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Abstract

Organic semiconductors have been the subject of intense scientific investigation for
the past 50 years. Applications of these materials include chemical, physical and
biological sensors, electronic, and photonic devices. Low cost production of these
devices is possible by using thermal evaporation, centrifugation, spin coating and
drop casting technologies. This thesis describes fabrication and characterization of
organic semiconductor sensors for temperature, humidity and light measurements
using novel organic materials. Different types of commercially available organic

dyes have been used as active materials to fabricate sensors.

In the first part of the thesis, humidity sensors have been fabricated using CuPc/NiPc
thin films deposited by drop casting and centrifugation. Another type of humidity
sensor based on VOPcPhO, Alqs and their composites have also been fabricated
by spin coating technique, wherein organic films have been grown over a substrate
having pre-fabricated aluminum electrodes. Optimum ratio of VOPcPhO and Alqs

has been identified to achieve best capacitive and resistive response of the sensor.

In the second part, optical sensors from composite films of NiPc:CoPc (1:1) have
been fabricated by drop casting and centrifugation on a ceramic alumina substrate
having surface-type interdigitated Ag electrodes. Variation in impedance and ca-
pacitance w.r.t. illumination have been measured. Another type of optical sensors
based on organic photodiodes (OPDs), using composite ZnPc:PC71BM dye, have
been fabricated and characterized. The optimum ratio of ZnPc:PC7BM (1:0.8)
has been determined by detecting photocurrent density with respect to varied il-
lumination levels of impinging light at different reverse biased conditions of the
optical sensors. Moreover, the light to dark current density ratio (J,,/J4) of the
devices has been evaluated along with the transient photo-current density response

to assess their sensitivity.

In the third part, organic field effect transistors (OFETSs) functioning as tempera-

ture/humidity senors (referred to as multi-functional sensors) have been fabricated
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using orange dye (OD) and its composite OD:sugar at positive (+1 ¢) and neg-
ative (-1 g) gravities by drop casting. It has been observed that in drop casting
method, properties of OFET sensors are dependent upon gravity as well as solution

composition employed for OFETs channel definition.

Additionally, OFETSs have been fabricated by depositing NiPc of varying thickness
(100-300 nm) and semi-transparent thin films of aluminum in sequence by vacuum
evaporation on a glass substrate having silver source and drain electrodes. It
has been observed that the drain current of OFETSs increases with increase in
radiation intensity, and the OFETs having 200 nm thick NiPc film, exhibited
better performance compared to 100 nm and 300 nm thick films. For temperature
evaluation, it has been noticed that the reduction in the impedance is higher when
thickness of the film is decreased. It has also been demonstrated that for improved

performance, as a temperature sensor, the OFET channel film should be ~100 nm.
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Chapter 1

Introduction

In this chapter, an overview of organic semiconductor dyes is presented to show
their promising potential for organic electronic industry to get reliable and re-
producible sensors and transistors. An outline of the organic semiconductor dye
materials is given along with their deposition techniques and electrical properties.
Inspiration, motivation and intentions of the presented effort and the framework

of the dissertation is also discussed.

1.1 Organic Semiconductors

The materials whose electrical conductivities and resistivities are sandwiched be-
tween insulators and metals are termed as semiconductors. The resistivity and
conductivity of these materials can be altered extensively by varying their con-
ditions such as, contamination level, such as, humidity, temperature and optical
excitation. For the production of electronic devices, this tunability is of the at
most importance [1, 2]. The organic semiconductor technology has attained more
interest in recent years due to its low cost, light weight, elasticity and no high tem-
perature process of fabrication. While there have been incredible advancements
during the last era in organic electronics, still there is work to be done in the field

of different sensing technologies, which is a back-bone of every equipment.
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1.2 Organic Semiconductor Based Devices

Organic semiconductor materials offer many advantages, some of which are: low
fabrication cost, wide area applications, and novel functionalities (humidity, heat,
optical, biological and chemical sensing, etc.) all of which are rare in inorganic
semiconductors. The impressive and extended progress of organic semiconductors
during the last two decades has attracted a lot of attention in the field of electron-
ics. Particular organic semiconductor devices such as organic light emitting diode
(OLED) and displays centered on OLEDs have already been commercialized [3].
While other devices like organic semiconductor based sensors, diodes and organic

thin film transistors (OTFTs) are on the border of commercialization.

On the basis of materials, semiconductors can be categorized into two diverse
sets, such as organic semiconductors and inorganic semiconductors. The supreme
recognized inorganic semiconductors include germanium (Ge), silicon (Si) and gal-
lium arsenide (GaAs), which are repeatedly used in the electronic industries due

to their exciting electrical and structural properties [4, 5].

On the other hand, organic semiconductor materials can be synthesized and the
electrical and physical properties of these materials, e.g. cheap price, ease of pro-
cessing, mechanical flexibility and multiplicity are desired for chemical synthesis
[6, 7). Numerous organic dyes are insulators but still, there is a huge quantity
of dyes whose properties are parallel to semiconductors and metals. The arena
of organic electronics is comparatively a novel multidimensional exploration field,
which comprises a series of observational and theoretical focus regarding electronic

devices prepared from carbon based materials [8].

One of the major differences between inorganic and organic semiconductors is the
charge transport mechanism. In case of inorganic semiconductor, electrons move
in wide bands as delocalized plane waves with very limited scattering, due to
which they have relatively high mobility compared to the organic semiconductors,
where charge transport is based on carriers hopping between localized states and

electrons undergoing a lot of scattering. Accordingly, this results in a very low
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mobility and conductivity of the organic semiconductors. The greatest significance
of organic semiconductor over inorganic semiconductor materials is that the latter

offers a relative easy processing along with low cost [9)].

1.3 Fabrication Technologies

Organic semiconductor dye materials have numerous benefits in electronic device
fabrication. They are relatively non-toxic and do not need high temperature during
fabrication, which makes them easy to handle. Both flexible and rigid substrates
can be used for fabrication of electronic devices. Some additional key advantages
of organic materials are that they are comparatively uncomplicated and require
simple thin film technology. Thus, devices fabricated using organic semiconductor
dyes are cheap and allow batch fabrication [10]. Common techniques involved in
the fabrication of organic devices are: spin coating; centrifugation; paste deposi-

tion and drop casting.

In this thesis, it has been tried to engage simple possible fabrication technologies
to get the devices fabricated; keeping in view that their should be no compromise
on the device quality and reproducibility. Different types of devices are fabricated,

which include:

(a) two terminal sensors such that both the terminals are ohmic;
(b) two terminal device such that the device is an organic diode; and

(c) three terminal device such that the device is a transistor.

The above mentioned devices are fabricated by using different organic materials
and simple fabrication techniques as summarized in Table 1.1. These sensors
are categorized in three classes: (a) humidity sensors; (b) light sensors and (c)
temperature sensors. These devices are fabricated under normal gravity (1 g) as

well as at high gravity (70 g). Some of the devices are also fabricated at negative
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TABLE 1.1: Summary of fabricated devices.

Organic Dye Fabrication Technique Gravity Device Type Sensitivity

CuPc Drop-casting, Centrifuge 1 g, 70 g Sensor Humidity

NiPc Drop-casting, Centrifuge 1g, 70 g Sensor Humidity
VoPcPHO Spin-coating lg Sensor Humidity
NiPc-CoPc Drop-casting, Centrifuge 1 g, 70 g Sensor Light

ZnPc Spin-coating lg Sensor Light

OD Drop-casting +1g,-1 g Transistor Humidity, Temp.
NiPc Thermal Evaporation lg Transistor Light, Temp.

gravity (-1 ¢g). This means that the organic substance is applied to the substrate
while the substrate was looking downward. Under such conditions, the properties
and the thickness of the films shall be determined by the gravitational forces. By
employing such simple techniques, the aim was to enhance the sensitivity of the
sensors and to show that the device characteristics can be improved by changing

the fabrication methodologies.

1.4 Motivation

Recently, there has been an increased interest in the demand of flexible, light
weight and small sized electronic devices [7]. This is possible only with innovative
materials, such as dyes, which allow batch fabrication of devices therefore, ensur-
ing cost effectiveness. Moreover, they are light weight and flexible thus, can meet
the requirements of today’s high-tech electronic industry. These are the main rea-
sons that has made dye-based organic semiconductor technology more provoking
and interesting. Just by altering the external parameters during chemical synthesis
and level of doping in the production of electronic devices, dye-based organic semi-
conductors can be tuned to have desired characteristics. Majority of organic dye
materials offer high absorption coefficient in wide spectrum and also exhibit high
photo-electromagnetic sensitivity even at low radiation intensities [11]. Moreover,
the deposition of dyes thin films by vacuum sublimation is a relatively easy process.

Its purification is simple and economical because, sublimation of these materials
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occur at relatively low temperatures (400-600 °C). Thus, their use in electronic
industry would be an economical choice for device fabrication. A good knowledge
about the electrical characteristics of dye-based organic semiconductors would be

a prerequisite requirement to exploit their potential use in electronic industry.

Organic materials, which are synthesized in laboratories can have good optical ab-
sorbtion and (semi)conducting properties ranging from nano materials to azo dyes
[12]. Among them, the organic dyes, and phthalocynines are the most commonly
used semiconductors, as they are easily accessible. Due to this reason, it has been
decided to investigate the potential use of dye based organic semiconductor for
making humidity, temperature and light sensitive devices. Composites of organic
dyes with Alqs, sugar, etc. are also investigated by involving different fabrication

techniques, such as centrifugation, spin coating and drop casting.

Organic dyes, in principle, are carbon-based composites developed for dyeing or
coloring in material trade. These organic colors can either be naturally or unnat-
urally manufactured. In this thesis, Orange dye 25 (OD), Copper Phthalocyanine
(CuPc), Nickel Phthalocyanine (NiPc), Vanadyl 2, 9, 16, 23-tetraphenoxy-29H,
31H-Phthalocyanine (VOPcPhO), Cobalt Phthalocyanine (CoPc), Zinc Phthalo-
cyanine (ZnPc) and their composites are used to fabricate a variety of electronic
devices. These are commonly accessible dye materials and their applications on
substrate to fabricate a device is quite easy. The devices, which can be achieved
by employing these materials will therefore be a lot cheaper compare to their

inorganic counterparts.

Literature on humidity, temperature and light dependent electrical characteriza-
tion of dye based devices provide very little or no details of devices fabricated at
different gravity conditions [13]. So, in this work, efforts are made to explain in

detail, effects of gravity on the characteristics of organic devices.

The dissertation aims to investigate humidity, temperature and light sensitive
electrical characterizations, which include impedance, capacitance, current and
voltage measurements of organic sensors. Sensors, diodes and transistors are fab-

ricated by using different types of fabrication technologies in order to find their
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reliability for industrial applications. Industrial demands desire that such sensors
should be simple in their structure and they should be cost efficient as far as their
fabrication is concerned. Furthermore, they should exhibit good sensitivity and
their response to a time varying ambient condition should also be very efficient. It
is expected that this research will provide a technology to fabricate efficient and
cost effective sensors by exploiting dye-based organic semiconductors. Owing to
this fact, numerous dye-based materials and their composites are considered for

sensors fabrication.

1.5 Outline of the Dissertation

This thesis reports the fabrication and characterization of organic semiconductor
dye based humidity, temperature and optical sensors. Some of which are deposited
at normal gravity and others are at different gravity conditions with variant fre-
quencies, substrates and techniques. The work in this dissertation is organized as

follows:

Chapter 2: This chapter deals with the history of organic electronics with spe-
cial reference to organic dyes. It deliberates on the old times of diverse classes
of organic semiconductor dye materials and their consumption in sensor, diode
and transistor equipments; deposition techniques and their operational standards.
Theoretical background, charge transport process, traps distribution and space

charge limited current model are also discussed.

Chapter 3: In this chapter, fabrication techniques and experimental setups,
which have been employed in this research are discussed. As far as fabrication
of an electronic gadget is concerned, the main aim is to get a reliable device
capable of translating a physical change into an electrical signal with a high pre-
cision. Since, reproducibility of a device is mainly dependent on the conditions
in which it is fabricated, it is therefore discussed in this chapter that substrate
cleaning prior to the device fabrication is of vital importance. Furthermore, fabri-

cation techniques used in organic thin film deposition, for example, drop casting,
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high vacuum thermal evaporation, spin coating and centrifugation methods are

explained with sufficient detail.

Chapter 4: In this chapter, humidity sensors based on CuPc are fabricated
and characterized. The sensors are fabricated by drop casting and centrifugation
techniques under different gravity conditions, such as 1g and 70g. Impedance
and capacitance- measurement with respect to relative humidity are presented. A

plausible explanation related to capacitance/impedance changes is prescribed.

Chapter 5: In this chapter, humidity sensors fabricated on NiPc using various
techniques are discussed in detail. Characteristics achieved due to difference in
physical morphology and electrical parameters like, impedance, capacitance sen-

sitivities of NiPc¢ humidity sensors are discussed in detail.

Chapter 6: In this chapter, humidity sensors based on VoPcPhO and its com-
posites with Alqs are fabricated by using spin coating and annealing methods at
different temperatures and frequencies. Physical and electrical parameters, such
as impedance, capacitance and resistance are discussed in detail. Sensitivities
variation with respect to ambient environment are also discussed in detail in this

chapter along with the response and recovery times of the fabricated devices.

Chapter 7: In this chapter, the effect of illumination on the impedance and
capacitance of the NiPc-CoPc composite sensors have been investigated. The
sensors are fabricated by drop casting and under centrifugal force, and the detail

on the fabrication methods, and graphical results are discussed.

