, 0.33 < V< 1.0 for 1 A/s and 0.33 <V < 0.6 for 5 A/s) indicating that
the electrical conduction in this region follows SCLC mechanism given by [Gould
1996b]

9 V2
] =gé&réok 3 (3.3)

where g, (=3.6) is the dielectric constant of VOPc and gy is the absolute permittivity.
The J-V plots in Figure 3.3(d-f) demonstrate that, as the deposition rate increases, the
extent of the SCLC region decreases. This is an indication of the rise in trap density
with the deposition rate of VOPc. Further, the third region (6> 2) represents the trap-
charge SCLC, which is governed by [Reis et al. 2004].

o )l v (3.4)

_ N(
S = euNv \Cp e, T,) a7

where Ny (~10 “'m®) is the effective density of states at the valence band edge
(HOMO) [Gould and Rahman 1981, Shafai and Anthopoulos 2001], Py is the trap
density per unit energy range at the valence band edge (HOMO), /=61, T,_IT is a
temperature parameter describing the exponential trap distribution and kg is the
Boltzmann constant. The total concentration of trap distribution is given by [Gould

and Rahman 1981]

Nt == POkBTt (35)
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The value of N; at room temperature can be calculated using the ohmic characteristics
(Eq. (3.1)), mobility (Eq. (3.2)) and SCLC characteristics (Eqs.(3.3) and (3.4)). The

estimated parameters are presented in Table 3.1.

Table 3.1 Estimated parameters from J-V characteristics

Rate T; Do Py N¢ MscLe, nis,
As) (K)? @D (m>)¢ (m>)¢ (cm*/V-s)*  (cm*/V-s)

0.1 613 1.0x102 0.5x10% 42 x10** 2.740.06 x10® 1.5 x107
1 516 1.1 x10% 1.4x10* 9.4 x10** 1.54+0.18x10° 2.1 x10®

5 511 0.8 x10% 1.2x10* 8.1 x10** 0.94+0.12x10% 1.1 x10®

* Temperature parameter for exponential trap distribution
P Concentration of thermally generated holes

¢ Trap density per unit energy range at the valence band edge
4 The total concentration of trap distribution

¢ Charge carrier mobility in the SCLC regime

f Charge carrier mobility estimated from Impedance measurements.

The results show that there is no significant change in hole concentration for
all the devices deposited at different rates. This may be due to the identical injecting
contact (ITO/MoQO3) employed for all the devices to realize ohmic conduction at low
bias voltages. However, the calculated values of Py and N; obtained from high
deposition rates (1 A/s and 5 A/s) are twice that of the device deposited at a lower rate
(0.1 A/s). Also, the estimated mobilities (from trap charge SCLC) of the devices with
different deposition rates are almost of the same order as the mobilities obtained from
impedance measurements. This high value of trap density may be due to the presence
of various intrinsic impurity centers as well as the defects introduced during thin film
formation. These defects are common characteristics of organic thin films [Roy et al.
2008]. Since there is no significant change between the device characteristics for 1
A/s and 5 A/s, further discussion will be mainly focused on the devices deposited at

lower deposition rate (0.1 A/s) and at a higher rate (5 A/s). The elongated grain
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structure in the VOPc films, deposited at lower rates may be the reason for the low
concentration of traps and the resulting improvement in the mobility and the current
density. Moreover, the electrical conduction in all the devices follows SCLC

conduction with an exponential distribution of traps.

3.2.4 Device stability

To explore the device stability, a few test devices (deposited at 0.1 A/s) were
examined under ambient conditions. The J-V characteristics were recorded

periodically over 4 days. The data is shown in Figure 3.4.
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Figure 3.4 Stability study of VOPc under ambient conditions

From Figure 3.4, it is observed that, for the first 24 h, there is no significant
change in the J-V characteristics. Thereafter, the current density decreases rapidly to
80% of its initial value in the next 24 h and to 60% of its initial value after another 24
h (see Table in the inset of Figure 3.4. Similar results were also reported recently
[Song et al. 2008, Kim and Yim 2011]. Since the devices remain reasonably stable for
the first 24 h, all the measurements were carried out immediately after the fabrication.
Devices fabricated at other deposition rates also showed a similar trend as indicated

by Figure 3.4.
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3.2.5 C-V Characteristics
The Capacitance-Voltage (C-V) characteristics as shown in Figure 3.5 were
obtained at a frequency of 1 kHz with a fixed ac voltage of 100 mV under dark

conditions.
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Figure 3.5 C-V characteristics of the

devices at different deposition rate.
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Generally, the occurrence of a small capacitance peak in the forward bias
characteristics yields a voltage which is numerically equal to the difference in work
functions of ITO and Al electrode. In our case, due to the introduction of a thin layer
of MoOj; on either side of the organic, a flat band condition is achieved due to the
collapse of depletion layer for MoOs/VOPc¢/MoO; structure [Barea et al. 2010,
Guerrero et al. 2012]. This may be the reason for the absence of the capacitance peak
in our devices (Figure 3.5). As the bias voltage increases, the capacitance of the
devices is found to be monotonically increasing beyond 2 V. This increment in the
capacitance is due to the contribution from deep traps located in the VOPc bulk. Since
the device is hole-only, the traps may capture the injected holes, which leads to the
increase in the capacitance [Sharma et al. 2011]. The small decrement in the
geometric capacitance of the devices with an increase in deposition rate may be due to
the structurally induced defects and/or due to the surface roughness of the organic

material [Sharma et al. 2011].
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3.2.6 Impedance Spectroscopy (IS) measurements

IS is a non-destructive characterization tool to study the frequency dependent
behaviour of charge transport through the devices. It also yields information about the
factors influencing charge transport such as the quality of the deposited electrodes,
nature  of electrode/semiconductor interface, defect density at the
electrode/semiconductor interface, the defect density in the bulk of the semiconductor,
charge injection and mobility. In this work, IS measurements were performed to
investigate the conduction mechanism operating in the devices fabricated at different
deposition rates. The frequency dependent complex impedance of this equivalent

circuit is given by [Rouis et al. 2007].

R
2(f) = RelZ(1)] + jIm[Z()] = Rs + 37 (3.6)

where, w = 27nf'is the angular frequency of ac signal, T is the single carrier relaxation
time, Ry is the series resistance of the device which is analogous to the resistance at
electrode/organic interface and R, is the bulk resistance through the organic

semiconductor.

At a given dc bias, the frequency dependence of Re[Z] of devices with the
deposition rate 0.1 A/s and 5 A/s are shown in Figure 3.6(a) and (b), respectively.
The magnitude of Re [Z] decreases with the applied bias at low frequencies, whereas,
the value of Re[Z] for all bias voltages merge in the high-frequency region (above 500
kHz). Further, the crossover value of the frequency, where the value of Re[Z] changes
from being frequency independent to being frequency dependent (up to10 kHz for 0.1
A/s and 5 kHz for 5 A/s) shifts to the higher frequency side. This may be attributed to
the increase of ac conductivity with applied bias at a higher frequency on account of

the release of space charge due to the reduction of barrier height [Suman et al. 2010].

Figure 3.6(c—d) shows the phase versus frequency characteristics of devices
with the deposition rates of 0.1 A/s and 5 A/s. It can be seen from Figure 3.6(a—b) that
the devices show a high impedance of 2 MQ (for 0.1 A/s) and 5 MQ (for 5 A/s) at a

frequency of 100 Hz under 0 V bias conditions. The corresponding phase value of -
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80°, as shown in Figure 3.6(c—d), indicates that these devices display a high resistance
state (behaves almost as an insulator). At frequencies less thanl0 kHz, with the
increase in bias voltage, the magnitude of the impedance gradually decreases (Figure

3.6(a—b)) and the corresponding phase gradually reduces from -80 to -10° (at100 Hz).
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Figure 3.6(a-b) Re [Z(f)]- f measurements for the devices at 0.1A/s and SA/s;

(c-d) phase-frequency measurements for devices at 0. 1A/s and 5A/s.

The Cole-Cole plots for the devices with the deposition rates of 0.1 A/s and 5
A/s are shown in Figure 3.7(a—b). This data can be looked upon as a combination of
two semicircles in the range of measurement range. To understand this behaviour, the
equivalent circuit is shown in Figure 3.7(e) is adopted. The parallel combination of
Rp&C,, represents VOPc (bulk), whereas the parallel combination of Ri&C; represents
MoO:s (interface). These two parallel combinations result in two distinct semi-circular
Cole-Cole plots, the actual experimental data in Figure 3.7(a, b) is being a

combination of these two semicircles. The curves are a fit to the experimental data
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obtained by using Eq. (3.7). Figure 3.7(c) shows Im[Z] versus frequency plots which
show a main ‘peak’ at lower frequencies and a ‘shoulder’ at higher frequencies for
various bias voltages. From these plots, one can estimate the relaxation time and,
hence, mobility. The frequency at which the ‘peak’ occurs is used to estimate
relaxation time at the metal/organic interface. Similarly, the frequency at which the
‘shoulder’ occurs is used to estimate the relaxation time in the bulk VOPc [Reddy et

al. 2007].
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Figure 3.7(a) Cole-Cole plot for device deposited at O.IA/S, (b) Cole-Cole plot
for device deposited at SA/S, (¢) Imaginary impedance-frequency
characteristics of device deposited at O.IA/S, (d) Imaginary impedance-
frequency characteristics of device deposited at 5A/s and (e) the equivalent
circuit used for simulation.

As the dc bias increases, the ‘peak’ as well as the ‘shoulder’ shift to higher
frequencies. However, their corresponding magnitude progressively reduces. The
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Cole-Cole plots, shown in Figure 3.7(a and b), can be modelled by the equivalent
circuit shown in Figure 3.7(e) The equation fitting the equivalent circuit is given by
[Reddy et al. 2007].

Ry R;

Z =R, + +
s 1+ (j(l)Rbe)Qb 14+ (]'a)Rl-Cl-)Qi

(3.7)

where the exponent Q accounts for distribution of relaxation times, Ry, and R; are the
resistance of VOPc layer and the MoOsinterface layer, respectively. Cy, and C; are the

capacitance of VOPc and MoOsinterface, respectively. In the present work, the
exponent, QQp, for the bulk region, is found to be 1.0 for all the devices and the

exponent Q; for the interface region is found to be 0.7 (for lower deposition rates) and

0.8 (for higher deposition rates). This indicates that the relaxation process in the bulk
region (QQ, = 1) may be a Debye type, whereas, the interface has multiple relaxations

[Macdonald 1992, Suman et al. 2010]. The values of exponents less than 1.0 indicate
a significant dielectric loss due to the dipole-dipole interactions. The relaxation times
for the bulk and interface regions are given by = RyCp and 1= R;C;, respectively
[Reddy et al. 2007]. The series resistance (Ry~50 Q) estimated from the equivalent
circuit model (Figure 3.7(e)) is almost constant for all the bias voltages. This usually

arises due to contact resistance of the metal electrode (ITO/Mo0Os).

Figure 3.8(a) shows the variation of the resistance of both the devices (0.1 A/s
and 5 A/s) in bulk and in the interface region. For both devices, the resistance of the
interface region is 5 times greater than that of the bulk. Besides that, the device
deposited at a higher rate (5 A/s) shows 5 times higher bulk resistance than the
devices at a lower rate (0.1 A/s). According to the SCLC model (with an exponential
distribution of traps), the charge carriers move through the bulk of the organic
material by hopping from trap to trap. The high resistance of the interface region
indicated that there are enough number of traps to be filled with the injected charges
leading to SCLC behaviour. This means that the interface region has a higher density
of traps than the bulk region. It also conveys that the devices deposited at higher rates
have a high density of traps than the devices at a lower deposition rate. This agrees

well with the estimated traps densities from the steady-state dc J-V characteristics,
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wherein, the trap density is 2 times higher for the devices deposited at a higher rate (5

AJs).
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Figure 3.8(a) Variation of resistance with applied bias in bulk and at the

interface and (b) log-log plot of resistance variation with applied bias.

The bulk capacitances of the devices 1.9nF (0.1 A/s) and 1.7nF (5 A/s),
estimated from the equivalent model, are independent of the applied bias. This
suggests that the applied bias does not lead to any change in the molecular structure of
VOPc. On the other hand, the resistance of the bulk region varies exponentially with
the applied voltage. According to the SCLC theory, the voltage-dependent resistance

Ry, for a single type carrier (hole) transport is given by the equation
Ry xV—™ (3.8)

For ideal trap free SCLC condition, the value of exponent m should be
approximately 1. However, the value of m deviates from 1 in the presence of traps
[Chung et al. 2008, Anjaneyulu et al. 2011, Braik et al. 2015, Rasool et al. 2015]. In
the present work, the m values of 2.33 (0.1 A/s, bulk region), 2.50 (0.1 A/s, interface
region), 2.51(5 A/s, bulk region) and 2.16 (5 A/s, interface region) obtained from
Figure 3.8(b) are in good agreement with the slopes obtained from J-V characteristics
( Figure 3.3(d—f)). This suggests that the electrical conduction in these devices follows
the SCLC mechanism with an exponential distribution of traps. Similar results (slope
~2.2) are also observed in the device deposited at 1.0 A/s suggesting similar

conduction mechanism.
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3.2.7 Estimation of mobility using Impedance technique

The charge carrier mobility (u) of the organic semiconductor is given by
[Tripathi et al. 2011a].
d2
u=
Tchdc

(3.9

where d is the thickness of the organic layer (dyop.= 100 nm), V. is the applied dc
bias and t4.(= K 1;) is the charge carrier relaxation time. The numerical value of x can
be obtained from the computer simulations using Matlab similar to the work carried
out by Tripathi et al. [Tripathi et al. 2011]. The following two equations are used to

carry out simulations for frequency dependent imaginary impedance.

4
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Figure 3.9 Simulation of frequency dependent Im Z for the different degree of
dispersion Here, ¢, = 3.6 for VOPc films, 74, = 1 X 10™*s, device area A =0.016 cm®

and thickness d= 100 nm.

If organic material is trap-free, with a dielectric constant €, then the complex
Impedance Z(£2) can be written in the form [Martens et al. 1999, 2000, Tsang et al.
2006b, 2006a]

7(@) = <0 <Zi[0'75ﬁ(”>]2{1 — exp[—4i0/3R(D]} + 15D — if?

" 5 > (3.10)
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where the normalized frequency is 2 = 27zf 14.=014., ® is the angular frequency, 14
is the dc transit time. The normalized mobility is given by [Martens et al. 1999, 2000,
Tsang et al. 2006b, 2006a]

©(2)

Ugc

i) =

=1+ M@ (3.11)

where M and a are the dispersion parameters, p . is the dc mobility and 74, is the
average carrier transit time. The simulations for frequency dependent imaginary part
of the impedance were carried out for the different dispersions (presented in Figure

3.9) and the corresponding k values are presented in Table 3.2.

Table 3.2 T4, to T, ratio as obtained using Im Z method

Degree of dispersion K =Tqc/Tr
Non dispersion M=0, o =1 0.47
Less dispersion M=0.1, a. =0.7 0.49
Moderate dispersion M=0.15, a =0.5 0.45
High dispersion M=0.2, o =0.3 0.36

From Table 3.2, the mean value of « along with the dispersion is found to be

0.44.The Poole-Frenkel field dependent mobility is given by

u(E) = poexp(BVE) (3.12)

where E = V/d is the applied electric field at voltage V. The field independent
mobility (po) (also called as Zero-field mobility) and the Poole—Frenkel (PF)
coefficient () are obtained from the intercept and slope of the linear fit to the above

equation (in Figure 3.10), respectively.

The field dependent charge carrier mobilities of all the devices are presented

in Figure 3.10. The zero-field charge carrier mobility values 1.5x10”cm?/V-s (for 0.1

Als), 2.1x10%cm?/V-s (for 1 A/s) and 1.1x10®cm?/V-s (for 5 A/s) are consistent

with the values obtained using the dc J-V measurements. This is also consistent with

the available literature (1.59% 10 cm?/V-s for CuPc [Shah et al.2011] and 6.35x10°°

cm?/V-s for ZnPc [Murtaza et al. 2011]. Further, the charge carrier mobility of the
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devices are found to be 5.7x107%cm?/V-s (for 1 A/s) and it is two orders less than that
of devices with MoOsas a hole injection layer. This can be attributed to the fact that
the ITO/MoOs; facilitate better hole injection by lowering the barrier height between
ITO and VOPc. The total charge transport is due to the transport through the grains in
addition to the transport across the grain boundaries. Thus, the reason for high
mobility in the device deposited at 0.1 A/s compared to 1 A/s and 5 A/s can be
attributed to the elongated grain structure wherein the grain boundary effect is lesser

compared to the devices fabricated at higher deposition rates
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Figure 3.10 Field dependent hole mobility of VOPc film with different

deposition rates
3.2.8 AC conductivity

The conductivity—frequency characteristics at different bias for all the devices
are shown in Figure 3.11(a). Since ac conductivity graphs for devices with higher
deposition rates also follow a similar pattern as those deposited at lower rates, Figure
3.11(a) shows only the data corresponding to the deposition rate of 0.1 A/s. Figure
3.11(a) displays the plots of In(o) versus In(®w) at room temperature for various bias
voltages. As seen from Figure 3.11(a), In(o) is practicallyconstant at very low
frequencies and saturates to almost a constant value at very high frequencies. In
between these two extremes In(o) increases almost linearly with increasing frequency.

It is also seen that the onset of the linear increase in the graph progressively shifts to
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higher frequencies as bias increases. From these observations, we conclude that the

dominant charge transport is hopping type.
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The power law which governs the frequency dependent ac conductivity is

given by [Ghosh and Pan 2000, Suman et al. 2009]
Oot(W) = 04c + Cw® (3.13)

where, o4, is the frequency independent conductivity (observed at lower frequencies),
o is the angular frequency of the applied ac signal in the frequency range 100 Hz to 1
MHz, the constant C represents the strength of the polarizability and the frequency
exponent s represents the degree of interaction between the mobile charge carriers and
their surroundings. The slope of the linear portion of the graph gives the value of 5. In
general, the decrease in conductivity (o) with the increase in signal frequency is

indicative of band type conduction process. On the other hand, the increase in
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conductivity with frequency is associated with a hopping type conduction process

[Elliott 1977, Anthopoulos and Shafai 2003].

Our studies from Figure 3.11(b) indicate that, the value of ‘s’ decreases from
0.9 to 0.3 as the applied bias voltage is increased from 2 V to 10 V. Thus, the
dispersion in the value of ‘s’ could arise due to variation in signal frequency as well as
bias voltage, which is an indicative of charge transport by CBH process (Temperature
dependencies explained in Appendix ) [Suman et al. 2009, Murtaza et al. 2011b,
Ramar et al. 2015]. In this model, hopping of carriers (holes) is most likely to occur

between the two equivalent adjacent localized states[ Abu-Hilal et al. 2005].

The ac conductivity of the CBH mechanism is given by [Suman et al. 2009,
Mansour et al. 2015].