Chapter 8: In this chapter, the visible wavelength photodiode (ITO/ PEDOT:PSS
/ZnPc: PC;1BM /LiF /Al) is fabricated and characterized by facile, eco-benign
and low power thermal evaporation budget fabrication techniques. The electrical
characterization of the photodiode are carried out by measuring the photocurrent
density-voltage relationship in response to varied illumination levels of incident
light. Significantly improved sensing parameters such as responsivity, and switch-

ing time between stable dark and illuminated states are observed. An improved
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model is presented to simulate the characteristics of photodiode and the results

are compared with its counterparts.

Chapter 9: This chapter presents the fabrication of multifunctional organic field
effect transistors (OFETSs) using 3-[ethyl[4-[(4-nitrophenyl)azo]phenyl]amino|prop-
-anenitrile, usually known as Orange-Dye 25 (OD) and its composite with sugar.
The study investigated heat- and humidity-dependent electrical characteristics of
the fabricated devices. Fabrication is carried out from the aqueous solution of
the materials using different gravity conditions, i.e. positive gravity (+1g) and
negative gravity (-1g). It is demonstrated that devices fabricated using OD at -1g
are more sensitive than those fabricated at +1g. Moreover, OFETs fabricated at
-1g using OD:sugar offered capacitance-temperature sensitivity much higher than
devices fabricated at +1g. It is also been shown that in drop casting method,
properties of OFETSs are dependent upon gravity as well as solution composition

employed for channel definition.

Chapter 10: In this chapter, NiPc based OFETs with Al-NiPc¢ Schottky junc-
tions are fabricated and their electrical characteristics are investigated under fila-
ment light illumination and temperature. An equivalent circuit of OFET has been
developed where gate-source and gate-drain junctions are represented by indepen-
dent current sources, and source-drain channel by a dependent current source. It
is shown that the performance of the device depends on the channel thickness.
Effects of heating on the impedance of NiPc based OFETSs are investigated and
it is shown that the transistors exhibited high temperature dependency. It is
also demonstrated that the transistors fabricated using NiPc films can be used as

multi-functional sensors to evaluate light and temperature variations.

Chapter 11: In the final chapter, conclusion of the thesis is presented and ex-

tension to this research in the form of future work is presented.



Chapter 2

Literature Review and Organic

Semiconductors Fundamentals

2.1 Organic Semiconductors

Electronic devices have sensitive layers, which are based on either organic or in-
organic materials. Some of the advantages of organic over inorganic materials are
their light weight, low density, flexible substrates (plastic, paper, rubber, cloths),
easy processing, simple fabrication, low temperature processing, and low cost [14—
18]. Organic materials are based on carbon elements, e.g. monomers, dyes, and
polymers. Key benefit associated with organic semiconductor materials is ease of
deposition, such as drop casting, spin coating, centrifugal deposition, etc. These
methods are frequently employed to deposit organic semiconductors thin layers on
an appropriate substrate. These deposition techniques are not expensive and they
also do not require high temperature processing. Thus, modest compared to other
deposition techniques used in inorganic semiconductor industry. Keeping in view
these facts sooner rather than later, it is expected that organic electronics would

replace inorganic devices.

Organic semiconductors are typically assembled from m-conjugate bonds, in which

electrons move through m-electron cloud either by tunneling or hopping mechanism

9
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to define conduction [19]. Like inorganic semiconductors, organic semiconductors
can also be doped to modify their conductivity. Doping in organic semiconductors
can either be done by adding an electron to the conduction band to increase its
electron conductivity or by creating a vacancy in the valence band to increase hole

conductivity.

Organic semiconductors can be classified as:

(i) Single Molecule: Single molecule organic semiconductors are defined by
relatively small molecules typically with a non-repeating structure and are

called monomers.

(ii)) Short Chain (Oligomers): An oligomer consists of a limited number of

monomer units.

(iii) Long Chain (Polymers): A polymer molecule consists of linked chain of

monomers, which are typically connected by a covalent bond.

Mostly, polymers have carbon atoms in combination with other elements like Ni,
O, H, Si, Cl, etc. Many techniques are in practice to grow single organic molecular
crystals (OMCs), such as: a) vapor phase deposition; b) solution based growth; c)
Czochralski and d) Bridgman method. Despite the fact that OMCs have better
electrical performance, thin films grown using various quick deposition techniques

(e.g. spin coating) are widely used to manufacture electronic devices [20-22].

Organic semiconductors offer numerous advantages over their counterparts and

few of them are listed below:

(i) Thin films of organic semiconductors can easily be deposited.
(ii) Organic semiconductors are relatively more sensitive to external agents.
(iii) They offer less cost because of large scale fabrication.

(iv) Have high absorption coefficient.
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(v) Flexible devices can be fabricated by employing organic semiconductors.

In this chapter, a literature review and fundamentals of organic semiconductor de-
vices are discussed. History of organic semiconductor devices, their junctions/con-
tacts, charge injection, trapping and conduction mechanisms involved in organic
semiconductor devices are discussed in detail. Modern organic semiconductor
devices, their current state of technology and use in the industry is presented.
Possibility of organic semiconductor to substitute inorganic electronics in the near
future is assessed. Novel organic materials involved in the fabrication of sensors,
transistors and diodes are explored. At the end, the current trend of technology

is summarized.

2.2 Organic Semiconductor Based Electronic

Devices

Initially, organic materials were considered as insulators, which was proved wrong
after the observation of photoconductivity in anthracene. Anthracene was known
to be the first photoconductive organic material as reported in Ref. [23-25]. In
1960’s, basic phenomena of charge carrier transport and optical excitation was
observed in organic molecular crystal [26]. Followed by the discovery of con-
ducting polymers in 1970’s, as a result of a laboratory accident, for which the
group involved was awarded Nobel Prize in the year 2000 [26, 27]. As a result of
these revelations, researchers and scientists started working with great enthusiasm
to synthesize polymers and doped organic materials [28]. By the end of 1990’s,
carbon-based semiconductor devices entered into commercialization phase and by
then, organic light emitting diodes (OLEDs) were available in abendent [3]. In
the 20" century, enhancement of organic materials conductivity attracted interest
of researchers and analysts to investigate the potential use of organic materials
for electronic devices to supplement conventional inorganic electronics [29, 30]. A

growth history of organic semiconductor technology is summarized in Table 2.1.
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TABLE 2.1: History of organic semiconductor (OS) materials and devices.

Year Development Reference

Before 1941  Organic materials were considered as insulators. -

1941-46 Initial interest in OS; m-electron transfer. [28, 31]
1948 Observation of weak electric conductance in Dyes.  [32]
1950 Organic semiconductor introduced. [33]
1955 Electroluminescence response in organic solids. [34]
1970 Organic thin film by vacuum evaporation. [35]
1970 Field effect phenomena in organic semiconductor.  [36]
1976 Metallic conductivity in polyacetylene. [29]
1983 First polyacetylene based OFET. [37]
1983 Photovoltaic effect in organic semiconductors. [38]
1987 First polythiophene based OTFT. [39]
1987 Fabrication of first OLED. [40]
1947-97 Research to improve charge carrier mobility. [41]
2000 Successful synthesis of conductive polymers. [42]
2000-09 Commercialization of organic sensors. [43]
2010-2017 Commercialization of organic transistors, diodes.  [44-56]

2.3 Metal-Semiconductor Junction

Metal semiconductor (M-S) junction is formed when metal is brought in contact

with a semiconductor. Following are the main properties of an ideal M-S contact

[57]:
(i) There should be no interfacial layer between the semiconductor and the
metal.

(ii) Metal and semiconductor should not intermix; their boundaries should be

sharp and distinct.

(iii) Interface should be free from surface charges.

F. Braun, in 1874, reported formation of junction in M-S diode [58], and the same
explained in 1938 by Schottky and Mott. [59]. In a Schottky junction with the ap-

plication of external potential, there is a change in the barrier height. This change
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is observed only towards the organic semiconductor side because of the presence of
depletion inside the organic material. A variation in the applied potential gener-
ates a current, which is non-linear in nature, thus, an asymmetric current-voltage
(I — V') characteristics are observed. On the other hand, if the contact formed by
the metal organic semiconductor is an ohmic contact then the observed character-
istics, by varying the applied potential, shall be linear in nature, which implies that
there is no depletion caused by the contacting metal. The nature of the contact
whether ohmic or Schottky will depend upon the properties of the chosen metal,
especially its work function with respect to the organic semiconductor. However,
under usual conditions, metal organic semiconductor contacts are Schotkky. To
have an ohmic M-S contact, specific metals are required such that with the appli-
cation of a nominal external potential carriers available in the organic film or in
the metal can flow comfortably without experiencing any barrier [60]. There are

two basic processes, which are involved in defining the M-S junction properties:

(i) Charge carriers injection from either side of the junction.

(ii) Charge flow mechanism and life time of the injected carriers.

Based on the above mentioned processes, the electrical response of a junction can

be explained for a given device.

2.3.1 Schottky Contacts

As discussed before, whenever a metal is brought in contact with an organic semi-
conductor, under usual condition, it gives a Schotkky contact. This is so, because
there are normally surface states, which cause pinning of energy levels at the sur-
face of a semiconductor and are mainly responsible in generating a non-ohmic
contact. On the other hand, if the fabrication is taking place in a highly clean en-
vironment, it can be assumed that the organic semiconductor is free from surface

states and junction properties and nature should be determined by the difference of
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M-S work function. Surface states free semiconductor also allows to have improved

junction characteristics by improving the target organic semiconductor properties.

A Schottky contact can be achieved by choosing an appropriate metal having
a work function lower than the organic semiconductor’s work function. Energy
band diagram identifies the potential barrier between the chosen metal and the
semiconductor permitting the carriers to flow from the semiconductor to the metal.
Energy band diagram, shown in Fig. 2.1(a), is sketched by assuming that there
are no surface states and prior to the contact formation, the metal was at a finite
distance from the semiconductor. Further, it is assumed that the organic material
is an n-type semiconductor therefore, the Fermi level is closer to the conduction

band and falls in the upper half of bandgap, E,.

Conductivity of an n-semiconductor can be determined by the energy gap given
by AE = E¢ — Ep,. [61]. In Fig. 2.1(a), Ey represents valence band energy,
E¢ is the lower energy level of conduction band, q¢gc is the energy level required
to move an electron from Ep,, to the free space; whereas, gx is the energy level
required to release an electron from the conduction band to the free space. Figure
2.1 also shows that q¢,, represents energy required to move an electron from the

metal conduction band to the free space referred to as metal work function [61].

When the metal is brought in contact with the semiconductor by making distance
zero, there would be a modification in the band diagram and same is shown in Fig.
2.1(b). Under such circumstances, if a carrier tries to move from the semiconductor
to the metal, it will experience a barrier represented by ¢V; = q(¢,,, — ¢sc) [61] as
shown in Fig. 2.1(b). On the other hand, if the carrier is trying to move from the
metal to the semiconductor, it will see a barrier having height ¢¢p, = ¢(¢m — X)
as shown in Fig. 2.1(b). The presence of a barrier at M-S interface is responsible
for the generation of non-linear I —V characteristics of the device, and the contact

is known as a Schotkky contact. A development history of M-S contact is given

in Table 2.2.
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FIGURE 2.1: Energy band diagram showing metal and n-type semiconductor
(a) before contact and (b) formation of Schottky barrier when a metal is brought
in contact to an organic semiconductor [61].
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TABLE 2.2: History of Metal-Semiconductor (M-S) contacts.

Year Development Reference

Before 1874 There was no concept of M-S contact rectification. -

1874 Discovery of rectification property in M-S contacts. [58]
1904 M-S diodes concept was proposed. [62]
1906 First patent was granted on point-contact rectifier. [63]
1926 First M-S diode fabricated. [64]
1938 Schottky and ohmic junctions were introduced. [59]
1947 Introduction of surface states and rectification. [65]
1965 Tungsten-Semiconductor Schottky barrier diodes. [66]
1978 GaAs based Schottky barrier solar cell. [67]
1980 Interfacial layer theory of Schottky barrier diodes. [68]
1993 Ohmic contacts to GaAs: fundamental discussion. [69]
2000 Fermi-level pinning in Schottky contact. [70]
2001 GaAs Schottky contacts based photodetectors. [71]
2003 Schottky nanocontacts. [72]
2008 Patent on nitride-based transistors with ohmic contacts. [73]
2012 Ohmic contacts formed in graphene FETSs. [74]
2015-2016 Flexible M-S based: sensors, diodes and FET. [75, 76]

2.3.2 Effects of Interface States

In an actual device, periodic nature of a semiconductor crystal is disturbed at
the interface, and there are a large number of states created within £, known as
interface states/traps. Their energy values are between Ey and Eg¢, and they act

as electron taps, if their energy levels are below the Fermi level.