3

Oge = ﬁ1\1f2£0£rw1!26 (3.14)
2
where R=— (3.15)
Teye Wi
6kgT
and W, = 15 (3.16)

where Nris a pair of localized density of states at the Fermi level, Wy, is the binding
energy (the energy required for a charge carrier to move from one site to another), R
is the minimum hopping length, kg is the Boltzmann constant and T is the absolute
temperature. Figure 3.11(b) shows the calculated binding energy Wy, minimum
hopping distance R and the density of states N, for all the devices deposited at
different deposition rates. It is clear that the exponents for all the devices decrease
with the increase in applied bias. The binding energy and the density of states
decrease marginally with increasing bias voltage above 4.0 V for all the devices.
Below 4.0 V, both W, and Nrincrease sharply. Also, at low deposition rates, the
value of Nris significantly lower which leads to an increase in conductivity in the

devices fabricated at the low deposition rates.
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3.3 CONCLUSION

In this chapter, three devices were fabricated in a hole only configuration:
ITO/Mo0O3/VOPC/Mo0Os/Al by varying the deposition rate of the active layer (VOPc).
The improvement in the current density and the mobility of the device at a low
deposition rate (0.1 A/s) is attributed to the elongated grains, high carrier density and
high mobility. It is also found that the electrical conduction follows SCLC mechanism
with an exponential distribution of traps within the band gap and it was found that the
estimated trap density(8.1x10**m™) of the devices at higher deposition rate was twice
the that of the device fabricated at lower deposition rates. The hole mobility values
were obtained from IS measurements and the higher hole mobility of 1.5x107cm?/V-s
was achieved in the VOPc film with 0.1 A/s when compared to the films at higher
deposition rates. The experiments show that the dominant charge transport
mechanism is of hopping type and follows the CBH model. It is also seen that the
charge transport does not depend on the deposition rate. In addition, there is an
improvement in the current density, charge carrier mobility and localized density of
states for devices fabricated at low deposition rates (0.1 A/s) and hence shows better

performance.
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CHAPTER 4

ELECTRICAL CHARGE TRANSPORT IN ELECTRON ONLY DEVICES
MADE USING ZINC OXIDE THIN FILMS

Overview

Chapter 4 explores the electron transport properties of the devices based on
Zinc oxide (ZnQO) in the electron only device configuration: ITO/ZnO/Al. For this
study, the ZnO thin films were fabricated using sol-gel spin coating technique and the
annealing temperatures were varied from 150°C to 450°C in steps of 100 °C. The
structural, morphological, optical and electrical properties were also studied for
different annealing temperatures. The parameters related to ITO/ZnO interface, such
as ideality factor, barrier height, and rectification ratio of the diode, were determined
using current density-voltage (J-V) characteristics. The results clearly demonstrate
that ZnO film annealed at 350°C exhibits much better optoelectronic characteristics
on account of increased grain size, improved charge injection due to the reduction of

barrier height and hence higher (up to 5 orders) charge carrier mobility.

4.1 INTRODUCTION

Zinc oxide (ZnO) is a strong contender for future optoelectronics applications that
include transparent conductors, solar cells, varistors, liquid crystal displays, gas
sensors and photodetectors [Briickner et al. 1980, Levinson et al. 1982, Carotta et al.
2009, Lee et al. 2010, Kidowaki et al. 2012, Yuan 2014]. ZnO is a direct wide-band-
gap (Eg = 3.27 eV) semiconductor (n-type) with high exciton binding energy of 60
meV. Apart from the planar interfaces with ZnO films, various nanostructures of ZnO
(particles, rods, tubes, wires, belts, etc.) have been explored due to their potential
applications in various miniaturized devices; such devices include sensors, thin film
transistors (TFT), light emitting diodes (LEDs), photodetectors and solar cells. Due to
the ease of synthesis, high surface area and superior optoelectronic properties, ZnO

nanoparticles have been widely exploited.
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To gain insight into the use of ZnO in organic-inorganic hybrid structures, one
needs to explore the electrical properties of ZnO thin films in sandwich structures.
The properties of sandwich structures can be correlated with the properties of actual
thin film devices. In this chapter, the effects of annealing temperature on the charge
transport properties of ITO/ZnO/Al electron-only devices are presented. These
investigations were carried out with the motivation of understanding the charge

carrier dynamics at ITO/ZnO interface and its effect on the charge transport.
4.2 FABRICATION AND CHARACTERIZATION OF THE DEVICES

4.2.1 Preparation of ZnO thin films and fabrication of electron-only devices

The schematic of the proposed devices is shown in Figure 4.1.

Glass

Figure 4.1 Schematic of the electron-only device

ZnO nanoparticulate thin films were prepared by sol-gel spin coating
technique similar to the method used in our previous study [Kiran et al. 2015a]. The
precursor was prepared by dissolving 4g of zinc acetate dehydrate [Zn (CH3COO);-
2H,0] in 50 ml of 2-methoxy ethanol. This colloidal solution was stirred for 1h on the
pre-heated hot plate (70°C), and 1.2 ml of monoethanolamine (MEA; acts as a
stabilizer) was added drop-wise for about 10 min and the mixture was stirred for
about 2h. The resulting clear solution was aged (48 h) at room temperature to form a
gel. The aged sol-gel was spin coated on pre-cleaned and UV-Ozone treated (15
minutes) pre-patterned ITO coated glass substrates at a spin rate of 500 rpm for the
first 30s and at 1000 rpm for next 30s. The deposited film was baked at 120°C for 10
min. The deposition process is repeated three times to achieve the desired film

thickness. These films were further annealed in air at either 150°C, 250°C, 350°C or
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450°C for about 1 hour. The thickness of the films measured by spectral reflectometry

was about 200+£10 nm.

For the fabrication of single layer devices, a 100 nm thick aluminium (Al)
electrode layer was thermally evaporated on the pre-coated (and annealed) ZnO at the

rate of 5-6 A/s using a shadow mask.

4.2.2 Structural and morphological properties

ZnO films, prepared on glass substrates, were annealed at different
temperatures. Their XRD patterns are shown in Figure 4.2. The XRD analysis
confirmed that the samples crystallized in hexagonal wurtzite structure [JCPDS 36-
1451]. As the annealing temperature was increased, the XRD peaks became sharper,
indicating better crystallinity of the synthesized samples. The predominant XRD
peaks at 20= 31°, 34°, 36° and 54° were assigned to (110), (002), (010) and (110)
planes. The estimated nanoparticles/grain sizes in the thin films, calculated from

Scherrer’s formula (Eq.2.1) are presented in Table 4.1.
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Figure 4.2 X-ray diffraction patterns of ZnO nanoparticulate thin films on a glass

substrate for different annealing temperatures.

The SEM images of the ZnO films annealed at different temperatures are

shown in Figure 4.3. It can be clearly seen that the ZnO nanoparticles (grain) size
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increased with the increase in annealing temperatures. The particles sizes obtained

from these SEM images agree well with the values estimated from XRD spectra.

Figure4.3 SEM images on 100 nm scale, of ZnO films on glass annealed at different

temperatures
4.2.3 Optical Transmission spectra

A large number of applications on ZnO are based on its remarkable optical
properties. The optical transmission spectra of ZnO thin films, annealed at different
temperatures, are shown in Figure 4.4(a). The average transmission of all the films is
seen to be 85% to 95% in the visible optical region. A sharp spike seen at around 650
nm in the transmission spectra for all the thin film samples was confirmed to be a
spectral line emitted by the Deuterium source used for the measurement and does not
originate from the ZnO films. The optical band gap of the films at different annealing
temperatures was estimated from the fundamental absorption edge by considering
direct allowed transitions. For the direct transitions, the absorption coefficient can be

written as

ahd = A(h9 — Eg)l/ 2 (4.1)
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where, A is the constant, Ej is the optical band gap, 9 is the frequency of the
incident radiation and h is the Planck’s constant. Figure 4.4 (b) shows the plot of
(ah9)? versus E, for the ZnO thin films annealed at different temperatures. The
presence of a single slope in the plot suggested that the films had direct and allowed
transition (direct band gap). The band gap energy was obtained by extrapolating the
straight line portion of the plot to zero absorption coefficient. The optical band gap
values are seen to reduce from 3.35e¢V to 3.28eV as the annealing temperature
increased from 150°C to 350°C. This can be attributed to improved crystalline nature
of ZnO thin films, that resulted in reduced traps by extended localized states in

conduction band and valence band [Mathew et al. 2012].
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Figure 4.4(a) Optical transmittance spectra of ZnO at different annealing
temperatures and (b) Tauc’s plots to estimate the band gap of ZnO at different

annealing temperatures.
4.2.4 J-V Characteristics

Figure 4.5(a) shows energy level diagram of the proposed devices with ZnO as
an active layer. The valence band (VB)-conduction band (CB) energy levels of ZnO
and the work function of ITO and Al have been taken from the literature [Zhao et al.
2008, Yoon et al. 2012, Alam Khan and Farva 2017]. The energy difference (AEgc)
between the work function of ITO and the CB of ZnO is less compared to the energy
difference (AEgy) between the work function of ITO and the VB of ZnO. Hence, it is

concluded that electron injection dominates at the ITO/ZnO junction.
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Figure 4.5(a) Energy level representation of the electron only devices with
ITO/ZnO/Al configuration. Here,qd;, qdajand qy, represent the work functions of
ITO, Al and the electron affinity of ZnO, respectively. IPz,0 is the ionization potential
of ZnO; (b) J-V characteristics of the single layer devices at different annealing

temperatures; (¢) In( )-V characteristics of the single layer devices.

The room temperature J-V characteristics of the devices fabricated using ZnO
films annealed at different temperatures are shown in Figure 4.5(b). Clearly, the
devices annealed at 150°C, 250°C and 350°C showed rectification behaviour and the
corresponding rectification ratios (RR) of the three devices, at a bias voltage of 1.5V,
were found to be 1.89, 2.77 and 5.53, respectively. It was also found that the device
with ZnO film annealed at a temperature of 450°C did not show any rectification. The
characteristic diode equation under forward bias greater than a few millivolts is given
by [Yuan et al. 2012, Kiran et al. 2015b]

(4.2)

vV
I'=loexp (W)
t
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where V; is the thermal energy at 300K (~26 meV), V is the applied bias, n is the
diode ideality factor. Iy is the reverse saturation current which can be expressed as

[Gupta et al. 2011]

qd)s) 43)

I, = AA*T? (—
0 exp kT
Here, A is the area of the device (1.6x 1072 cm?), A* is the effective Richardson’s
constant (1.3 x 10° Am 2K for ITO contact) [Kiran et al. 2015¢], (qdg) is the
barrier height in eV, kg is the Boltzmann constant and T is the absolute temperature

in K.