Figure 2.2(a) shows that there is a high density of energy states inside E, of the
semiconductor, which can potentially trap a charge carrier whenever it will try to
move from Fy to Ec. Usually, these states are found in those atoms/molecules,
which are closer to the surface and generate dangling bonds. Electrons inside the
semiconductor materials get trapped in these interface states, creating a depletion
region as shown in Fig. 2.2(a). It can also be seen from the figure that energy
band curvature q¢g = Er,, — Ey is present at the semiconductor surface, which

offers a barrier to the follow of carriers trying to cross the junction.
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Figure 2.2(b) shows energy band diagram of the semiconductor after making con-
tact with the metal. Some of the trapped electrons from the surface state, which
are above the Fermi level, get themselves transferred to the metal, enhancing the
potential barrier. The new height represented by q¢, is shown in Fig. 2.2(b).
So, in general, it can be said that the presence of surface states at M-S interface
creates a negative impact on the device characteristics. They will trap and de-trap

the carriers and the time such consumed shall influence the device characteristics.
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FIGURE 2.2: Energy band diagram in the presence of interface states (a) before
and (b) after contact with the metal [61].
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2.3.3 Depletion Layer

Depletion layer defined by an M-S contact is an insulated region in a semiconductor
from where the carriers are swept away by a diffusion process. Figure 2.3 shows
energy band diagram of metal /n-type semiconductor under thermal equilibrium,
forward biased and reverse biased conditions. Forward biasing is achieved by
applying an appropriate potential to a M-S junction. This will cause a reduction
in the built-in depletion and the system under such conditions can be represented
by a band diagram shown in Fig. 2.3(b). Since the barrier, from the metal to the
semiconductor, represented by q¢p,, is maintaining its height therefore, very few
electrons will drift towards the semiconductor; whereas, there is a reduction in
the barrier height from the semiconductor to the metal represented by ¢Vj;-Vp. It
would be therefore, easy for carriers to move from the semiconductor to the metal
and the observed current will be a positive current. In case of reverse biasing, as
shown in Fig. 2.3(c), the Fermi level of the metal is raised w.r.t the semiconductor,
resulting into an increase in semiconductor potential. This extends the length of
the depletion region, and the barrier it offers to the flow of carriers from the
semiconductor to the metal will be relatively higher than its equilibrium value
and is represented by ¢Vj; + Vi [61]. Under such conditions, no current will flow
and the device under ideal behavior will act as an open circuit. In summary, one
can say that the presence of depletion at M-S junction will determine its electrical
response, and it plays a very crucial role in defining the quality and characteristics

of a semiconductor device.

2.3.4 Ohmic Contact

A M-S contact, which offers a negligible resistance, including the contact and the
bulk resistance of the semiconductor is referred to as ohmic contact [77, 78]. This
type of contact is non-rectifying and has a linear I — V' curve in both directions.
The quality of an ohmic contact is determined by the specific contact resistance

of the device and a good ohmic contact would be the one, which should offer
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FIGURE 2.3: Energy band diagrams of a metal-semiconductor interface under
different conditions: (a) thermal equilibrium; (b) forward bias; and (c) reverse
bias [61].
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specific contact resistance in the range of 0.5-1 2/mm. Since there are surface
states, normally present on the exposed surface of a semiconductor therefore, under
ordinary conditions, it would be very hard to get an ideal ohmic contact. For a
good quality ohmic contact, extra precautionary measures are required to clean

the surface of the semiconductor before depositing the ohmic metal.

Assuming that there are no surface states present on the surface of a semiconduc-
tor, the formation of an ohmic contact will be dependent upon the work function
of the chosen metal. The metal should be chosen such that free electrons from
the metal should move to the semiconductor thus, creating an M-S interface hav-
ing barrier ~0.01 eV. A barrier with such a small height will offer practically no
resistance to the flow of carriers from either side of the junction, and the charac-
teristics of the junction will be linear in nature. A contact of such characteristics
is referred to as an ohmic contact. In order to reduce the ohmic contact resistance,
it is a convention in semiconductor industry that a contact layer having relatively
higher doping than the channel is also deposited, which offers dual benefits: a)
to reduce the contact resistance and b) to off-set upto some extent the bulk re-
sistance of the semiconductor. In a nutshell, one can say that in order to have a
comfortable communication of a semiconductor device with exterior world, ohmic
contacts are required, and an ohmic contact of good quality will play a significant

role in determining the performance of the device.

2.4 Charge Injection and Transport

Efficiency of an organic semiconductor device depends upon its charge transport.
It is a well known fact that organic semiconductors have small bandwidth and
wide E,. Usually, the gap between the HOMO-LUMO is in the range of 1-4 eV
[79]. With such a large gap, it might be expected that the organic materials would
have very low conductivity. But, practically they offer better conduction because
of large number of energy states available inside £, which allows transportation

of charges. Charge movement, under the influence of external applied voltage, in
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an organic semiconductor device can be divided into three different processes and

the detail of which is given below.

2.4.1 Charge Injection

In an organic semiconductor device, one of the mechanism, which is responsible
for the flow of current is described by the process called as charge injection. In
an M-S junction, carriers can be injected into the barrier and the carriers ought
to be injected must overcome the potential offered by the barrier. Charges to be
injected from the metal to the organic semiconductor should overcome the barriers
offered by the M-S interface while observing it from the metal side. The quality of
the M-S interface plays an important role in determining the device efficiency in
terms of carriers injection. It is an established norm that charge injection from the
electrodes to the device is limited by the properties of M-S interface. This implies
interface barrier height; interface doping; electrode material; interfacial morphol-
ogy and interface doping profile. Furthermore, carriers injection is influenced by
the presence of dipoles, atomic diffusion process and chemical reactions, which are

commonly observed at the interface of the device [80-82].

Another process of carrier injection across M-S interface is referred to as thermionic
emission. In thermionic emission, energetic carriers climb over the barrier either
by absorbing thermal energy from the ambient or from the channel field. This
emission would be high if the barrier height is relatively small [77, 78]. There
are other mechanisms, which can also be observed in organic semiconductor de-
vices, responsible in defining the current flow in these devices and comply to the
definition of charge injection. One such injection is known as quantum mechani-
cal tunneling. In the presence of quantum mechanical tunneling, the injection of
carriers take place through the barrier and thus, the presence of potential barrier
becomes insignificant. So, it can be said that in the presence of quantum mechan-
ical tunneling, the device will not exhibit charge flow under thermionic emission

process. Injection limited models have conventionally been described either under
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thermionic emission or by tunneling mechanism [77, 83]. Various analytical mod-
els and Monte Carlo simulations are available by involving thermionic emission or
quantum mechanical tunneling to explain injection current in organic semiconduc-

tor devices [84-86].

2.4.2 Charge Transport

Transportation of charges from exterior world to a device fabricated using organic
semiconductor material plays an important role in determining the quality of the
device. Charge transport depends both on the electrodes of the device as well as
on the properties of bulk semiconductor material. Thus, electrodes and organic
semiconductor layers collectively define charge transport properties of a device. As
far as bulk organic semiconductor properties are concerned, the charge transport
would be limited to mobility, doping density, trap density and layer structures,

etc.

It is an established fact that the interaction between surrounding molecules in
organic materials is usually weak and is known as Van der Waals interaction.
This interaction results into a relatively narrow bandgap between conduction and
valence bands. This allows a comfortable band to band conduction in an organic
material. This can be further enhanced by improving the free charge carrier density
of an organic material. In general, the charge transport mechanism in an organic

material can be explained by using two different models:

(i) Hopping transport mechanism

(ii) Band transport mechanism.

For a typical hopping transport mechanism, mobility is thermally activated whereas,
movement of charges under band transport mechanism dominates when thermal

mobility of carriers is deactivated [77].
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2.4.2.1 Hopping Transport

In 1980s, it was proposed that flow of current can take place by the hopping of
electrons from one localized site to another. In amorphous materials, the tunnel-
ing between localized states can occur by the transportation of charges, which is
assisted by the phonon, known as phonon assisted hopping mechanism. The rate

of hopping can be expressed as [87]:

2R;; FE;—E;
vy = (E)exp (202 4 Do) 2.)

where f is the Fermi function and vy is a constant that defines electron-phonon
coupling. E; and E; are the energy states of i and j™ location, respectively. k
is the Boltzmann constant, 7" is the temperature in Kelvin and R;; is the distance

between energy states.

A variable-range hopping model was developed by Mott et al. [88]. They described
the electron transport at low temperature through exponential distribution of
localized states. The model also predicted a thermally activated mobility of free
carriers in an organic semiconductor material. Authors of Ref [89] presented a
multiple trap and thermal release (MTR) model in which traps were formed by
associating the high concentration of localized levels with a narrow delocalized
band. When a carrier reaches near a trap, it is apprehended immediately and as
a result, the next trapped carrier will get free by thermal activation. Equation
(2.2) shows a relationship between drift mobility, iq and low field mobility, po in

an organic semiconductor delocalized band

E
Ihg = oo €XP <_k_ﬂi) (2.2)

where E; is the energy difference between the delocalized band edge and the trap
level and aq is the ratio between the effective density of states at the delocalized
band edge and the concentration of traps. Equation (2.2) indicates that at higher
temperature, the value of 1, increases and for a given temperature, it also increases

when there is a smaller energy difference between the delocalized band edge and
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the trap level. Equation (2.2) also indicates that pq is the hopping mobility, which
gets effected by the material parameter defined by E; and ambient parameters
defined by k7. This indicates that the performance of an organic semiconductor
device will be dependent upon: a) quality of the semiconductor layer and b) the

ambient in which the device will be operated.

2.4.2.2 Band Transport

Band transport mechanism is defined as, “the occurrence of charge transport at
low temperature in highly ordered molecular crystals due to charges available in
delocalized states”. The band transport becomes a dominating process at low
temperatures, i.e. ~25K. While considering inorganic semiconductors, it is a well-
studied fact that the electronic delocalization is weak and has small bandwidth.
Due to which, at room temperature, the molecular crystals mobility lies in the
range of 1 to 10 ecm?(Vs)™! [90], which is treated as a good mobility for inor-
ganic semiconductors. Since band transport is observed at ~25K therefore, for
commercial organic semiconductor devices, which are normally operated at room
temperature (~290K), this type of conduction is usually not observed and the

device characteristics are generally determined by Eq. (2.2).

2.4.3 Charge Recombination

After carriers injection and transport, both electrons and holes can recombine
to form various excited states, such as singlet excitons, triplet excitons, etc [91].
Since high trap densities usually exists in organic semiconductor materials, the
charge transfer excitons in organic molecules create a flow resulting into an ob-
servable current in the device. Thus, contrary to inorganic semiconductors where
electron hole recombination generally, causes a quanta of energy to be released in
atmosphere. In an organic semiconductor, this recombination process generates
excitons, which contributes into the flow of current [92, 93]. It is, therefore, treated

as a current flow process in an organic semiconductor devices.
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2.5 Electronic Traps

One of the fundamental issues in organic semiconductors is to understand the
properties of electronic traps responsible to control the conduction process. In
organic semiconductors, there is a significant charge trap density between HOMO
and LUMO levels. The presence of traps, due to the disorder of organic semicon-
ductors, increase localized energy states within £, [94]. Localized space charges
are formed by the charge centers created by filling of traps and by injected charge
carriers [92]. Electron traps are the one, which are caused by the localized states
under or near LUMO level, and hole traps are the localized states near or above
HOMO level [95]. In an organic semiconductor, LUMO and HOMO can replace
the conduction and the valance bands, respectively. Figure 2.4 shows Gaussian-
like distribution of localized molecular orbital of individual molecules as a function

of density of states (DOS) in an amorphous layer of organic semiconductor [96].

Origin of traps in an organic semiconductor may be associated with several reasons.
It was reported that, apart from other factors, density of traps in an organic
semiconductor also depends upon flow deposition rate as well as on substrate
temperature [96]. Traps are called as charge storage sites, as they trap the charges
thus, causing a reduction in number of mobile carriers [97]. Henceforth, affecting

the overall conductivity of the sample.

Traps of an organic semiconductor can be detected by different experimental meth-
ods like, optically stimulated current (OSC), thermally stimulated current (TSC),
thermally stimulated luminescence (TSL), photo-induced absorption (PIA), elec-
troabsorption experiments [98], time-of-flight (TOF) techniques [99], etc. More-
over, I — V' characteristics of space charge limited current (SCLC) provides the
data regarding the presence of traps in a given sample [100], and by impedance
spectroscopy [89], one can have the details about the depth of traps and their

energy distribution.
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FIGURE 2.4: Distribution of HOMO and LUMO levels in amorphous organic
semiconductors.

2.6 Space Charge Limited Current

Space charge limited current (SCLC) can be observed whenever sufficient number
of carriers are injected in the transport layer of a device, so that the injection
contact is able to provide a higher carrier density. The injected carriers will create
a space charge inside the device creating a contact on the influx of more carriers
and hence, the current referred to as SCLC. SCLC theory was first given by Rose
[101], which was modified by Lampert [102] in 1956, who included the effects
of traps, and the modified theory is known as trapped charge limited current
(TCLC). In SCLC, different conduction regimes are observed by measuring I —V
characteristics of an organic device. The transport mechanism related to these

regimes can be detected with the help of I —V curves observed at various biasing.

2.6.1 Ohmic Region

At low biasing, the charge carriers are captured by the traps below the LUMO
level of an organic semiconductor. This type of capturing is observed when the
applied injected current density is less than the intrinsic charge density (applied

electric field less than 10* Vem™!). For such a biasing, the current is determined
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by Ohms Law (J~V) and the region where this behavior is occurring is known as
ohmic region. So, in ohmic region, current increases linearly by increasing applied

voltage. The current density of the ohmic region can be written as [103, 104]:

_qnuV

1=

(2.3)

where n is the thermally generated free charge density, V is the applied voltage
and d is the film thickness.

2.6.2 SCLC in the Presence of Shallow Traps

When biasing is increased upto a certain level, more carriers are injected into
the organic thin film from the electrodes and the traps are filled. As a result,
there is a rapid increase in the current due to the reduction of empty traps. At
extremely high injection level, the injected current density becomes higher than
the intrinsic current density, and the injected charge carriers form space charges
near the organic/electrode interfaces due to low carrier mobility. An electric field
inside the organic layers is also induced by these excess charges. This leads to an
enhanced total internal electric field resulting in a high current density. Magnitude
of current, which is dominated by injected charges, in the presence of traps can

be expressed as [103, 104]:
%

! 83

(2.4)

where ¢ is the permittivity of organic semiconductor and 6 is the trapping factor.
Equation (2.4) shows a non-linear behaviour, which is a usual response of an
organic thin film having finite thickness, d with two ohmic electrodes used for

injection purpose.