Table 4.1 Estimated parameters for the ZnO films annealed at different deposition

rates
Annealing Grain size  n* I g R.R u N(Ep)°® NA' V¢
temperature (nm) (amp) (meV) @I1.5V (em’V- eV™  (ecm (V)
"XRD SEM s) 'em™ %)
150°C 8 1 72 12x 550 1.89 322x  32x  8.0x 3.6
10" 10" 10" 10"
250°C 11 15 6.7 9.0x 497 2.77 419x  42x  13x 0.75
10" 10* 10”7 10"
350°C 16 17 84 49 333 5.53 416x 54x 21x 0.25
107 107 10" 10"

450°C 25 21 - - - - - - -

* diode ideality factor ¢ Density of states at Fermi level

b

. f . .
reverse saturation current charge carrier density

¢ interfacial barrier height & built-in voltage

d charge carrier mobility

The diode ideality factors and the reverse saturation currents of the devices
with different ZnO annealing temperatures were obtained from /nl-V plots as shown
in Figure 4.5(c). The slope and intercept of the graphs in the linear region (0.1 to
0.8V) yielded the values of n and /j, respectively. From Table 4.1, it is observed that

the reverse saturation current increased by about three orders of magnitude, whereas
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the Schottky barrier height (q¢g) reduced from 550 meV to 330 meV as the
annealing temperature of the ZnO increased from 150°C to 350°C. However, the high
value of ideality factors (>1) is observed for all the devices prepared at different
annealing temperatures, implying that the current conduction mechanism does not
follow the thermionic emission conduction mechanism alone and that it depends on
the various charge transport mechanisms. This suggests that the interface is not an
ideal metal/semiconductor contact and that there must be some trapping states present
at the interface, which can act as localized carrier generation-recombination centers
[Dey et al. 2015]. A similar set of experiments were conducted multiple times for
each annealing temperature. All the results are reproducible within experimental
errors. The best values obtained, at a given annealing temperature, are presented in

this study.

In general, the potential barrier height (qdg) is related to the work function
(qpM) of the metal and electron affinity of the semiconductor (qx) of the
semiconductor (qdg = (qPm — qx) (Figure 4.5(a)). Here we observed that the
potential barrier height for the electron only devices reduced with increasing
annealing temperatures. This may be ascribed to the dissimilarity in electron affinity
of semiconductor nanoparticles depending upon their band structure and band gap
energy [Middya et al. 2014]. Similar behaviour has also been observed in earlier
reports based on Kelvin probe and XPS measurements for sol-gel ZnO thin films [Sun
et al. 2011, Dearden et al. 2014, Sharma et al. 2014]. In this study, we had employed
Impedance spectroscopy technique (IS) to investigate the behaviour of our devices

and to estimate the electron mobilities.

For SCLC conduction mechanism with exponential trap distribution (also
confirmed from IS measurements), the density of states (DOS) at the Fermi level is

estimated using the following equation [Sahin et al. 2006]

(4.4)

where &, is the dielectric constant of the ZnO film (8.5) [Efafi et al. 2014], &, is the
permittivity of free space, e is the electron charge, d is the thickness of the ZnO layer,
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AEg is the shift in the quasi-Fermi level and AV = V;~V,, Viand V, being two
different voltages applied to the device. When the applied potential is increased from
Vito V, (extremes of SCLC region), the quasi-Fermi level shift is given by the

equation,

AE, = knTl <12V1) 45
F = Kplin 1V, .

where kpis the Boltzmann constant, T is the absolute temperature and I, I, are
current values measured at the voltages V;and V, respectively. From Table 4.1, it is
noted that there is no significant change in the estimated values of effective DOS
around the Fermi level which indicated that the trap density at the interface was same

for all the samples. The observed values of the effective DOS at the Fermi level for all

the devices (10" eV-lcm%) are comparable with values reported earlier [Dey et al.

2015].

4.2.5 C-V Characteristics

The Mott-Schottky plots (1/C*versus V) for the devices made at different ZnO
annealing temperature are shown in Figure 4.6. These characteristics were obtained at
a fixed frequency of 1 kHz with ac amplitude of S00mV. Extrapolating the linear
portion of the Mott-Schottky plots to the x-axis (where 1/C* = 0) yielded the built-in
voltage V. According to the standard Mott-Schottky equation, the dependence of
capacitance on the applied bias is given by [Singh and Ghosh 2015].

1 2V —V)

—_= 4.6
C? AZegye, Ny (4-6)

where Vy,; is the built-in voltage, A is the area of the interface in device, e is the
electron charge, &, is the dielectric constant of ZnO , & is the absolute permittivity
and N, is the effective charge carrier concentration of the conduction charge carriers.
The estimated carrier concentration and the corresponding Vy; values for the devices
made at different ZnO annealing temperatures were estimated using Eq.4.6, and are
presented in Table 4.1.

From the C-V characteristics, it was found that the charge carrier density in

the devices increased from 8.0x10"cm™ to 2.1x10" cm™ (about 25 times) as the
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annealing temperature increased. This may be due to the changes in barrier height,
facilitating injection of much larger number of charge carriers into the device. The
corresponding built-in voltage values are tabulated in Table 4.1. ZnO annealed at
450°C showed ohmic nature due to the intermixing of ITO and ZnO layers owing to

diffusion at the interface [Lee et al. 2001 Tang et al. 2001].

12 12
10 350°C 10{ 250°C
8 8 \
i |
= 6 6
= m
X ]
o 4 4
o
2 2
O T L L LI O T T T T T T N
10 -05 00 05 10 2 -1 0 1
Bias voltage(V)

Figure 4.6 Mott-Schottky plots (C-V characteristics) for the electron only device

made at different ZnO annealing temperatures.
4.2.6 IS measurements

In order to investigate the influence of factors affecting charge transport in
devices with annealed ZnO, we employed impedance spectroscopy.The corresponding
Cole-Cole plots are shown in Figure 4.7(a) for the device with ZnO annealed at
350°C, at different bias voltages. For a given bias, the results showed only one
semicircle in the measured frequency range (20Hz to 1kHz) indicating the
predominance of single carrier lifetime. The Cole-Cole plots shown in Figure 4.7(a),
can be modelled by the equivalent circuit shown in Figure 4.7(b) and the impedance

of the equivalent circuit may be written as

R
2(f) = Relz ()] —jimlz()] = Rs + 177 (4.7)

where w = 2nf is the angular frequency of ac signal, T is the charge carrier relaxation
time, Ry is the series resistance of the device which is a measure of the resistance of

the metal /semiconductor interface and Rp is the bulk resistance of the semiconductor
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film. The estimated parameters from the equivalent model of the devices were plotted
as a function of bias voltage in Figure 4.7(c). The parallel resistance—voltage plots
(Figure 4.7(c)), showed exponential behaviour. In contrast, the value of constant

phase element (CPE) is seen to be constant with changind applied bias and has a value

~1.8 x 10" F for 150°C, 1.2 x 10" F for 250°C and 1.6x 10" F for 350°C and was
seen to be constant with changing applied bias. Further, the slopes obtained from the
log(resistance)-voltage plots for different annealing temperatures (Figure 4.7(d)) were
3.98 for 150°C, 3.35 for 250°C and 1.51 for 350°C, respecively. This indicated that
SCLC was the dominant mechnism in our devices having exponential trap
distrubution [Bi-Xin et al. 2011]. The decrease in slope values with increase in
annealing temperatures indicated reduction in trap density in the bulk of ZnO film.

Interestingly, the device with ZnO annealed at 450°C exhibited ohmic conduction.
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Figure 4.7 (a) Cole-Cole plots for ZnO annealed at 350°C as a function of bias
voltage, (b) equivalent circuit to fit impedance plots (c¢) resistance-voltage
measurements for devices at different annealing temperatures and (d) plots of parallel

resistance voltage plots in logarithmic values to verify SCLC mechanism
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Figure 4.8(a) depicts the Re [Z]-f characteristics as a function of applied dc
bias for the device fabricated with ZnO annealed at 350°C. At lower frequencies, it is
seen that the magnitude of Re[Z] decreases progressively from 1000kQ to 15.3 kQ
with an increase in dc bias over a range of 1-3V indicating that the device turned from
high resistance state to the semiconducting state. This is due to the increase in charge
carrier injection and better transport promoted by the applied bias resulting in a
reduction in the bulk resistance of the device. However, at frequencies greater than
100 kHz, the Re[Z]-f plot for all dc biases converged. It can also be noticed from the
plot that, the point at which Re[Z] gradually changes from being frequency
independent to becoming frequency dependent shifts towards higher frequencies with
increase in bias voltage. This may be attributed to increase in conductivity due to the
release of the space charge resulting from reduction in barrier height as the applied
bias increases. It is also seen that the magnitude of the Re[Z] reduces with increase in
annealing temperature of ZnO. This may be due to the reduction in ITO/ZnO potential
barrier height with increasing annealing temperature; the barrier height is reduced

from 550meV to 333meV (Table 4.1).

Figure 4.8(b) shows the Im[Z]-f plots for different dc bias voltages.
Generally, the frequency corresponding to the peak in Im[Z]-f plot is used to estimate
the relaxation time (t;) and, thereby, the mobility of the charge carriers in the ZnO
layer. The peak shifts to higher frequencies with increase in dc bias voltage, but its
magnitude reduces monotonically. The charge carrier mobility (1) of the annealed
ZnO films were estimated using the relation [Tsang et al. 2006a, Tripathi et al. 2011]

d?

W= (4.8)
TacVac

Here, d is the thickness of the active layer, V. is the applied dc bias and 4. = k7,, K
is numerical correction factor accounting for dispersive transport [Tripathi et al.
2011]. 74.and 7, are the average charge carrier transit time and charge carrier
relaxation time, respectively. From the computer simulations, similar to that described

in Chapter 3, it was found that the value of x = 0.46 for the nondispersive transport
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and changed by +0.052 in case of dispersive transport. The simulated frequency

dependent impedance plots are presented in Figure 4.8(d).
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Figure 4.8(a) Re [Z]- f characteristics of the ZnO film annealed at 350°C, (b)Im [Z]-
f characteristics of the ZnO film annealed at 350°C and (c) Poole-Frenkel mobilities
for samples annealed at different temperatures and (d) computer simulations to find

the numerical constant K.

The Poole-Frenkel field-dependent mobility is given by the relation [Briitting
et al. 2001]

u(E) = po exp(BVE) (4.9)

where E = V/d is the applied electric field at a given voltage V. The field-independent
mobility (no) and the Poole—Frenkel (PF) coefficient (B) are obtained from the
intercept and slope of the linear fit to the above equation (Figure5(c)). The charge

carrier mobility values, thus obtained, were comparable with those obtained from sol-
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gel ZnO thin films reported by others [Patil et al. 2011]. From Table 4.1, it is evident
that the electron mobility of the ZnO increased by up to 5 orders of magnitude as the
ZnO annealing temperature increased from 150°C to 350°C. This enhanced mobility
at higher temperatures can be attributed to the following reasons: (i) reduction of
barrier height, which facilitates higher electron injection from ITO to ZnO, and (ii)
increase in the crystallinity of ZnO with annealing temperature which results in larger
grain size and hence reduction in grain boundaries (which act as defects/traps). Higher
charge injection due to the reduction of barrier height, lower defect density and
improved crystallinity (increased grain size) makes the ZnO film annealed at 350°C, a

suitable for optoelectronics applications.

4.3 CONCLUSION

In this chapter, we have investigated four electron-only devices having the
configuration: ITO/ZnO/Al by varying the annealing temperature of the active layer
(ZnO). The improvement in the current density as well as the charge carrier mobility
of the devices, made with ZnO film annealed at 350°C, is attributed to the increase in
grain size, reduction of the Schottky barrier height and higher carrier density. We
infer that the electrical conduction in these devices is dominated by SCLC mechanism
with an an exponential density of traps. The DOS at Fermi level is found to be ~10"
eV'em™ and is almost same for all the devices. The electron mobility values are
obtained from the impedance measurements. A larger electron mobility of 1.91 x 107
em”V's™! was achieved in the device with ZnO film annealed at 350°C. The results
suggest that ZnO films annealed at 350°C are suitable for the optoelectronic device

applications as they show high electron mobility.
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CHAPTER 5

OPTOELECTRONIC PROPERTIES OF VOP¢/ZnO HYBRID DIODES
Overview

Chapter 5 explores the optoelectronic properties of a hybrid p-n diode using an
organic p-type VOPc and n-type ZnO. In this chapter, the p-n junction diodes in the
configuration ITO/ZnO/VOPc/MoQOj3/Al were investigated for the electrical properties
in dark and under illuminated conditions. The results clearly demonstrate that a p-n
Jjunction with ZnO film annealed at 350°C exhibits much better optoelectronic
characteristics on account of increased grain size, improved charge injection due to
the reduction of barrier height and hence higher (up to 5 orders) charge carrier

mobility.

5.1 INTRODUCTION

Organic-inorganic hybrid diodes have been of interest in optoelectronic
applications in recent years. They are seen to play a prominent role in devices such as
light emitting diodes, solar cells and photodiodes [J. Bolink et al. 2010, Sessolo and
Bolink 2011, Wright and Uddin 2012, Kettle et al. 2015]. In such hybrid diodes, one
can exploit the advantages of both organic and inorganic materials. Inorganic
semiconductors, such as Zinc Oxide (ZnO) and Titanium oxide (TiO;) are stable n-
type semiconductors and have higher electron mobility (5-6 cm” V' s™) compared to
organic semiconductors (107 to 1 em*V's™) [Ong et al. 2007]. On the other hand,
organic p-type semiconductors (phthalocyanines, pentacene, and P3HT) are known to
have broad absorption spectra in the visible region which can lead to high efficiency
in photodiodes and solar cells [Beek et al. 2006, Sharma et al. 2006, Lee et al. 2011].
Moreover, these devices can be easily fabricated at low cost, even on flexible
substrates [Wang et al. 2010]. Hybrid interfaces of ZnO with organic semiconductors
have been studied by several groups to explore their suitability in applications such as
photodiodes [Kumar et al. 2009, Gupta et al. 2011, Lee et al. 2011, Yuan 2014a, Yuan
et al. 2014, Kettle et al. 2015].
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Recently, various nanostructures of ZnO (particles, rods, tubes, wires, belts, etc.)
have been explored due to their potential applications in various miniaturized devices.
Due to the ease of synthesis, high surface area and superior optoelectronic properties,
ZnO nanoparticles have been widely exploited. Since a p-n junction is fundamentally
important in all semiconductor devices, it is imperative to understand the role of
quality of the junction on charge transport, in order to achieve high device
performance. In devices involving ZnO/organic semiconductor interfaces, the effect

of annealing of ZnO layer on the interface properties have not been explored much.

In this chapter, we have investigated the optoelectronic properties of hybrid
diodes involving ZnO and Vanadyl-phthalocyanine (VOPc), a well-known metal
phthalocyanine (MPc). MPcs possess relatively good electronic properties, are
inexpensive and exhibit high environmental stability [Song et al. 2008, Pan et al.
2011]. ZnO/MPc photodiodes have been investigated by several groups [Gupta et al.
2011, Ma et al. 2011, Yuan et al. 2012]. Our specific choice of VOPc was based on
the fact that it is a non-planar phthalocyanine molecule and is known to offer better
performance in comparison to planar phthalocyanines [Kim and Yim 2011, Jin et al.
2014, Ramar et al. 2015]. Further, VOPc is commonly employed as a hole transport
material [Zhu et al. 2001].

To the best of our knowledge, photodiodes based on ZnO/VOPc combination has
not been investigated so far. In an earlier work on hole transport through the VOPc
thin films, we have shown that films deposited at low rates are better for
optoelectronic applications (Chapter 3). In addition, the effects of annealing ZnO film
at different temperatures on the charge transport properties of ITO/ZnO/Al electron-
only devices were explored. It was found that the ZnO film annealed at 350°C had
better electrical properties (Chapter 4). In this chapter, the fabrication and electrical
characterization of p-n junctions with the configuration ITO/ZnO/VOPc/MoOs/Al, is
investigated under dark and illuminated conditions. These investigations were carried
out with the motivation of understanding charge carrier dynamics at ZnO/VOPc

interfaces and its effect on the charge transport.
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5.2 FABRICATION AND CHARACTERIZATION OF THE DEVICES
5.2.1 Fabrication of hybrid p-n junction diode

VOPc (dye content >85%) was procured from Alfa Aesar and was used without
any further purification. A 100 nm thick VOPc layer was deposited on ZnO thin films
(prepared as described in Chapter 4) by thermal evaporation at a base pressure of
8x10° mbar and a deposition rate of 0.1-0.2 A/s. Subsequently, a thin layer of
Molybdenum Oxide (MoQs, 3 nm) was deposited at a rate of 0.1-0.2 A/s to facilitate
hole injection. Finally, a 100 nm thick Al layer (electrode) was deposited as described
earlier for the electron only devices. The schematic of the fabricated device
configuration is shown in Figure 5.1. All the measurements (characterizations) were
performed at room temperature and under ambient conditions without any

encapsulation of the devices.

=

Glass

Figure 5.1 Schematic of ZnO/VOPc hybrid diode

5.2.2. J-V characteristics

Figure 5.2(a) shows the energy level diagram of the p-n junction diode with
the configuration: ITO/ZnO (annealed)/VOPc/MoOs/Al. The energy levels of VOPc
and MoOs have been taken from the literature [Sakurai et al. 2011, Kiran et al. 2017].
In our earlier work, it was shown that VOPc¢ thin films produced at low deposition
rates (~ 0.1A/s) exhibit high hole mobilities (Chapter 3). Therefore, we investigated
the characteristics of the p-n junction formed by VOPc with ZnO.
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FigureS.2(a) Energy level representation of the VOPc/ZnO diode in the
configuration: ITO/ZnO/VOPc/MoOs/Al;(b) J-V characteristics of a VOPc/ZnO p-n
junction in dark conditions; (¢) J-V characteristics of a VOPc/ZnO p-n junction in
dark and illuminated conditions and (d) illustration of photocurrent generation
mechanism in VOPc/ZnO p-n diode. The plots in different colors correspond to

different annealing temperatures of the ZnO film indicated in the inset.

The room temperature J-V characteristics in dark and illuminated conditions
for the p-n junction with ZnO annealed at different temperatures are shown in Figure
5.2(b) and (c), respectively. When a negative voltage is applied to ITO, the p-n
junction gets forward biased when ZnO is held more negative than VOPc. Therefore,
the current flows easily through the junction. When ITO is given positive bias, ZnO
becomes more positive with respect to VOPc making the junction reverse biased,
thereby limiting the current flow. It is seen that all the diodes clearly exhibit
rectification behaviour when not exposed to light. On fitting the experimental data of

J-V measurements at different ZnO annealing temperatures, it was observed that the
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ideality factors were rather high, ranging from 19 to 24 compared to that of an ideal
diode (n=1). This could be due to the following reasons (i) the presence of
imperfections/traps at ZnO/VOPc interface which may lead to different tunneling
assisted transport, and (ii) enhanced electron-hole recombination in the depletion

region (ZnO/VOPc), thereby increasing the series resistance of the device.

Further, from Figure 5.2(b), it can be seen that the current through the device
is higher if the ZnO film is annealed. As mentioned earlier, higher annealing
temperatures increase the ZnO grain size (from 11 nm to 21 nm, Chapter 4), which in
turn leads to a reduction in grain boundaries and also to lowering of the Schottky
barrier height from 572meV to 471meV. This might be the reason for the higher
current through the devices having annealed ZnO films. When the p-n diode is

subjected to illumination, the ideal diode equation is given by [Yuan 2014a]

|4
Liotar = laark + Iphoto = lgqt [exp (n_Vt)] - Iphoto (5.1)

where Iphoto 1 the photocurrent generated due to the illumination of the device. The
mechanism which governs the charge transfer across the VOPc/ZnO interface is
illustrated in Figure5.2(d). When the device is illuminated from ITO side, a large
number of excitons are formed in the VOPc layer due to absorption of photons. The
optical transparency of all the ZnO films were greater than 85%, (see Figure 4.4a in
Chapter 4). The photogenerated excitons diffuse into the VOPc/ZnO interface. At the
interface, the dissociation of excitons takes place rapidly due to the large LUMO
offset between the ZnO and VOPc. Though the CB of ZnO is much lower (~0.9¢V)
than the LUMO of VOPc, the electrons are easily transferred to the ZnO layer and are
collected by the ITO electrode. Simultaneously, the holes move easily through the
VOPc layer, as it acts as an efficient hole transporter, and gets collected by the Al

metal electrode. The photocurrent responsivity (R,) is given by [Yuan 2014a]

Iphoto

Ryn = (5.2)

P optical

85



where, Pypticqr 18 the incident optical power.The values of ‘R, estimated at different

annealed temperatures are presented in Table 5.1.