2.6.3 Trap Charge Limited Current (TCLC)

In an organic semiconductor, traps are exponentially distributed in E; defined by

the finite distance in between HUMO and LUMO of an organic thin film. Some
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of the injected carriers will be lost due to these traps and only a small number
of charges will remain in the conduction band [101, 102, 105]. TCLC model is a
modification of the SCLC model that includes trap distribution [94, 106].

In Eq. (2.4), if we assume that there are no trapping at all in a given organic
semiconductor then 6 will be taken as unity. In the presence of traps, 6 will have a
value less than unity, usually less than E,/2, and this will have a significant impact
in determining the magnitude of J. As evident from Eq. (2.4) that for § >1, the
magnitude of J will be relatively higher, which indicates that in the presence of

traps, the current will be controlled by them and it is, therefore, known as TCLC.

2.6.4 SCLC in the Absence of Shallow Traps

In some organic devices, at high voltage, the slope of I — V' curve reduces after
TCLC region as shown in Fig 2.5. This indicates that all the traps in the organic
layer are completely filled and the current becomes SCLC having no influence of
traps. In such a case, I — V data exhibit a squared-law dependence (I~V?). At
that very point, conduction is trap free and it is only controlled by the space
charge developed inside the device. The current density, J having no impact of
traps can be expressed as [106-108]:

~ YueVv?

J = (2.5)

2.7 Organic Dye Materials

Amongst the organic semiconductor materials, azo dye has attracted much interest
during the past few decades due to its wide applications in electronic and opto-
electronic devices [109]. Organic dyes having semiconductor properties are easily
available. Electrical conductivity of organic dyes depends upon the mobility, tem-

perature and charge carrier concentration. As discussed before, the mobility and
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FIGURE 2.5: Space charge limited current density in the presence and absence
of shallow traps.

charge carrier concentration in an organic semiconductor material, including dyes
is low compared to inorganic semiconductors but still sufficient enough to use them

in electronic industry.

Orange Dye (OD) and Phthylocyanine are members of azo dye family [13]. OD
is a high purity p-type semiconductor and has a well defined chemical structure.
It is a good water absorber, stable at normal conditions and extremely sensitive
to humidity [110]. In 1907, the first unknown colour substance was found by
Braun and Tcherniac after heating o-cyanobenzamide [111]. Then in 1928, Scottish
dyes limited, in Grangewmouth, observed a blue impurity during the reaction of
phthalic anhydride and ammonia to prepare phthalimide [112]. This impurity
was later named Fe(II)Pc. This substance was most probably known as metal

phthalocyanine.

Metal phthalocyanine and metal-free phthalocyanine have been known for many
years. The word Phthalocyanine was first used by Professor Linstead [113], which

was derived from the Greek term for naphtha (rock oil) and cyanine (dark blue).
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He described a new class of organic compound, which consists of metal-free, or
di-hydrogen phthalocyanine, and metal phthalocyanines and their derivatives. Ph-
thalocyanine (Pc) is a planar aromatic macro-cyclic compound, which forms co-
ordination complexes with almost 70 metals including Fe, Co, Cu, V and Ni, etc.
These compounds are formed by arranging the nitrogen and carbon atoms alter-
natively forming four isoindole units with a cloud of 18 delocalized m-electrons

114].

Dyes are chemically and thermally stable, which makes them suitable for thin
film device fabrication [115]. Since these discoveries, dyes have been widely used
in a variety of applications such as inks, paints, colors and dye stuff for textiles
[114, 116], and in electronic devices like, photovoltaics, LCD’s; electro-chromic
devices, rectifying devices, liquid crystal displays and photo diodes [114, 116-122].
Some of the dyes derivatives show liquid crystal properties at higher temperature.
These properties allow their use in optical recording devices, thermal writing dis-
plays, laser printers, laser filters and infrared photography [123, 124]. Dyes are
currently employed as photo-sensitizers in photodynamic therapy of cancer (PDT)
[125, 126], involved in linear [127] and non-linear optics [128], used as electro [129]
and biomimetic [130] catalysts, fluorescent agents [131] and light-absorbing films
to coat compact discs (CDs) [132]. It is noted that electrical, optical and struc-
tural properties of dyes thin films are dependent on various parameters, such as
evaporation rate, substrate temperature and post-deposition annealing [133, 134].
Use of dyes as an active material in electronic and optoelectronic devices has been
reported in the literature [135-139]. These extensive studies have shown that
dyes exhibit a variety of interesting optical, electrical, photoelectric, and magnetic

properties in electronic devices.

2.8 Fabrication Under Gravity

Gravitational force is considered as one of the greatest factors affecting the physi-

cal and chemical properties of a material. Before centrifugal facility, gravitational
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force was not viewed as an adjustable parameter [140]. High gravity fabrications
received greater attention when Muller et al. [141] and Rodot et al. [142] demon-

strated fabrication of InShs and PbTe, crystals at diverse gravity conditions.

In 2001, R. V. Parfeniev et al. fabricated crystals of anisotropic semiconduc-
tor materials under varying gravity conditions [143]. They fabricated crystals
from micro-gravity levels to 10g, and demonstrated a successful growth of or-
ganic films. After that, Park et al. proposed a thin-film surface micro-machining
technique to manufacture humidity and temperature sensitive devices [144]. In
[145], the authors fabricated silicon heterojunctions and thin layers of poly-N-
epoxypropylcarbazole with tetracyanoquinodimethane (TCNQ) impurities. The
poly-N-epoxypropylcarbazole films on silicon wafers were deposited at normal tem-
perature and at varying gravity conditions. I — V' attributes of the fabricated
devices, as a function of temperature between 20-60 °C, were measured, such as:
reverse saturation current; rectification ratio; junction resistance and threshold

voltage, etc.

In 2005, OD thin films were fabricated at usual gravity conditions on Au and SnO,
substrates. The procedure was repeated at an angular speed of 1000 rpm to get
humidity sensitive sandwich type structures at room temperature. It was observed
that the sensitivity of OD/Au was 5.4, while for Ga/OD/Au devices, its observed
value was 5.0. These observed values were significantly better than what had been
reported earlier [146]. Karimov et al. in 2008, reported a plainer construction
of humidity sensors using copper phthalocyanine (CuPc) films [147]. They used
capacitive property of the sample to assess the variation in ambient humidity. In
2008, organic thin films were deposited on Ni substrate by a centrifugation process
at a value of gravity as high as 1107¢ [147]. In Ref. [147] thin films of p-CuPc were
deposited by centrifugation and then Al layers were coated by vacuum evaporation
on the grown film. Their fabricated devices exhibited rectifying characteristics.
They also demonstrated that the processing technique affects the properties and
the structures of the films which, eventually determine the electrical response of

the sensor. In 2009, M. M. Tahir et al. fabricated organometallic sensors at high
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gravity conditions by centrifugation and found an improvement in their sensitivity

as a function of gravity [148].

In [149], a centrifugal atomizer technique was used to achieve SAC-305, (a led free
alloy’s powder) and the technique gave ~11% finer grains relative to its normal
growth process. Meng et al. [150] fabricated humidity sensor from OD-PANI
composite layers. Sensors electric parameters such as impedance and capacitance
were evaluated under varying humidity conditions ranging from 30-90%. A de-
crease in impedance but an increase in capacitance both in non-linear manners
were observed in the fabricated sensors as a function of ambient humidity. In
2013, another humidity sensitive device based on PEPC+NiPc+Cu,O thin film
was fabricated by physical vapor deposition [151]. It was noted that Ni can also
be used as a metalic subsitution in Pc to fabricate humidity sensors. In 2014,
a sequence of solidification of TiC-TiB, was invented by a combustion synthesis
process at ultra-high gravity i.e, 2500¢ [152]. In 2015, R. A. Markelonis et al.
deposited variety of nanoparticles on both rigid and flexible substrates by using
centrifugal technique. It was observed that centrifugation technique was a simple
method to fabricate uniform nanoparticle films on different substrate for chemical
and optical characterization [153]. In [154], an OD based thin film resistive hy-
grometers were fabricated using high gravity technique and it was reported that
the sensors fabricated under high gravity showed relatively better results. Be-
cause, the fabricated films offered more active area to sense the changes in the
ambient humidity. In 2017, X. Yin et al. fabricated, using high gravity process,
two-dimensional molybdenum disulfide nanosheets [155]. In the same year, Chani
et al. fabricated and characterized the organic-inorganic (Orange Dye-Vanadium
Oxide) composite based humidity sensitive devices at normal (+1g) and at nega-
tive (-1g) gravity [156]. It was reported that devices fabricated at negative gravity
exhibited high sensitivity compared to the devices fabricated at normal gravity.
The history of sensors fabrication by employing different techniques has been sum-

marized in Table 2.3.
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TABLE 2.3: Various gravity techniques for devices fabrications.

Year Development Reference
Before 1997  Gravitational force was not viewed as an adjustable parameter. [140]
1982 First InShs crystal obtained at diverse gravity. [141]
1986 PbTey crystal obtained at diverse gravity. [142]
2001 Crystals of anisotropic organic semiconductor grown at 10g. [143]
2003 Micro-machining technique proposed. [144]
2004 I — V attributes of silicon at diverse gravities were measured. [145]
2005 OD based humidity sensor fabricated at 1000 rpm. [146]
2008 CuPc based capacitive device fabricated at 1107g. [147]
2009 Fabricated organometallic devices by centrifugation at 1650g. [148]
2011 Centrifugal atomizer used to get finer grainuals. [149]
2013 Sensors were fabricated by physical vapor deposition. [151]
2014 Centrifugation with combustion synthesis incorporated at 2500g. [152]
2015 Centrifugally coated graphite obtained at 5000 rpm. [153]
2017 2-D Molybdenum disulfide nanosheet was prepared by high gravity. [155]
2017 Humidity sensor fabricated at positive and negative gravity. [156]

2.9 Humidity Sensitive Devices

Generally, porous thin or thick films of organic materials are used in humidity
sensitive devices. In such devices, condensation of water vapors takes place in the
active layer, which contains micro-pores. Due to incoming water molecules, (H,O)
doping of thin film occurs, which produces changes in the physical properties of
the film. These changes are either resistive or capacitive in nature and causes
variations in conductivity and/or in dielectric constant of the organic film [20,

157, 158].

Humidity, in general, is a measure of water vapor content in air or in other gases
[158]. Humidity sensitive devices are usually engaged to measure relative humidity
(RH), which is the ratio between the moisture content of air and the saturated
moisture contained by the active layer of the sensor at identical temperature and
pressure. Humidity sensitive devices have wide industrial applications, such as
atmospheric humidity assessment, humidification and dehumidification of a given

system, humidity adjustment in air conditioners, etc [159]. Intensive research in
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semiconductor technology, especially in dyes, have made it possible to fabricate
humidity sensitive devices that are highly accurate, durable, and cost effective. In a
simple organic humidity sensitive device, organic film is deposited over conductive
electrodes on a glass, ceramic or on a silicon substrate. In order to improve further,
humidity sensitive thin film is normally covered by a porous metal electrode to

avoid condensation or/and contamination.

2.10 Temperature Sensitive Devices

Temperature sensitive devices are mostly utilized as a part of industry and medicine
technology. In modern industry, it is very critical to measure and control the tem-
perature of a given system accurately. In temperature sensitive devices, usually
a change in the device physical parameters, such as resistance and capacitance is
observed. This change could either be linear or nonlinear w.r.t the change in the
temperature. Moreover, the response of a temperature sensitive device is depen-
dent on the quality of thin film, which translates changes in ambient temperature
into impedance and /or capacitance changes. In some cases, it is also observed that

the dielectric of the film is also sensitive to the changing temperature properties.

Temperature sensitive devices work on the principle of measuring the heat energy
of the surrounding and then directly relating it to the molecular energy of the
system. It provides the input physical parameter as an output electrical signal.
According to the sensing mechanism and structure of the temperature sensitive
devices, they are grouped as electronic/electrical, electromechanical and resistive/-

capacitive sensitive devices [160].

2.11 Light Sensitive Devices

Dyes, such as metal phthalocyanines (MPc) are versatile organic semiconductors,

which possess unique electronic absorption characteristics, high thermal stability
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along with good environmental stability [161-163]. In this modern era, they can

play an important role in electronic industry as light sensitive devices.

Light sensitive devices work on a simple principle in which a ray of light passes
through an active thin film, while traveling, it loses energy by dissociating atoms
and molecules, which exist in the matter. This happens because the energy of the
photons are transferred causing physical/chemical changes in the structure of the
film. This brings a change in the dielectric constant of the photo-sensitive organic
film. Resultantly, all those characterization in which dielectric constant is used
will also change. This allows the translation of light signal into an electrical signal

and the device will be referred to as a light sensitive device.

2.12 Summary

This chapter presents a brief overview of organic semiconductor technology and its
fundamentals pertaining to organic semiconductor based devices. Developmental
history of organic semiconductors as a competitor of inorganic semiconductor has
been reviewed. It has been established that organic semiconductors have the po-
tential to substitute inorganic semiconductors, especially in the field of humidity,
temperature and light sensitive devices. Furthermore, it has been shown, while
reviewing the current state of technology, that organic semiconductors have good
potential for LEDs related industry. Electrical response offered by organic semi-
conductor based devices is either associated with hopping or space charge limited
current, the fundamentals of both the mechanisms have been discussed in the

chapter.