It is observed from Figure5.2(b) that the dark current is more for the p-n diode
with ZnO annealed at 450°C. However, from Figure5.2(c), it can be observed that the
photocurrent and, hence, the photocurrent responsitivity (both at positive and negative
bias voltages) is high for the device with ZnO annealed at 350°C. This may be due to
the lower electron-hole recombination at the interface and better charge collection in

case of the hybrid p-n diode with ZnO annealed at 350°C.

Table 5.1Estimated p-n junction parameters from J-V characteristics

Zn0O Barrier Photo responsitivity
. Measurement .
annealing condition height RR@6V (mA/W)
temperature (meV) @ -6V @6V

o Dark 562 0.5

150°C illumination 1.8 6.2 13.0
o Dark 543 1.6

250°C illumination 7.7 12.9 333
o Dark 490 24

350°C illumination 6.0 131 470
o Dark 471 2.9

450°C illumination 33 12.5 475

5.2.3. IS measurements

To further investigate the photoresponse of the device, IS measurements were
also carried out for the p-n diode with ZnO film annealed at 350°C. Figure 5.3(a)
shows the Cole-Cole plots generated for the same device under dark and as well as
illuminated conditions. Figure 5.33(b) displays the real part of the impedance versus
frequency at a given bias. From Figure 5.3(a) and (b), it can be noted that the
difference between the Cole-Cole plots for a given condition (dark or illuminated) at a
particular bias represents the rectification ratio. Also, the difference between the Cole-
Cole plots for dark and illuminated conditions at a given bias (say at -6V) is indicative
of the photo-response of the p-n junction.

The Cole-Cole plots for VOPc/ZnO diode interface at a given bias show a

single semicircle for a given condition (dark or illuminated), which indicates the
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predominance of a single carrier lifetime. It can be seen that, at higher frequencies,
the Cole-Cole plots are not perfect semicircles. To understand the nature of the Cole-
Cole plots, we employed the equivalent circuit model for our devices, similar to the

one shown in Figure 4.7(b) in Chapter 4.
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Figure 5.3(a) Cole-Cole plots for VOPc¢/ZnO device (annealed at 350°C) p-n junction
in dark and illuminated conditions for a given bias and (b) re[z] — f plots of a

VOPc¢/ZnO (annealed at 350°C) p-n junction diode.

In general, at a given bias, two semicircles are expected for a junction of two
materials. Since the bulk resistance (R;) of ZnO in the electron only device
configuration (Figure 4.7a) is almost equal to the estimated series resistance (R;) for
the VOPc/ZnO interface (Figure 5.3(a)), the semicircle corresponding to ZnO is not
observed in the obtained Cole-Cole plots for VOPc/ZnO. It is also observed from
Figure 5.3 (b) that the bulk resistance of the VOPc¢/ZnO p-n diode under illumination
is, approximately, 5 times lower in forward bias and 2 times lower in reverse bias than
that under dark condition at a bias of 6V. The rectification ratios were found to be
342 and 8.1 in dark and illuminated conditions at 6V, respectively. These
rectification ratios agree well with the values obtained from the J-V characteristics.
From IS studies, it is clear that the excitons are created only in the VOPc¢ layer and the
higher photo-current is generated due to the reduction in the VOPc bulk resistance. A
higher photocurrent in the devices with ZnO annealed at 350°C is attributed to the
collective effects of ZnO and VOPc films resulting in efficient exciton dissociation at

Zn0O/VOPc interface and, thereby improved charge collection.
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5.3 CONCLUSION

In this chapter, we have investigated four hybrid diode devices having the
configuration: ITO/ZnO/VOPc/MoO3/Al by varying the annealing temperature of the
ZnO film (active layer). The interface parameters such as ideality factor (n), the
Schottky barrier height (q¢g)and the rectification ratio (RR) of the devices were
determined from J-V characteristics. It is observed that the devices with the ZnO film
annealed at 350°C show higher photocurrent responsivity (470mA/W) at a wavelength
660nm. This suggests better exciton dissociation at the interface and, hence, efficient
charge collection at both the electrodes. Hence, ZnO films annealed at 350°C are

suitable for organic-inorganic hybrid optoelectronic device applications.
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CHAPTER 6

OPTOELECTRONIC PROPERTIES OF HYBRID DIODES BASED ON VOPc¢
AND ZnO NANOROD THIN FILMS

Overview

This chapter explores the optoelectronic properties of hybrid p-n junction diodes
based on p-type VOPc and n-type ZnO nanorods (ZNR) with the configuration:
ITO/ZnO nanorods (ZNR)/VOPc/ MoOj/Al. Vertically aligned ZnO nanorods were
grown using a simple aqueous solution (AS) method as a function of growth
temperature. The correlation between the morphology of ZNR films and the
optoelectronic properties of the ZNR/VOPc hybrid devices was investigated. The
results show that the hybrid diodes with ZNR films grown at 120°C offer the best

optoelectronic properties.
6.1 INTRODUCTION

We have seen in the previous chapter that the morphology of the films plays a
significant role in enhancing the performance of organic-inorganic photodiodes. By
utilizing the advantages of the individual material properties, such as high charge
carrier mobility and environmental stability, these hybrid p-n junctions can minimize
several factors limiting the performance of the devices. Hybrid p-n interfaces of ZnO
nanostructures with organic semiconductors have been explored by several research
groups due to their potential applications in miniature devices [Beek et al. 2006
Sharma et al. 2006 Gupta et al. 2011a Yuan 2014a Yuan et al. 2014 Pickett et al.
2017]. Since a p-n junction is the basic component of any optoelectronic device, it is
essential to understand the charge carrier dynamics at such heterojunctions. As the
next step in the investigations, we studied devices made using ZnO nanorod (ZNR)
films instead of ZnO nanoparticle films forming p-n junction with organic
semiconductor films. The heterojunction devices based on ZnO/MPcs have been well
studied [Gupta et al. 2011a, Yuan et al. 2012, Al-Hartomy et al. 2014, Yuan 2014b].

However, the devices based on ZNR/MPcs have not been explored much. Especially,
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devices having a heterojunction of MPc film and ZNR (vertically aligned) film or
ZNR film prepared by aqueous solution growth has not been studied so far. The
influence of the growth parameters of vertically aligned nanorods film on the

ZNR/MPc heterojunction also needs to be studied.

In Chapter 3, we have shown that VOPc films deposited at lower rates acquire
improved charge carrier mobilities. It is also shown in Chapter 5 that ZnO
nanoparticle films, annealed at 350°C, exhibit better optoelectronic properties in
hybrid diodes based on ZnO and VOPc thin films. However, to the best of our
knowledge, the hybrid devices based on ZNR/VOPc have not been investigated so far.

In this chapter, the optoelectronic properties of hybrid diodes involving ZNR
and VOPc films are investigated as a function of nanorod growth temperature. We
first investigated the effect of growth temperature on the structural, morphological
and optical properties of the ZNR thin films. Subsequently, we also fabricated and
performed electrical characterization of p-n junction devices with the configuration:
ITO/ZNR/VOPc/MoO5/Al, under dark and illuminated conditions. These
investigations were carried out with the motivation to understand the charge carrier

dynamics at ZNR/VOPc interfaces and its effect on charge carrier transport.
6.2 FABRICATION AND CHARACTERIZATION OF THE DEVICES

6.2.1Preparation of ZNR thin films and fabrication

The preparation of ZNR thin films was done in two steps, namely, (i) seed
layer deposition and (ii) nanorod growth. The details of these steps are described
below.
Preparation of seed layer thin films

The nanoparticulate seed layer thin films of ZnO were prepared by sol-gel spin
coating as described in Chapter 4. The prepared sol-gel was spin coated on pre-
cleaned ITO coated glass substrates at a spin rate of 500 rpm for the first 30s and then
100 rpm for next 30sec. The deposited films were baked at 120°C for 10 min to

remove the solvents.
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Growth of ZNR thin films

To grow the nanorods of ZnO, a 1:1 aqueous solution of 0.06M zinc nitrate
hexahydrate and hexamethyl tetra-amine was prepared in a glass reagent bottle (GL
45, BOROSIL). This served as the precursor solution. The substrates with pre-coated
7Zn0O seed layer thin film were dipped vertically into the precursor solution in the
bottle and kept in an oven at the desired temperature. After one hour, the substrate
was taken out and cleaned thoroughly multiple times with distilled water and further
annealed at 350 °C for about 60 min. This process yielded ZnO nanorod thin film with
nanorods aligned vertically to the surface of the substrate. These films were

characterized in terms of their structural, morphological and optical properties.

The aqueous solution (AS) method employed in this work is a simple and less
expensive technique, allowing one to grow uniform vertically aligned nanorods on
large scale at low temperatures. In the present work, we have grown the nanorods at
three different temperatures viz., 60 °c, 90 °C and 120 °C. We were not able to

proceed beyond 120 °C due to rapid evaporation.
6.2.2 Fabrication of hybrid photodiode

The VOPc layer (100 nm thick) was deposited on the pre-coated ZNR films using
thermal evaporation method at a base pressure of 8x10°mbar at a deposition rate of
0.1-0.2 A/s. Subsequently, a thin layer of Molybdenum Oxide (MoQ;, 3 nm) was
deposited at a rate of 0.1-0.2 A/s to facilitate hole transport. Finally, a 100 nm thick
Al layer (electrode) was deposited on the top as described earlier (Chapter 5).