It has also been discussed that dyes, which can be synthesized in different metallic
form (CuPc, NiPc, ZnPc), are very useful organic semiconductors and can be
employed to fabricate numerous sensors. Sensitivity of these devices can be further

enhanced by investigating both novel design as well as novel composite of dyes.



Chapter 3

Fabrication Techniques and

Experimental Setup

This chapter discusses the fabrication techniques employed in organic semiconduc-
tor industry and associated setup to characterize finished devices. A step by step
procedure to fabricate organic semiconductor devices, such as transistors, diodes
and sensors are discussed in detail. In the first part, techniques, such as sub-
strate cleaning, electrodes deposition, thin film depositions, etc. are discussed. In
the second part of this chapter, characterization techniques, such as surface mor-
phology assessment, spectroscopy to determine the quality of grown films along
with those techniques used to assess the electrical response of organic devices are

discussed.

3.1 Substrate Cleaning

The substrate cleaning is one of the main processes to avoid contaminations. Three
types of substrates are used in this research. First one was based on ceramic
alumina sheet having 14 mm length and 7 mm width. It contains surface-type
interdigitated silver electrodes having 0.21 mm interelectrode distance, fabricated

by screen printing and followed by chemical etching. Second one was glass slides,
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FiGURE 3.1: Plasma etcher used to clean substrate prior to fabrication.

and third one was indium tin oxide (25x25 mm?, sheet resistance ~20 Qsq™').
All of them were first cleaned and the cleaning process for the three substrates
was identical. The substrates are cleaned with acetone for 10 min followed by
cleaning with ethanol for another 10 min in an ultrasonic bath. Afterwards, they
were washed with de-ionized (DI) water and dried with a Nitrogen (N3) blower.
Substrates were then processed in an oxygen plasma etcher, shown in Fig. 3.1, for

5 min under a pressure of 1 mbar, and later dried in an oven at 100°C for 1 hour.

3.2 Thermal Evaporation Technique

Thermal evaporation or vacuum evaporation is a widely used technique for thin
films deposition [164]. The advantages of thermal deposition include: high quality
film with low impurity concentration; high deposition rate and relatively low dam-
age to the substrate because of the low energy of the impinging metal molecules.
Following are the three basic physical steps, which were involved in the deposition

of thin films using thermal evaporation technique.
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(i) Physical generation of individual molecules at the source.
(ii) Transportation of these molecules as a vapor to the substrate.

(iii) Allowing the molecules to deposit on the substrate.

In thermal vacuum evaporation, a stream of molecules is generated by heating the
source. The generated molecules, after leaving the source, travel as a molecular
flow towards the substrate and other parts of the chamber. There they condensed
but those who are deposited on the substrate give a thin layer of film. The thick-
ness and quality of the film is determined by the evaporation rate, evaporation
time and vacuum level inside the chamber. The schematic view of a thermal evap-
orator is shown in Fig. 3.2. The glass substrate was fastened to the sample holder
facing a boat in which material, to be evaporated, was placed. In this research,
molybdenum boats were used for the evaporation of Al, Ag, Au and NiPc thin
films. A shadow mask might be used along the substrate surface if evaporated
material patterning is desired. Once the sample was placed in the chamber, the
chamber was pumped down to a base pressure of 107% mbar. Material to be evapo-
rated was heated by a resistive heating source. Film thickness and deposition rate
were monitored by a quarts crystal sensor. It is a well known fact that character-
istics of a film is affected by deposition rate, pressure during deposition, thickness,
angle of evaporation, temperature of the substrate and residual atmosphere. In
this research work, Edward Auto 306 thermal vacuum evaporator was used for the

deposition of thin films.

3.3 Drop Casting

It is usually entitled as a simple casting technique because of its inexpensiveness
and modest form of thin film deposition [165, 166]. A huge area can be deposited by
using this technique in a very economical way. Quality of the film attained by drop
casting technique is not comparable to that of vaccuum evaporation [167]. But, it

is an inexpensive and efficient way and can be employed in those areas where high
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FIGURE 3.2: Thermal vacuum evaporator showing the growth of thin film using
thermal evaporation process.

quality film is not a crucial requirement. In this procedure, a liquidified material
dissolved in any solvent and solute can be dropped on the substrate as shown in
Fig. 3.3. After the evaporation of solvent, a film will be deposited on it. So,
many organic-organic or organic-inorganic materials arrangements can be formed
by the selection of appropriate solute and solvent. The mixture is transferred on
substrate placed on a smooth surface and then left it to dry at room temperature
and pressure. In general, one can say that drop casting is a cheap, easy, simple

and energy saving technique for the growth of thin films.

3.4 Spin Coating

Spin coater works on the principle of centrifugal acceleration. Spin coating relative
to vacuum evaporation is simple, cheap, less time consuming and a reliable tech-
nique to get thin films of varying thickness. For deposition of thin films by spin
coating, few drops of the solution are placed on the substrate, which is held on
the spinner chuck by a vacuum pump. Spinner, while holding the substrate, spins
at high speed and spread the solution over the entire substrate leaving behind a

thin film. Final film thickness and other properties will depend on the nature of
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the liquid (viscosity, drying rate, solid percentage, surface tension, etc.), and the
parameters selected for the spinning process, such as rotational speed and accel-
eration. In this work, spin coater Laurell WS-650-23NPP was used as shown in

Fig. 3.4.

3.5 Centrifugal Deposition

Centrifuge is a mechanical device that uses the principle of centrifugal force. It
rotates and evaporates the liquid leaving behind deposited thin film. The working
principle of centrifugal machine is shown in Fig. 3.5. The acceleration, a of this

process can be calculated by using the following equation.

where 7 is the radius and w is the angular velocity.

First of all, a substrate was placed in glass tubes mounted at the arms of centrifu-
gal machine. The diameter and length of the glass tubes were 12 mm and 95 mm,
respectively. During deposition of the films, the usual speed of centrifugal machine

was set at 5000 rpm. For each experiment, two symmetrically installed glass tubes
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FIGURE 3.4: Spin coater (Laurell WS-650-23NPP) top view. It is used for the
growth of thin film using centrifugal principle [168].

Glass

Substrate

Solution of Organic Material

FIGURE 3.5: Working principle of centrifuge having two vessels installed with
substrate and solution.
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filled with the solution of equal volume were used. During centrifugation process,
the solution was allowed to evaporate at room temperature and atmospheric pres-
sure without any additional heating. The films deposition process completed in

30-50 minutes, and the thickness of the film varied between 6-12 pm.

3.6 Characterization Technique

3.6.1 Scanning Electron Microscope

Scanning electron microscope (SEM) uses an electron beam for the assessment of
device external structure and surface morphology. SEM uses an electron gun from
where an electron beam is radiated, which is then steered by the electromagnetic
lenses as shown in Fig. 3.6. Samples are exposed in SEM by the electron beam
after its acceleration by a high field inside the column of the SEM. Accelerated
electrons release their energy by interacting with the sample due to scattering and
random absorption. Absorbed electrons could either be lost inside the sample,
or alternatively they can cause secondary electron emission. On the other hand,
electrons scattered by the sample will reflect back at various angles and could be
detected by a back scattered detector. Both back scattered electrons as well as
secondary electrons have information about the sample, which can be detected
by appropriate detectors to interpret the information about the sample under
investigation. A fundamental principle of SEM is illustrated in Fig. 3.6 in which a
column functioning SEM is shown. It is mandatory to have a high vacuum to allow
the electrons to travel from the starting location to the targeting sample. That is
why the column of SEM has been placed in a vacuum chamber as shown in Fig.
3.6. Immediately after their release, the electrons are attracted by a high voltage
anode, shown in Fig. 3.6. The accelerated electrons are then focused by the two
lenses shown in the figure followed by a scanning electromagnetic coil, which allows
the deflection of the beam to scan the sample. The final lens before the secondary
detector is used to eliminate the stigma and to make the electron prob as fine as

possible. Traditionally, secondary detector is used for physical characterization
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FIGURE 3.6: Fundamental principle of scanning electron microscope [169].

of the sample whereas, back scattered detector is employed when two surfaces
having different contrast have to be identified. SEM with good electromagnetic
lenses offer resolution as low as ~1 nm. In material characterization, SEM based
measurements, after good calibration, are considered to be highly reliable one.
To avoid the charging of the sample, especially non-conducting thin films, a thin
conducting layer is usually deposited on the sample prior to its characterization. In
this study, Philips XL30 scanning electron microscope was used for microstructural

analysis as shown in Fig. 3.6.

3.6.2 Atomic Force Microscope

Atomic force microscope (AFM) is one of the primary apparatuses, which can
handle measurements and obtain images of samples at atomic level. The working

principle of an AFM is explained in Fig. 3.7. Figure 3.7(a) shows that a laser
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FIGURE 3.7: (a) Fundamental principle of atomic force microscope and (b)
AFM image mode [170].

beam is hitting on a tip defining the cantilever and the reflection is then gathered
through a detector made by photodiode. While scanning the surface, the angle of
tip will vary corresponding to the variation of the surface of the sample causing the
incident laser to reflect on different angles, which are then detected by the photo
diodes of the installed detector. As shown in Fig. 3.7(a), AFM allows movement of
sample in all the three directions, i.e. z, y and z. This results into a 3D image of the
sample. Since, AFM is de-coupled from the floor vibration by using a suspension
system, therefore, it allows precise 3D imaging upto atomic scale. A mechanical
prob is used in AFM to collect the data, and for the collection of data there are
two possibilities: in first scenario, a fine prob of AFM is getting the information
of the sample by making a physical contact with it; whereas, in the second case,
it is transferring the data to the detecting system by maintaining a finite distance
from the surface of the sample through an electromagnetic coupling as illustrated
in Fig. 3.7(b). In both the cases, whether it is a contact mode measurement or a
non-contact mode measurement, the system insures that the surface morphology
of the sample shall remain intact. In this research, samples were characterized
using a Veeco Dimension 3000 AFM. With the help of this equipment, accurate
assessment of the surface morphology, thickness and uniformity were assessed to

explain the observed characteristics of various devices.
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3.6.3 Ultraviolet-Visible Spectroscope

Ultraviolet-visible spectroscope (UV-Vis) uses light in the visible and its adjacent
(near-UV and near-infrared-NIR) ranges. Fundamental ingredients used in the
designing of the spectrophotometer are consist of: a light source; a sample holder; a
prism (light wavelength separator) and a detector. Dependent upon the design and
usage of a spectrophotometer, it can have either single or double beam. In case of
a single beam, entire light passes through the sample cell under investigation, and
based on the transmission and absorption of the light, spectra results are obtained.
These results are then analyzed for the understanding of optical properties of
organic semiconductor materials for its potential applicability for opto-electronics.
Since, optical characterization is based on absorption or emission of a specific
wavelength it is, therefore, considered a highly reliable tool for the understanding

of material properties of a sample.

In case of a double-beam, first of all, the light is splitted into two beams by using
a beam splitter: one is considered as reference beam; while the other is allowed to
pass through the sample. The reference beam intensity is taken as 0 absorbance
(or 100% transmission), and the result displayed is the ratio between the intensities
of two beams. A double beam technique is efficient in terms of its utility because
the data in this technique can be obtained without removing the sample. In the
present study, UV-Vis-NIR spectrophotometer Shimadzu UV-3101PC was used,
which is a double beam spectrophotometer and its fundamental principle is shown

in Fig. 3.8.

3.6.4 Humidity/Temperature Characterization Chamber

Humidity and temperature sensitive devices (transistors, and sensors) were char-
acterized in a chamber fitted with humidity (TECPEL 322) and temperature
(FLUKE 87) gadgets. In this chamber, humidity is controlled either by dry N» (to
decrease humidity) or by wet air (to increase humidity) to get desired humidity

level within the range of 0 to 100% RH. The chamber also provided a controlled
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FIGURE 3.8: Fundamental principle of an ultraviolet-visible spectroscope [171].
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FIGURE 3.9: Humidity/temperature measurement setup.

temperature environment from 20-70 °C, which can be obtained by using an elec-

tric heater as shown in Fig. 3.9. The device under investigation was placed inside

the chamber, and its impedance and capacitance variations as a function of am-

bient humidity and temperature were then assessed using an LCR meter (MT

4090).



Fabrication Techniques and Ezxperimental Setup 47

Lamp

[\

Sample
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3.6.5 Light Characterization Chamber

In case of optical transistors and sensors, the samples were exposed to a filament
lamp of 100 W as shown in Fig. 3.10. Different illuminations were obtained
by changing the distance between sensor and lamp. The intensity of light was

measured by CEM DT-1300 illumination meter.

The absorption spectra was studied to fabricate organic photo diode (OPD) by
using a UV-Vis-NIR spectrophotometer (Shimadzu UV-3101PC). The photolumi-
nescence (PL) characteristics were measured by RENISHAW inVia Raman micro-
scope (laser wavelength ~325 nm). Spectroscopic properties of photo active thin
films were measured to asses their suitability for their potential use in organic de-
vices. Photodiode current density-voltage (J — V') measurements were estimated
in dark and under simulated solar light using computer interfaced Keithley 236
source measure unit (SMU), shown in Fig. 3.11(a), in combination with Oriel
67005 solar simulator, shown in Fig. 3.11(b). Laboratory assembled solar simu-
lator using Xe and Hg(Xe) bulb sourced by NEWPORT 69907 Oriel Digital Arc
Lamp Power Supply was used to generate focused light with varied illumination

levels .
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(b)

FIGURE 3.11: (a) Keithley 236 source measure unit (SMU) and (b) Oriel 67005
solar simulator.