6.2.3 Structural and morphological properties.

The XRD pattern of the ZNR thin films grown on ITO coated glass substrate
at different temperatures is shown in Figure 6.1 (a). This clearly indicates that all the
ZNR films are crystallized in hexagonal wurtzite structure [JCPDS 36-1451]. The
intense peak appearing at 20=34.2° is assigned to (002) crystal plane. This indicates
that almost all the nanorods are oriented parallel to the c-axis. Further, the peak
intensity is found to increase with growth temperature. A less intense peak also

appears in the XRD pattern of each sample at 26=30.2° and this is ascribed due to the
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ITO film [Kérber et al. 2011, Henni et al. 2016]. The average crystallite size
(~diameter) of the nanorods was estimated using Scherrer’s formula and is found to
increase from 31 nm to 50 nm as the growth temperature increases from 60°C to

120°C. The results are presented in Table 6.1.
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Figure 6.1(a) X-ray diffraction pattern of ZNR thin films grown at different
temperatures; (b) SEM image of ZNR film grown at 60°C, (¢) at 90°C and (d) at
120°C for about one hour (scale is 100 nm); insets show the columnar structures that

confirm the vertical growth perpendicular to the plane of ITO substrate.

The SEM images of nanorods grown at different temperatures on ITO
substrates are shown in Figure 6.1 (b-d). It shows that all the ZnO nanorods are
oriented nearly perpendicular to the substrate plane regardless of growth temperature.
This confirms the conclusion drawn above, on the basis of XRD data, that the ZNR
films have highly crystalline structure. The top view of SEM images reveals that the
nanorods have hexagonal shape, suggesting that the nanorods grew along the (002)
direction at various temperatures. However, the diameter, as well as the length of the

nanorods, was found to increase with increase in the temperature of the precursor
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solution. It is observed that the average diameter of the nanorods increases from 38
nm to 60 nm with increase in the growth temperature from 60°C to 120°C. It is also
observed that the inter nanorod gap increases with the increase in growth temperature.
Further, the length of the nanorods is seen to increase by about 30% from ~350 nm to
~480 nm as the growth temperature increases from 60°C to 120°C. These results
correlate well with the estimated crystalline sizes from the XRD spectra. The results

are tabulated in Table 6.1.
6.2.4 Optical Transmission spectra

The optical transmission spectra of ZNR films grown at different
temperatures are shown in Figure 6.2. It is clearly seen that all the samples show a
transmission greater than 80% in the visible region. The plot of a” versus hv for ZNR
films grown at different temperatures are shown in the inset of Figure 6.2. The optical
band gap (E,) values were estimated by extrapolating the straight line portion of the
plot to x-axis and were found to be ~3.24 eV for all the samples. These E, values are
slightly lesser than those obtained for ZnO nanoparticle films (3.28 eV, Chapter 4).
This is ascribed to the reduction of extended localized states at CB and VB in highly
crystalline ZNR films in comparison with ZnO nanoparticle films [Mathew et al.

2012].
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Figure 6.2 Optical transmission spectra of ZNR films at different growth
temperatures. The inset shows Tauc’s plots to estimate band gap of ZNR films at the

different growth temperature.
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6.2.5 J-V characteristics

The schematic of the proposed p-n hybrid diode is shown in Figure 6.3(a), and
its energy level diagram is shown in Figure 6.3(b). The energy level values of the
materials used in the devices have been taken from our previous work and from the

reported literature [Sakurai et al. 2011, Kiran et al. 2017a].
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Figure 6.3(a) Schematic of fabricated hybrid diode, (b) the energy level diagram for
various layers in the fabricated device, (¢) J-V characteristics of devices under dark
and (d-f) J-V characteristics of the hybrid diodes under dark and illumination at a
given ZNR growth temperature

The J-V characteristics of p-n junctions involving ZNR films, grown at
various temperatures under dark condition are shown in Figure 6.3(c). All the diodes
clearly show rectification behavior and the rectification ratio (RR) increases from 1.79
to 5.40 as the ZNR films growth temperature increases. On fitting the experimental
data of J-V curves of ZNR films, grown at different temperatures, to the diode
equation, it was found that the value of the ideality factor (n) reduces with the
increase of growth temperature. It is also found that the n values are relatively high,

ranging from 6.71 to 5.16 compared to that of an ideal diode (n=1). However, these
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values are found to be lower compared to those for the device fabricated using
nanoparticle ZnO thin films (Chapter 5). This may be due to lesser electron-hole
recombination in the depletion region of ZNR/VOPc, leading to decrease in the series

resistance of the device [Darwish et al. 1996, Mayes et al. 2004, Dey et al. 2015].

From Figure 6.3 (c), it can be seen that the current density of the device is
higher for the devices with ZNR films grown at higher temperatures (120°C). As
mentioned earlier, higher growth temperatures lead to increased ZNR crystallite size
(from 31 nm to 50 nm, from XRD data), and also to lowering of the interfacial barrier
height from 727 meV to 650meV (estimated using Eq. 4.2 and 4.3). This might be the
reason for high current through devices having ZNR films grown at higher
temperatures 120°C. Correspondingly, the turn-on voltage of the diodes was reduced
from 3.84V to 0.56V with increasing ZNR growth temperature (presented in Table
6.1). Further, the current density through the ZNR films (Figure 6.3(c)) is found to be
2 orders higher in magnitude than that for the devices with nanoparticle ZnO films
(Figure 5.2(b)). This can be attributed to the higher crystallite size, larger diameter of
the nanorods, and to the higher donor-acceptor interfacial area due to the filling of

gaps between the nanorods by VOPc (as the gaps observed from Figure (6.1)).

Table 6.1 Estimated p-n junction parameters from J-V characteristics

T b Io Von Dp . Rpn (A/W)?
- Condition n . d .
O (amp) V)" (meV) @4.5V @ -4.5V
Dark 5.16 6.37x107 0.56 0.650 5.40
120 11.56 16.28

Light 571 1.35x10° 0.06 0.570 1.15

Dark 560 5.59x10° 235 0.713 1.95
90 , 0.267 0.372
Light  5.56 2.16x107 1.46 0.678 1.27

Dark 6.05 3.23x10% 3.84 0.727 1.79
60 ; 0.058 0.061
Light 6.71 1.65x10" 2.50 0.685 1.42

* Nanorod growth temperature ¢ interfacial barrier height
® diode ideality factor " rectification ratio
“reverse saturation current £ photocurrent responsivity

4 diode turn-on voltage
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Figure 6.3 (d-f) displays the J-V characteristics in dark condition and with
illumination for the devices with ZNR films grown at different temperatures. It is
evident that all the samples show photoresponse. The charge transfer mechanism is
similar to the mechanism explained in Chapter 5 (Figure 5.2). However, the
photocurrent and hence the photocurrent responsivity R, (for both positive and
negative bias voltages) is higher for the devices with ZNR grown at 120°C than the
other temperatures. From Table 6.1, it is seen that the value of R, increased from
0.058 A/W to 11.56 A/W (200 times) under reverse bias and from 0.06 A/W to 16.28
A/W (270 times) under forward bias with the ZNR growth temperature. The Ry
value, for devices having ZNR films grown at 120°C, is approximately 25 times and
125 times higher than that for the devices made using ZnO nanoparticle films
(Chapter 5) under forward and reverse bias voltages (at 4.5V), respectively. It can be
ascribed to the lower electron-hole recombination due to the highly efficient electron
transport pathways (provided by nanorods) and, hence, better charge collection at the

ZNR/VOPc interface [Gonzalez-Valls and Lira-Cantu 2008].

6.2.6 IS measurements

To further investigate the photoresponse and the charge carrier dynamics at
the hybrid heterojunctions, IS measurements were carried out for the p-n junction
diode made with ZNR grown at 120°C. Figure 6.4(a) shows the resistance (Re[z]) -

frequency plots for the devices in the dark conditions.

From these plots, it is noted that the resistance of the devices reduces with
increase in applied bias (both positive and negative). The resistance of the devices at
50 Hz was found to reduce from ~ 86kQ to ~1.48kQ in forward bias (0 to 5V) and ~
87kQ to 6.2kQ in reverse bias (0 to -5V) voltages, respectively. The ratio of
resistance (absolute value) in the reverse bias to the resistance in the forward bias,
which is a measure of the rectification ratio, is found to be ~4.2. Figure 6.4(b) shows
the photoresponse of the devices under forward and reverse bias conditions. Upon
illumination, it is seen that the bulk resistance of the devices drops remarkably at any
given bias voltage. The resistance is found to be reduced from 87kQ to 7.1k€, 1.5k
to 1kQ and 6.2kQ to 0.6kQ for OV, +5V and -5V, respectively
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Figure 6.4 (a) J-V characteristics of the hybrid diode under dark for ZNR films
grown at 120°C and (b) J-V characteristics of the hybrid diode in both dark and under

illumination conditions. The plots in different colors represent the data for different

bias voltages as indicated in the graphs.
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Figure 6.5 Cole-Cole plots for the devices, made using ZNR, in both dark and
illuminated conditions (a) at OV, (b) at +5V and (¢) -5V.

Figure 6.5 shows the Cole-Cole plots for the devices in dark and illuminated
conditions at a given bias. For each bias voltage in the dark condition, the Cole-Cole
plot displays a single semicircle, which is an indication of the predominance of a
single carrier lifetime. In general, at a given bias, two semicircles are expected for a
junction involving two materials. Since the bulk resistance of the ZnO film (< 200 Q,
Chapter 4) is very small compared to the bulk resistance of VOPc (2 MQ, Chapter 3),
the Cole-Cole plot corresponding to ZnO film is not observed in the measured range
(50Hz to 2MHz). To further analyze these Cole-Cole plots, we employed the

equivalent circuit model for our devices, similar to the one shown in Figure 4.7(b) in
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Chapter 4. Further, it is also observed that Cole-Cole plots deviate from perfect
semicircles at very low frequencies (~50 Hz) in Figure 6.5 (b-c), which may be due to
charge accumulation at the metal/organic interface. These charges are either injected

due to higher bias voltages and/ or generated upon illumination.