3.7 Summary

In this chapter, fabrication techniques and experimental setups, which have been
employed in this research are discussed. As far as fabrication of any electronic
gadget is concern, the main aim would be to get a reliable device capable of
translating a physical change into an electrical signal with a high precision. Since
reproducibility of a device is mainly dependent upon the environment in which it
is fabricated. It is, therefore, emphasized in this chapter that substrate cleaning
prior to the device fabrication is of vital importance. The processes, which are
involved in the cleaning of a substrate like: surface treatment; plasma etching and
ultrasonic bath, etc. are discussed in detail. Fabrication techniques used in organic
thin film deposition, for example, drop casting, high vacuum thermal evaporation,
spin coating and centrifugation methods are explained with sufficient detail. Mer-
its and demerits of each method are described, so that an appropriate method
could be chosen for the fabrication of organic sensors and transistors. Techniques,
which can determine the quality of a grown film like scanning electron microscopy
(SEM), atomic force microscopy (AFM) and optospectroscopy are described with
sufficient detail. The electrical characterization of the finished devices using I —V

measurement techniques have also been described in this chapter.



Chapter 4

CuPc Based Humidity Sensors

4.1 Introduction

Phthalocyanines are used as pigments and dyes in automotive paints, printing
inks, blue or cyan dyes for textiles and paper industry. Due to their versatile
applications, dyes have been the focus of interest in organic semiconductor and
photosensitive industries as well. It is an established fact that the structures and
properties of organic semiconductors are highly dependent upon their processing
technology [172, 173]. Generally, organic materials have a high molecular weight,
strong intramolecular but weak van der Waal’s intermolecular bonding. Due to
these properties, organic semiconductors are found suitable for centrifugal pro-

cessing [174, 175].

The properties of devices based on metallo-phthalocyanines grown by organic
molecular beam deposition (OMBD) technique were investigated by Colesniuc
[176]. It was reported by Colesniuc that the conductivity of the grown films in-
creases exponentially with temperature whilst it decreases exponentially with in-
creasing the thickness of the films. Applications of Copper Phthalocyanine (CuPc)
include photovoltaic cells, paint, ink, etc. Organic thin-film transistors were also
fabricated using CuPc dye with standard vacuum evaporated method [177]. A

comparative analysis of I-V characteristics in dark and under illumination showed
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that the devices were sensitive towards visible light. Their absorption spectra ex-
hibit photo sensitivity in the wavelength ranging from 200 nm to 850 nm. [178],
reported preparation and characterization of CuPc nanocrystals embedded into

the polymer host and investigated optical absorption spectra of the grown films.

A comparison of electric and optical properties of an organic semiconductor clearly
demonstrates an obvious correlation between the activation energy measured by
the conductivity-temperature or by the absorption spectra [179]. Similarly, the
color of an organic material is dependent on its band gap or activation energy.
Encouraged from these characteristics, the colorants films were fabricated espe-
cially in an unconventional environment, for example at high gravity conditions,

to explore their potential use in the organic semiconductor industry.

Previously, we reported the heterojunctions fabricated under high gravity using
p-type Si and thin films of poly-N-epoxypropylcarbazole (PEPC) doped with tetra-
cyanoquinodimethane [145]. The PEPC films were grown on Si wafers at different
gravity conditions (i.e., 1 g, 123 g, 277 g and 1,107 g). It was observed that the
grown organic polymer films had uniform surface morphology and good adhesive-
ness on Si substrate. The I-V characteristics of the fabricated hybrid structures
were evaluated as a function of temperature ranging from 20 °C to 60 °C. It was
found that all the samples were p-p isotype heterojunctions. Rectification ratio,
threshold voltage, reverse saturation current and junction resistance of the fabri-
cated junctions were evaluated at different temperatures. Later on, a theoretical
model has been proposed by [180] by developing a relationship that quantitatively
linked the centrifugal time with centrifugal conditions to fabricate high-quality

photonic crystals.

In this chapter, in continuation of our efforts pertaining to humidity and tempera-
ture sensors [181, 182], humidity-dependent electrical properties of CuPc thin films
deposited at different gravity conditions (1 g and 70 g) using the centrifugation

technique are presented.
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FIGURE 4.1: Molecular structure of CuPc.

4.2 Experimental

For thin film deposition, commercially produced (Aldrich) CuPc (C3yH16CuNy)
powder was used. Figure 4.1 shows the molecular structure of the CuPc. Its
molecular weight is 576.08, and is very stable [183]. It is a photosensitive semi-
conductor [184] and has broad absorption spectra in visible and partly in UV and
IR wavelength regimes [185].

Thin films of CuPc were deposited from a 5 wt.% solution in benzene at normal (1
g) and at high (70 g) gravity conditions. At 1 g, the films were deposited by drop-
casting whereas, at 70 g, the films were deposited using a table-top centrifugation

apparatus (Model: HETTICH EBA-20 S). The acceleration, a was calculated as:
a=rw? (4.1)

where r is a radius and w is the angular velocity.

Figure 4.2 shows a schematic diagram of the sample. A 200 nm thick copper
films were deposited using the vacuum thermal evaporation technique. The CuPc
powder was dissolved in benzene at room temperature. Glass substrates with

pre-deposited Cu electrodes having inter-electrode spacing 30-40 um were placed
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FIGURE 4.2: Schematic diagram of the sample.

inside a glass tube mounted in the centrifugal machine. The diameter and length
of the glass tube were 12 mm and 95 mm, respectively. During deposition of the
films, the centrifugal machine speed was set at 5000 rpm. For each experiment, two
symmetrically installed glass tubes filled with the solution of equal volume of 0.5
ml were used. During centrifugation process, the solution was allowed to evaporate
at room temperature and atmospheric pressure without any additional heating.
The films deposition process completed in 30-50 minutes, and the thickness of
the films varied from 6-12 ym. Impedance and capacitance measurements of the
fabricated devices were carried out using LCR meter MT 4090 configured at 1
kHz and 1V. The in-situ humidity was measured using humidity and temperature

meter TECPEL 322.

4.3 Results and Discussion

Figure 4.3 shows atomic force microscope (AFM) images of the CuPc films de-
posited at normal (1 g) and high (70 g) gravity conditions. The figure clearly
shows that films grown at 70 g offered smoother surface morphology as compared
to films grown at 1 g. Impedance-humidity and capacitance-humidity relationships
for CuPec films deposited at 1 g and 70 g are shown in Fig. 4.4(a) and (b), respec-
tively. Experimental results presented in Fig. 4.4 show that films deposited at 1
g exhibited a maximum of 45.4% (AZ 100% Z~') change in its impedance value,
whereas in capacitance, the maximum observed change was 26.5% (AC100% C—1).
On the other hand, films deposited at 70 g showed 42.2% and 15.7% maximum

change in their impedance and capacitance values, respectively.
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FIGURE 4.3: AFM images of the CuPc films deposited from benzene solution
at: (a) 1 g; (b) 70 g.

The impedance (Z) of the samples can be represented by the parallel combination
of a resistor (R) and a capacitor (C). From circuit point of view, the magnitude

of Z caused by sample resistance and capacitance can be represented as [186]:

R

J=— 4.2
1+ jwRC (42)

Variation in impedance due the varying values of ambient humidity can be asso-
ciated with adsorption and absorption of water molecules by the CuPc films. As
a result of these processes, permittivity of the organic material increases, this in
return increases the capacitance of the films, as shown in Fig. 4.4. At the same
time, because of the displacement currents related to the movement of bound
charges of water molecules, the resistance of the samples may decrease. Finally,
as per Eq. (4.2), the impedance of the samples decreases due to the increase of

the capacitance and decrease of resistance as a function of ambient humidity as
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FIGURE 4.4: (a) Impedance- and capacitance-humidity relationships of CuPc
films deposited at 1 g. (b) Impedance- and capacitance-humidity relationships
of CuPc films deposited at 70 g.
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observed experimentally.

It is a well-known fact that the value of the capacitance depends on the polariz-
ability of the material, which has several basic sources, i.e. dipolar, ag), ionic, o;
and electronic, c, polarizability [187]. In this case, oy, seems to play a dominat-
ing role due to the presence of water dipoles absorbed by CuPc. Whereas, a, is
a universal phenomenon and arises due to the relative displacement of the orbital
electrons. It is also assumed that CuPc molecules, after interacting with water
molecules, may form charge-transfer complexes, which as a result originate «.
Thus, the total polarizability, which could affect the electrical response of CuPc

films would be the sum of all the three components discussed hitherto.

It is assumed that the dielectric permittivity of the CuPc increases due to adsorp-
tion and absorption of water molecules, which have higher dielectric permittivity
value. The absorption takes place by the diffusion process through the surface
of the CuPc films. This increases the capacitance value of the sample. Further,
the presence of displacement current caused by the water molecules could also
be a source of increased capacitance and decreased resistance values. Moreover,
there is also a possibility of CuPc films doping by the absorbed water molecules,
which as a result, will increase the polarizability as well as concentration of free
charges. Both the processes in return, will enhance the capacitance on one hand
and decrease the resistance of the sample on the other hand [188]. For organic
semiconductor humidity sensors, impedance-humidity and capacitance-humidity
characteristics were simulated by [189]. Their simulation was based on Clausius-

Mosotti relationship [187].
e—1 Ny,
e+2  3eg

(4.3)

where ¢ is relative permittivity, N, is the concentration of water molecules at
normal conditions, «,, is the polarizability of dye film due to absorption of water
molecules at usual conditions and ¢ is the permittivity of free space. Considering

the proportionality of capacitance with permittivity, we can use the expression
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FIGURE 4.5: Comparison of experimental and simulated capacitance of the
CuPc films deposited at 1 g and 70 g w.r.t. relative humidity.

presented in [189-191]:

€0 (4.4)

1
380

o | 2Nao (14 FARH) | _ Naa(1+ kARH)
Cn 360

where C'y represents the capacitance under humid condition and C), represents
capacitance at normal conditions. ARH represents a change in relative humidity
(ARH = H — H,, initial relative humidity Hy = 32% in case of CuPc film and &
is a humidity capacitive factor. For dye film, the relative permittivity is assumed
to be 4 [192]. The value of k determined by the above expression at ARH = 66%
and N,a, was determined from Eq. (4.4). At maximum humidity, experimental

value of Cy/C,, was equated to theoretical value and it was found that k£ = 0.0858.

Figure 4.5 shows the comparison of experimental and simulated capacitance versus
relative humidity for CuPc samples fabricated at 1 g and 70 ¢g. It can be seen
from the figure that the simulated data comply with reasonable accuracy to the

experimental characteristics.
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FIGURE 4.6: Comparison of relative experimental and simulated impedance of
the CuPc films deposited at 1 g and 70 g with respect to relative humidity.

For simulation of relative impedance vs. humidity characteristics, a simplified
expression is proposed as given below:
Z HY
— =vyexp |—— 4.5
70 = exP { HJ (4.5)

where ~ is a fitting variable. The simulated impedance-humidity relationship in

comparison with experimental results is shown in Fig. 4.6.

The simulated capacitance and impedance results both for 1 ¢ and 70 g samples
offer reasonable conformity to the experimental data as evident from Figs. 4.5 and
4.6. The discrepancy in the observed and simulated data of could be associated
with the fact that films grown at different gravity conditions may have different

structures and compositions with varying percentage of solvent molecules.

Sensitivity (S) of CuPc base humidity sensors can be assessed as [186]:

AZ

52 = ARH

(4.6)
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TABLE 4.1: Impedance Sz and capacitance S¢ sensitivities of the CuPc samples
deposited at 1 g and 70 g.

Sample No. Material Deposition Sy Sc
g MQ%~') (pF %)
1. CuPc 1 0.441 0.010
2. CuPc 70 0.421 0.005
AC
Sr= 4.7
N T (4.7)

where AZ, AC and ARH are the changes in impedance, capacitance and relative

humidity, respectively.

Table 4.1 shows the maximum average values of Sz and S¢ for CuPc samples
deposited at 1 g and 70 g. It is evident from Table 4.1 that CuPc films deposited
at high gravity are less sensitive to the varied humidity conditions as compared to

the films deposited at 1 g.

Presently, researchers are working not only in the area of high gravity processing
of semiconductor materials but also in micro-gravity based fabrication. In [143],
the properties of tellurium, Te-Se and TegySiyg crystals grown under micro-gravity
level and up to 10 g were discussed. In general, the gravity conditions influence
upon: (a) defects distribution; (b) conductivity and (c) Hall effect mobility of the

grown film.

4.4 Summary

CuPc thin films were deposited at different gravity conditions (1 ¢ and 70 g)
from a solution in benzene by using drop-casting and centrifugation. Variation in
impedance and capacitance as a function of ambient humidity levels was assessed.
It was noted that impedance of CuPc thin films decreases, whereas their capac-
itance increases with increasing values of ambient humidity. Samples fabricated
at 1 g exhibited a maximum change of 45.4 and 26.5% in their impedance and

capacitance values, respectively, whereas samples grown at 70 g demonstrated a
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maximum change of 42.2 and 15.7% in their impedance and capacitance values,
respectively. The observed response was also simulated, and a plausible explana-
tion was presented. It was demonstrated that the humidity-dependent electrical
performance could be associated both with increased polarization and increased
doping concentration caused by absorbed water molecules. It was further shown
that CuPc films can potentially be used as a humidity-sensing material whose

sensitivity would be dependent on the chosen fabrication parameters.