Table 6.2 Estimated parameters from IS measurements employing equivalent circuit

at Ov at +5V at -5V

Parameter Iluminati

Dark on Dark [llumination Dark [llumination
R(O)* 209 201 210 221 161 223
Rp (Q)° 87121 7050 1475 745 5266 264
CPE(F)® 2.1x10°  3.0x10° 12X10" 2.9%10° 1.9%107 3.0X107
* Series resistance ‘Constant phase element, which analogous to the
® Parallel resistance parallel capacitance

In general, upon illumination, the following two processes are expected to
occur : (i) the bulk resistance of the devices decrease due to the high photogenerated
charge carrier density, and (ii) the capacitance of the devices increases due to
photogenerated charge carriers. We also note that the radius of the semicircle (Cole-
Cole plot) for the devices at any bias is found to be reduced for measurements done
under illumination. This indicates a reduction in the bulk resistance under
illumination. It is also observed that the capacitance of the devices increase under
illumination. The values are presented in Table 6.2. Therefore, the high photocurrent
and photoresponse for the devices with ZNR grown at 120°C can be attributed to the
improved exciton dissociation at the ZNR/VOPc interface, and to better charge

collection facilitated by the vertically aligned nanorods.
6.3 CONCLUSION

In this chapter, several hybrid diode devices, having the configuration
ITO/ZNR/VOPc/MoOQOs/Al, were investigated for their optoelectronic properties by
varying the growth temperature of ZNR films. The interface parameters such as
ideality factor (n), the Schottky barrier height (q¢dg) and the rectification ratio (RR)

of the devices were determined from J-V characteristics. It was observed that the

98



devices with the ZNR films grown at 120°C show higher photocurrent responsivity,
Rpn, (16.28 A/W). This value is 25 times higher than the Ry, value obtained for the
devices made with ZnO nanoparticle films. This can be attributed to the highly
crystalline vertically align nanorods that can provide better pathways for charge
transport. Hence, ZNR films annealed at 120°C are suitable for organic-inorganic

hybrid optoelectronic device applications.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

Overview

Chapter 7summarizesthe work presented in the thesis along with the important
conclusions drawn from the study. Scope for further research has been mentioned in

the end.
7.1 SUMMARY

This thesis focused mainly on the investigation of the optoelectronic properties
of several new organic-inorganic p-n hybrid diodes made using VOPc and ZnO.
These devices were investigated with the motivation of exploiting the advantages of
both organic and inorganic materials and to understand the charge carrier dynamics in

such hybrid devices.

First, hole transport properties of the p-type organic VOPcthin film was
investigated as a function of deposition rate. For this purpose we studied current-
density voltage (J-V) characteristics, capacitance-voltage (C-V) characteristics and
Impedance spectroscopy (IS). It was observed that the deposition rate of the active
layer plays a crucial role in determining the electrical properties of the device. VOPc
films deposited at a lower rate (0.1 A/s) exhibited improved electrical properties
compared to the films deposited at higher rates (1 A/s and 5 A/s). J-V characteristics
indicated that charge transport is described by SCLC mechanism with an exponential
distribution of traps. The estimated trap density in the devices fabricated at higher
deposition rate was twice that of the device fabricated at lower deposition rates. The
values of hole mobility in VOPc films were estimated, to be 1.5 % 107 cm?/V-s, 2.1
%10 cm?/V-s and 1.1x10® cm?/V-s, respectively, for 0.1 A/s 1 A/s and 5 A/s
deposition rates. The dominant charge transport mechanism was observed to be

of hopping type and follows the CBH model.

101



As the next step, electron transport properties ZnO thin films were
investigated as a function of annealing temperature using J-V, C-V and IS
measurements. ZnO films annealed at 350°C exhibited improved electrical properties
over films annealed at other temperatures. This improvement is attributed to increased
grain size and reduction in the Schottky barrier height between ITO and ZnO. J-V
and IS measurements indicated that the electrical conduction in these devices is
dominated by SCLC mechanism with an exponential density of traps. The DOS at
Fermi level is found to be ~10"7 eV'cm™ and is almost same for all the devices. A
higher electron mobility of 1.91 x 10 cm®V™'s™" was achieved in the device with ZnO

film annealed at 350°C.

Following the above studies, hybrid diodes were fabricated using VOPc¢ and
ZnO nanoparticle films. Their electrical properties were investigated (as a function of
Zn0O annealing temperature) using J-V and IS measurements. It was observed that the
diodes with ZnO film annealed at 350°C show high photocurrent responsivity
(470mA/W at 660nm) compared to those with ZnO films annealed at other
temperatures. IS measurements suggested that the large photocurrent generated is due
to the decrease in bulk resistance of the device on account of the creation of electron-
hole pairs in the organic active layer when exposed to light. This higher
photoresponse can also be attributed to the reduction of interfacial barrier height and

efficient exciton dissociation at the VOPc¢/ZnO interface.

Finally, the optoelectronic properties of hybrid diodes made using VOPc and
ZnO nanorods (ZNR) were investigated as a function of nanorod films growth
temperature using J-V and IS measurements. It was shown that the hybrid diodes
involving ZNR grown at 120°C exhibited improved photoresponse and also had high
photocurrent responsivity (16.28 A/W at 660nm) compared to that in the devices with
ZNR grown at other temperatures. This value is ~120 times the Ry, value obtained for

the devices involving ZnO nanoparticles (annealed at 350 °C).
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7.2 CONCLUSIONS

The important conclusions drawn from the thesis are listed below

l.

The thermally evaporated thin films of VOPc exhibited stable molecular
polymorphism of Phase II. The films were polycrystalline in nature and the
grain size of the films was reduced with the increase in deposition rate. The
hole-only devices, with the VOPc active layer, show chemical stability up to
48 hours (current density reduced to 80%) under ambient conditions without
any encapsulation. Electrical studies of these devices demonstrated that the
films deposited at lower deposition rates showed better electrical properties,
1.e. higher current density, electrical conductivity and charge carrier mobility.
The underlying conduction mechanism in these devices was hopping type.
Therefore, it can be concluded that the VOPc films deposited at lower rates are

more suitable for the optoelectronic devices.

The sol-gel spin-coated thin films of ZnO, prepared at different annealing
temperatures, showed that the size of the nanoparticles increases with
increasing temperature. The nanoparticles exhibited a wurtzite hexagonal
structure. The films were highly transparent (85% to 95%) to visible light. The
electron-only devices with ZnO films annealed at 350°C showed better
electrical properties (high current density and mobility) due to lowering of the
barrier height at ITO/ZnO interface. The underlying conduction mechanism is
SCLC with an exponential distribution of traps. Since they possess high
optical transparency and high electron mobility, these films (annealed at

350°C) would be suitable for optoelectronic device applications.

The hybrid photodiodes, fabricated using films of VOPc and ZnO
nanoparticles, indicated that devices made with ZnO films annealed at 350°C
showed high photocurrent and photoresponse. Thus, organic-inorganic hybrid

devices could work as efficient photodiodes.
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4. The aqueous solution grown ZNR films have shown vertically aligned

hexagonal nanorod structures. The diameter and length of the nanorods
increased with increase in growth temperatures. The films exhibited optical
transparency greater than 80% in the visible region. This enabled higher
absorption of visible light by the VOPc layer in the hybrid diode leading to
efficient exciton generation. The photocurrent and photoresponse of the
ZNR/VOPc photodiodes increased with the increase in ZNR growth
temperatures. Thus, the ZNR/VOPc hybrid diodes have better performance
than devices made of ZnO/VOPc devices.

7.3 SCOPE FOR FUTURE WORK

The investigations of the present research work can be extended future in the

following directions.

The role of annealing temperature on the charge transport in VOPc can be
studied. One can establish the temperature dependent morphology—electrical
property relation. This may be useful in understanding the charge carrier

kinetics for improving the device performance.

The influence of annealing temperature on the optoelectronic properties of
VOPc¢/ZnO (nanoparticle and/or nanorods) hybrid interface can be studied.
This may provide the less defective interface that would help in improving the

device performance.

The optoelectronic can be extended to use bulk heterojunctions forming with
ZnO nanoparticles (and/or nanorods) and VOPc. This may lead to the higher
exciton dissociation. This process requires precise control over the ratio of the
bulk mixture to reduce the donor-acceptor islands that could hamper the
charge transport. This bulk heterojunctions may improve the performance of

the device.

In the present thesis, MoOs was used as a hole injection material to assist the

charge transport. This studies can be extended to use other hole injection layer
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viz. 2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4ATCNQ),4,4',4"-
Tris[(3-methylphenyl)phenyl amino] triphenylamine (m-MTDATA), Nickel
oxide (NiO), copper iodide (Cul) and vanadium oxide(V,0s). This may

improve the performance of the devices.
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The conductivity-frequency characteristics of VOPc films deposited at 0.1A/s is
shown in Figure Al. In our case, the s values were observed to decrease from 0.98 to
0.3 with the increasing temperature from 328K to 373K. Therefore, the conduction
mechanism operating in these devices can be explained by employing the CBH

model. The ac conductivity parameters (estimated using Eqgs. 3.14, 3.15 and 3.56) are

TEMPERATURE DEPENDENT CONDUCTIVITY

given in table Al.

Figure A1 Conductivity-frequency characteristics of VOPc devices deposited at 0.1
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Table A1 Estimated ac conductivity parameters at 1 kHz

T

s W (eV) R (nm) O qc (x10°°S/m) Ny(m?)
X
328 0.98 123 0.13 5.17 2.0x10%°
333 097 8.35 0.19 7.02 7.4%10%
338 095 4.08 0.39 9.62 1.0x10%
343 0.84 1.17 1.36 12.1 2.7x10%
348 0.69 0.58 2.75 21.4 4.3x10%
353 0.52 0.38 4.18 29.2 1.4x10%
358 0.48 0.36 4.41 34.0 1.3x10%
363 043 0.33 4.81 40.9 1.1x10%
373 034 0.29 5.46 53.0 0.8x10%
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