Chapter 5

NiPc Based Humidity Sensors

5.1 Introduction

Humidity sensors play an important role in today hi-tech era, especially in the field
of metrology and environmental assessment [193-198]. On the basis of their mea-
suring standards, humidity sensors are categorized as resistive, capacitive, gravi-
metric, or hydrometric [158]. To fabricate a humidity sensor, diverse methodologies
and materials have been reported in the literature [199]. A plainer construction of
capacitive humidity sensors, using phthalocyanine films was reported in [6]. Hu-
midity effects on electrical conductivity of carbon nanotubes (CNTs) were studied
by many researchers, and it has been reported that the water molecules act as
a donor and modify the electrical properties of single-walled carbon nanotubes
(SWNTSs) [200]. Whereas, investigation pertaining to the electrical transportation
of double-walled carbon nanotubes (DWNTs) showed that water molecules act as
an acceptor in DWNTs [201]. Humidity sensors, based on Ce-doped nanoporous
Zn0, Fe;03 and polyaniline were also investigated and reported in [110, 202, 203].
As a result of these investigations, it can be said that different materials with

different compositions have a useful potential for humidity sensing applications.

60
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Nickel phthalocyanine (NiPc) is an organic semiconductor that was considered
a promising phthalocyanine for optoelectronic devices and gas sensing applica-
tions [204-213]. NiPc has a charge carrier mobility of 0.1 ecm?(Vs)™!, which is
1000 times greater than copper phthalocyanine (CuPc) [211]. Its energy bandgap
is 2.24 eV and 3.2 eV for indirect and direct allowed transitions, respectively
[214]. Zubair [151] and Shah [215] fabricated and investigated NiPc based Schot-
tky barrier diodes, and their studies confirmed the potential of NiPc as an organic

semiconductor material to be used in electronic devices and sensors technology.

It is an established fact that the performance of organic semiconductor devices is
heavily dependent on the chosen technology. Thin films of organic semiconduc-
tors, which usually act as a conducting channel, can be deposited by: a) vacuum
evaporation; b) drop-casting or c¢) spin-coating. At the same time, in the re-
cent past, organic semiconductor thin films deposition by centrifugation at high
gravity was also reported. In [145], heterojunctions of silicon and thin layer of
poly-Nepoxypropylcarbazole with tetracyanoquinodimethane (TCNQ) impurities
were fabricated. The poly-N-epoxypropylcarbazole films on silicon wafers were
deposited at normal temperature, but at various gravity conditions: 1 g; 123 g;
277 g and also at 1107 g. A smooth layer and strong adhesiveness was obtained
by this process of deposition. Current-voltage characteristics of the deposited het-
rostructures as a function of temperature ranging from 20-60 °C were assessed.
It was observed that almost every sample exhibited p-p isotype heterojunctions.
Temperature dependent junctions parameters such as reverse saturation current,

rectification ratio, junction resistance and threshold voltage were measured.

In 2009, Tahir et al. [216] manufactured many organometallic vanadium com-
plexes such as VOq(3-fl), VO(PBO), and VO(DBM), and deposited the thin films
by centrifugation process at 183 ¢, 733 g and 1650 g. As a result, sandwich
type samples were fabricated based on Al/VO,(3-f1)/Ga, Cu/VOy(3-f1)/Ga, Al/-
Vanadyl(acac)/Ga, Cu/Vanadyl(acac)/Ga, Al/VO(PBO),/Ga, Cu/VO(PBO),/Ga,
Al/VO(DBM)/Ga, Cu/VO(DBM)/Ga, Al/Vanadyl(acac)/TiOs/Ga, and Cu/VOq(3-
f1)/TiO9/Ga. Current-voltage characteristics of the finished devices showed non-

linear rectification behavior. Samples fabricated using VO, (3-fl) and Vanadyl(acac)
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showed switching effect. These samples also exhibited two distinct conductance
states referred to as low and high conductance states. Such behavior is typically
known as memory cell characteristics of the type called as write-once-read-many-
times (WORM). It is worth mentioning that memory cell characteristics were

observed only in those devices which were fabricated using Cu electrodes.

This chapter deals with fabrication and characterization of NiPc based humidity
sensors and their optimization as a function of fabrication parameters. Finished
devices were characterized using a humidity chamber fitted with LCR meter to
assess the change in the device impedance and capacitance by varying ambient
humidity. The composition of the rest of the chapter is that Section-2 deals with
experimental techniques used to fabricate NiPc thin films sensors at 1 g and also
at 70 g. Section-3 describes experimental results and their plausible explanation

followed by the summary drawn from this study.

5.2 Experimental

Figure 5.1 illustrates molecular structure of NiPc organic semiconductor. For
thin films deposition, commercially available NiPc (C32H16NgNi) of Sigma-Aldrich
was used. The thin layers of NiPc were deposited from 5wt.% of its solution in
chloroform at normal (1 g) and high (70 g) gravity. The films were deposited at 1 g
by drop-casting and at 70 g by centrifugation in a table-top centrifuge HETTICH
EBA-20 S. Acceleration (a) was calculated by using Eq. (5.1).

where r is a radius and w is the angular velocity.

Figure 5.2 shows schematic diagram of the substrate used for the deposition of
NiPc thin films. It is made of ceramic alumina sheet having 14 mm length and

7 mm width. It contains surface-type interdigitated silver electrodes having 0.21
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FIGURE 5.2: Ceramic alumina substrate with surface type silver electrodes.

mm interelectrode distance, fabricated by screen printing and followed by chemical

etching [202].

During centrifugation process, each experiment was performed using two symmet-

rically installed glass tubes filled with equal volume of solution (0.5 ml). The tube
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FIGURE 5.3: SEM images of the NiPc films deposited at 1 g (a) 50 pm and (b)
10 pm and 70 g (c) 50 pm and (d) 10 pm.

has internal diameter of 12 mm and length of 95 mm. The centrifuge’s rotation
speed was set at 5000 rpm. The deposited NiPc films thickness were in the range
of 7-10 pm. It was observed that the layers achieved at 1 g were usually thicker
compared to those grown at 70 g, which means the acceleration and thickness have

an inverse relation. The same behavior was observed and reported in [145, 148].

As a rule in the centrifugal procedure, evaporation of the solution was done at
room temperature and atmospheric pressure. At centrifugation, the thin films
deposition times were equal to 10-15 minutes. Figure 5.3 shows SEM images of

the NiPc films deposited at 1 g and 70 g from solution prepared in chloroform.
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The obtained SEM image of the NiPc films showed that the films deposited at 1
g seems to be more uniform and smooth but with larger grain size. On the other
hand, SEM images of the films deposited at 70 g showed relatively rough surface
morphology, but with smaller grain size. The impact of roughness of the films
and unit grain size on the humidity sensing properties is discussed in Section 3.
Electrical properties of the sensors have been investigated as a function of ambient
humidity. For measurements of impedance and capacitance of the samples, LCR

meter M'T 4090 was used at frequency and voltage level of 1 kHz and 1V.

5.3 Results and Discussion

Figure 5.4 (a) shows impedance-humidity and capacitance-humidity relationships
for NiPc samples deposited at 1 g by drop-casting. It can be seen that impedance
decreases 1.5 times and capacitances increases 1.1 times with the increase in hu-
midity 25% to 95%. Figure 5.4 (b) shows impedance-humidity and capacitance-
humidity profiles for NiPc samples deposited at 70 g by a centrifugation process,
respectively. In the figure, the impedance of the sample is shows 1.8 times de-
crease in its magnitude while changing the humidity in same range; whereas, for
the same change in humidity the capacitance exhibited an increase of 1.5 times

with respect to its initial values.

The impedance-humidity and capacitance-humidity relationships shown in Fig.
5.4 can be modeled by placing a resistance (R) and a capacitance (C') in parallel

[186, 217, 218], and can be calculated by using Eq. (5.2).

R
4 =—7"> 5.2
1+ jwRC (5:2)
Their simulation was based on Clausius-Mosotti relationship [187].
—1 Nn n
S (5.3)

ce+2  3e
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where ¢ is relative permittivity, N, is the concentration of water molecules at
normal conditions, «,, is the polarizability of dye film due to absorption of water
molecules at usual conditions and ¢ is the permittivity of free space. Considering
the proportionality of capacitance with permittivity, we can use the expression

presented in [189-191]:

Cr 2Nnan(1+kARH)} /{1 Noan(1+ KARH) | _ (5.4)
_ o .

et A

Cn + 350 380
The evaluated value N,«,, can then be used in Eq. (5.3) and assuming Cy/C,, =
1.13 at RH = 95%, the value of k is found to be 0.013%~!. Thus, Eq. (5.4) can
be used in first approximation to simulate the capacitance-humidity response of
NiPc sample. Similarly, the effect of humidity to impedance and capacitance of

the NiPc samples can be estimated by the sensitivity S through Eq. (5.5) and
Sc by using Eq. (5.6).

AZ

AC

where AZ, AC and ARH are the changes in impedance, capacitance and relative
humidity, respectively. It can be shown that in average S, = -0.32 MQ %!, S¢
= 0.025 pF %! for samples deposited at 70 ¢, and S; = -0.22 MQ %!, S¢ =
0.007 pF %! for samples deposited at 1 g, at frequency of 1 kHz. The effect
of humidity to impedance and capacitance of NiPc samples can be potentially
used for fabrication of humidity sensors and they can be implemented in humidity

meters for environmental monitoring and assessment.

To evaluate the dynamics of the water vapor absorption and desorption pro-
cesses of NiPc samples, the average response and recovery time were evaluated
by impedance-time measurements at the change of the humidity from 25% to 95%
and from 95% to 25% and they are found to be 1.0 minute and 2.5 minutes, re-

spectively. The response and recovery times were measured accordingly at the
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change of impedance from 90% to 10% of maximum impedance and from 10% to

90%.

5.4 Summary

In this study, thin films of Nickel Phthalocyanine (NiPc) were deposited by cen-
trifugation at high gravity (70 g), and also at normal gravity (1 ¢g) conditions to
fabricate humidity sensors. Ceramic alumina sheet, coated with silver electrodes,
having interelectrode distance of 0.21 mm were used to assess the electrical prop-
erties of the sensors. Room temperature capacitance and impedance variations
were measured as a function of relative humidity ranging from 25%-95% at 1 kHz
frequency. It was observed that sensors fabricated at 70 g were more sensitive com-
pared to sensors fabricated at 1 g. Sensors fabricated at 70 g exhibited 1.8 times
decrease in their impedance and 1.5 times increase in their capacitance at peak
ambient humidity. SEM images showed more roughness for the films deposited
at 70 g compared to films deposited at 1 g. It was assumed that surface irreg-
ularities might have increased active surface area of 70 g sensors hence changed
the electrical response. Impedance-humidity and capacitance-humidity relation-
ships were modeled and a good agreement was observed between experimental
and modeled data. Experimental data showed that NiPc films could be useful for

instrumentation industry to fabricate organic humidity sensors.



Chapter 6

VOPcPhO-Alq3; Based Humidity

Sensors

6.1 Introduction

Over the last couple of decades, researchers in the field of sensors have been at-
tracted to the field of organic based sensing devices due to their low production
cost, simple and easy fabricating technologies, and their multi-functionality over
a single substrate. Organic materials are very sensitive towards moisture and are
good applicants to fabricate sensors for humidity measurements [172, 173, 219,
220]. In order to employ a humidity sensor in a wide range of applications, it
must possess superior sensitivity, slight hysteresis, short response time, adequate
durability, and a low manufacturing cost [221, 222]. However, in the current
scenario, researchers are struggling to introduce correct material combinations,
which possess outstanding properties of superior sensitivity and stability, while
preserving a low manufacturing cost, a moderately simple processing method, and
eco-friendly techniques [220, 223-225]. Even though, researchers have managed to
introduce various simple fabricating processes, which can be coupled with physical

and chemical flexibility from polymer organic-based materials, mass production of

69
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these types of sensing devices seems promising only once their other limitations

have been overcome.

Humidity is a universal phenomenon because of the general presence of moisture
contents in air. Control or measurement of humidity is becoming more important,
not only for human well-being but also for various industrial applications such
as meteorology, process control techniques, agriculture, and medical equipment.
Based on requirements or applications, various kinds of humidity sensors are used
and they can be classified based on their sensing mechanisms. Humidity sensors
based on inorganic materials [226, 227] are costly, and require high power for
operation, whereas organic material-based humidity sensors have advantages of

low cost, light weight, flexibility, and simple technology.

Even though, organic materials are highly responsive to humidity, many of them
are easily dispersed in water, which makes them impractical in highly humid condi-
tions [6, 228]. Among organic materials, the phthalocyanines group has hydropho-
bic properties and is insoluble in water and hence, is considered as a good candi-
date for humidity meters [229]. Phthalocyanines are macro-cyclic and hetero-cyclic
compounds, which exhibit a ring structure containing nitrogen atoms in addition
to carbon as a part of the ring. Most phthalocyanines are considered as p-type
semiconductors [230] and they possess sufficiently good charge carrier mobility
[231] and significant conductivity for utilization in potential applications with or-
ganic electronic devices. Among the phthalocyanines, VOPcPhO is available as a
green colored dye that is insoluble in water. It exhibits very good chemical and
environmental stability and has been extensively studied for various types of sen-
sors [220, 232-235], whereas Alqs is a pi-conjugated small molecular material [236].
In pi-conjugated materials, single and double or single and triple bonds alternate
throughout the backbone of a molecule. The second and third bonds of a double
or triple bond are pi-bonds [237]. The gap between LUMO and HOMO is typically
in the 1.5-3 eV range, i.e., the materials are organic semiconductors [237]. Even
though Alqs is mostly utilized as an exciton blocking layer and a light emitting
layer in photovoltaic applications, it can be utilized to obtain a high-quality thin

film with high electron mobility by a simple spin-coating method [226].
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In this chapter, the compositional engineering of the pi-conjugated small molecular
VOPcPhO : Algs complex was performed to develop a sensitive humidity sensor
with a linear response. The bulk heterojunction of the two materials was expected
to have the characteristics of the both components and is assumed to be more linear
in response towards humidity than VOPcPhO and more sensitive than Alqs alone.
The aim of this research is to boost the humidity sensing potential of VOPcPhO
by making its complex with Alqgs to develop a cheap and reliable sensing element

for assessing humidity in the surrounding environment.

6.2 Experimental

Tris-(8-hydroxyquinoline)aluminum (Algs) and vanadyl 2,9,16,23-tetraphenoxy-
29H,31H-phthalocyanine (VOPcPhO) were purchased from Sigma-Aldrich (USA).
Figures 6.1 (a) and (b) shows their molecular structures, respectively. Surface type
humidity sensing devices were fabricated from glass slides which were cleaned with
acetone for 10 min followed by cleaning with ethanol for another 10 min in an ul-
trasonic cleaner. Afterwards, the slides were washed with distilled water and dried
with a Ny blower. Then the substrates were processed in an oxygen plasma etcher
for 5 min under a pressure of 1 mbar followed by an additional 5 min plasma
cleaning in 1072 mbar pressure inside a vacuum thermal evaporator. Later, 100
nm thick aluminum electrodes were deposited with equal inter-electrode gaps of
40 pm, over which the active layers were deposited using a spin coater (Laurell
WS-650-23NPP) at 2500 rpm and an acceleration of 500 ms™2. Al/active layer/Al
sensors consist of stand-alone films of VOPcPhO and Alqs plus their compos-
ite in various proportions (i.e. 2:1, 1:1 and 1:2). Samples were assessed in the
setup of a humidity controlled chamber as shown in Fig. 6.1 (c¢). Thicknesses
of thin films were in the range (composite-raw material) of ~200 nm measured
by a KLA-TENCOR P6 Surface Profiler. The devices were annealed at different
temperatures, i.e. 75, 100, and 125 °C for 20 min and then cooled down gradu-

ally by WiseStir heating. For capacitance-relative humidity and resistance-relative
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FIGURE 6.1: The molecular structure of (a) tris-(8-hydroxyquinoline)aluminum

(Algs) and (b) vanadyl 2,9,16,23-tetraphenoxy-29H,31H-phthalocyanine

(VOPcPhO), and (c) setup of the humidity chamber and schematic diagram of
surface type sensors.

humidity measurements a INSTEK LCR-819 meter was used. A Veeco Dimen-
sion 3000 AFM was utilized to measure surface morphology of the organic thin
films. Sensors were characterized for their humidity response, w.r.t capacitance,

and resistance.
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6.3 Results and Discussion

A well-organized study was carried out to optimize various parameters, including
the composition and annealing temperature of VOPcPhO, Alqs, and VOPcPhO :
Algs composite humidity sensors. Capacitance measurement was recorded at 100
Hz, 1 kHz and 10 kHz and the frequency-capacitance response of both VOPcPhO
and Alqs are presented in Fig. 6.2. Best optimal composition of VOPcPhO : Alqs

was V7 : Ay selected on the basis of results presented in Fig. 6.3.

Capacitance responses of the fabricated sensors toward changes in relative humid-
ity levels are shown in Fig. 6.4. The humidity dependent sensitivity of the sensors
was investigated with respect to variation in RH % from 15 to 95 % at different
annealing temperatures, i.e., 25, 75, 100, and 125 °C to obtain the best optimized
device. We observed that the best sensitivity in the case of Alqs was obtained at
125 °C and at this temperature the sensitivity was 0.3125 pF RH %! as shown
in Fig. 6.4(a). The device is more responsive in the range of 35-95% RH. On the
other hand, Fig. 6.4(b) shows results of the VOPcPhO devices, which were also
annealed at different temperatures for the same time, and these samples exhibit
sensitivity in the range of 55-95% RH. The VOPcPhO showed higher sensitivity at
25 °C (1.06 pF RH % ~') as compared to other annealing temperatures. While the
best concentration of VOPcPhO : Alqs was found as 1: 2 (Vy : Ay). The V; : A,
based devices were also annealed at different temperatures and their most sensitive
response was found to be 0.32 pF %! at 75 °C. The most responsive behavior of
the device is seen from 40 to 95% RH as shown in Fig. 6.4(c). It is important to
note that the Alqs exhibits a more linear response than the VOPcPhO, whereas
the VOPcPhO exhibits more sensitivity at higher humidity levels as compared to
the Alqs. Hence, to retain greater sensitivity at higher RH levels, the ratio V; :
A, was selected. Both these properties are very important for a good sensor. The
bulk heterojunction of both materials is expected to consist of both characteristics
and is assumed to be more linear than VOPcPhO and more sensitive than Alqs

alone.



VOPcPhO-Algs Based Humidity Sensors

22
| ——Alg, @ 100Hz
20 _—o—AIq3 @ 1kHz
I —-—AIq3 @ 10kHz
18 |-
S 16|
0]
Q L
‘% 14
% -
g L
@)
12 -
10 |-
8 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1
10 20 30 40 50 60 70 80 90 100
Relative humidity (%)
(a)
100
—=—V0oPcPhO @ 100Hz
L —e—VoPcPhO @ 1kHz
—+—V0oPcPhO @ 10kHz
80 -
LL& 60 -
8 i
g
g 40 +
g
O -
20
0 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1

10 20 30 40 50 60 70 8 90 100
Relative humidity (%)
(b)

FIGURE 6.2: Dynamic variation of (a) Algs and (b) VOPcPhO Capacitance to
Relative Humidity at different frequencies.



VOPcPhO-Algs Based Humidity Sensors 75

40

—-—Vl:A2

30

25 -

Capacitance (pF)

20 -

15 -

10

10 20 30 40 50 60 70 8 9 100

Relative humidity (%)
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Many factors, including porosity of the sensing films, dielectric constant, the ma-
terials dynamic sensing area, and polarizability, significantly participate in capac-
itance and resistance variation in response to ambient relative humidity levels.
Relative permittivity of organic-based materials with small molecular sizes lies
between 4-8 in [238]; on the other hand, water permittivity is almost 80.4. The
dielectric constant of water remarkably increases capacitance of a sensor because
of a large difference between the relative permittivity of water and active thin film
of respective materials and their composites. Figure 6.4 (d) shows the relationship
between resistances and relative humidity levels for the composites (Vy : Ag) at
75 °C, Alqz at 125 °C, and VOPcPhO at 25 °C based humidity sensors. It was
observed that the resistance responses of VOPcPhO and Alqs were more obvious
in the range of 15-60% RH; after that they seem to tend to be saturated values.
However, in the case of Vi : A,, the resistive device was sensitive over the whole

measured range.

Surface morphology of thin films of Alqs, VOPcPhO, and their composites was
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FIGURE 6.4: Capacitance vs. humidity sensing behavior of (a) Alqgs, (b)

VOPcPhO, (c) composite (VOPcPhO : Alqs) at various ambient temperatures,

and (d) resistance response of the best selected sensors i.e. composite (Vi : Ag)
at 75 °C, Alqs at 125 °C, and VOPcPhO at 25 °C.

studied using atomic force microscopy (AFM) and field emission scanning elec-
tron microscope (FESEM). Figure 6.5 shows the AFM and FESEM micrographs
of VOPcPhO annealed at 25 °C (Figs. 6.5 a and b), Alqs annealed at 125 ° (Figs.
6.5 ¢ and d), and composite VOPcPhO : Alq; Fig. 6.6 FTIR spectra of (a) Alqs,
(b) VOPcPhO, and (c) composite thin film of Alqs and VOPcPhO annealed at 75
°C (Figs. 6.5 e and f), respectively. Micrographs of the composite films (Figs. 6.5
e and f) display a rough surface with uniform distribution of the textured appear-

ance. The image of Fig. 6.5(e) indicates that the Alqs : VOPcPhO composite
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thin film, when annealed at 75 °C | results in much rougher surface with a sharp

peak like structures.

The rms roughness measured for VOPcPhO and Alqs thin films were 0.832 nm and
0.597 nm, respectively. The composite film V; : Ay has rms roughness of 0.937 nm
which exhibits a slightly rougher surface than the stand-alone films. The annealed
composite thin film provides more absorption sites for moisture content to be
adsorbed. Sensitivity of the humidity sensors depends upon the amount of water
absorbed corresponding to the increased surface area. It can be inferred that the
greater roughness with uniform distribution leads to larger surface area exposure
and more moisture adsorption as well [158]. Sensitivity (S) of the humidity sensors
can be assessed by using the equations (4.6) and (4.7) [239].The chemical bonding
structures of Alqs, VOPcPhO, and their blend thin films were investigated by
FTIR and the results are shown in Fig. 6.6. In line (a), C=C aromatic stretching
vibrations are observed in the range of 1601-1497 cm~!. The absorption bands at
1385 cm ™! to 1114 em ™ represent the resonance of aromatic amine (C-N-C) [240].
The band at 918 cm™! is due to an Al-N stretching vibration. Moreover, out-of-
plane quinoline CH wagging vibration can be seen at 744 cm™!. The weaker band
at 555 cm™! originates from the stretching vibration of A-O [241]. Line b in Fig.
6.6 represents the characteristic spectrum of VOPcPhO. The peak at 1057 cm ™!
shows the presence of a single V-O stretching motion which was already reported
by Miller and Cousins [242]. This peak has been assigned to shorter V-O bonds.

1 also shows the presence of V-O bonds but this

However, the peak at 895 cm™
band is due to the characteristic of longer V-O bonds [243]. Moreover, the band
at 746 cm™! corresponds to out-of plane C-H bending modes and this peak is a
characteristic of almost all phthalocyanines [244]. The FTIR of the blend of Alqs

and VOPcPhO is presented in Fig. 6.6(line c).

Response times, 7,.; and recovery times, 7,... for Alqs, VOPcPhO, and their com-
posites (Vi : Ay) are given in Fig. 6.7(a-c); they are 6 s, 13 s, and 4 s and 4 s, 8
s, and 3 s, respectively. The response and recovery time of the composite is better
than others. The response time and recovery time of the sensors were measured

as follows: initially the sensors were placed in a sealed chamber with 20% RH and
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FIGURE 6.6: FTIR spectra of (a) Alqs, (b) VOPcPhO, and (c¢) composite thin
film of Alqs and VOPcPhO.

then they were exposed to an environment with 70% RH level, thereby enabling
them to adsorb water vapor and hence increasing their capacitance. The recovery
time of a sensor was achieved by first exposing it to a humidity level of 70% RH
and then immediately back to 20% RH. Figures 6.7 (d-f) shows the hysteresis of
Alqz, VOPcPhO, and their composites at the ratio V; : Ay at 100 Hz frequency.

The up and down arrows show the increase and decrease in % RH, respectively.

A summary of the devices is described in Table: 6.1.

TABLE 6.1: Summary of the properties of thin film sensors.

Thin Film  Annealing Temp S¢ Skr Tres Tree Surface Roughness
°C pF %1 MQ% ! s s nm

VOPcPhO 25 1.06 9.68 13 8 0.83

Algs 125 0.3125 12.81 6 4 0.57

Vi:Ag 75 0.325 14.5 4 3 0.937
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The impedance- and capacitance-RH responses of fabricated sensors discussed in
Chapter 4, 5 and 6 are not linear in nature therefore, while fabricating a sensor
using the proposed technologies, due care should be taken in order to keep the
responses of the sensors linear. Piecewise linear approximation can be applied
during calibration process such that each region is approximated as a linear region

with its own calibration factor.

In relative terms, sensors discussed in Chapter 4 and 5 are fabricated using same
methodology and by using metal-Pc based organic semiconductors. In the first
case, metal was substituted with Cu, whereas in the second case, it is substituted
with Ni. Observing the performance of Ni/Cu-Pc based sensors, one can conclude
that NiPc organic semiconductor based sensors are relatively better compared to
CuPc if fabricated at high gravity. But, in general, both are equally good to be
used in organic semiconductor industry specially, in sensor fabrication. On the
other hand, the material and sensor technology discussed in this chapter both are
different from Chapter 4 and 5. Since, the technology employed in the fabrication
of VOPcPhO-Alqs based humidity sensor is a high-tech technology therefore, the
devices achieved are of better quality and also offer relatively better performance

compared to those discussed in Chapter 4 and 5.

6.4 Summary

This study exhibits a solution-processed organic semiconductor humidity sensor
based on vanadyl 2,9,16, 23-tetraphenoxy-29H, 31H-phthalocyanine (VOPcPhO),
tris-(8-hydroxy-quinoline)aluminum (Alqs), and their composites. Compositional
engineering of the VOPcPhO : Alqs complex was performed to develop a sensitive
humidity sensor with a linear response. Thin films of VOPcPhO, Alqs, and com-
posites were spin-coated over pre-deposited aluminum (Al) electrodes, whereas the
other electrodes were deposited through a thermal evaporation technique. Both
capacitive and resistive responses were measured as a function of different relative

humidity levels. Morphological and structural properties of the organic thin films



VOPcPhO-Algs Based Humidity Sensors 82

were characterized by atomic force microscopy (AFM), field emission scanning elec-
tron microscopy (FESEM), and Fourier transform infrared spectroscopy (FTIR).
Compared to the VOPcPhO and Alqs stand-alone sensors, the VOPcPhO : Alqs
composite-based sensor demonstrated superior performance with significantly im-
proved sensing parameters, highlighting unique advantages of the low-molecular

composite-based thin film organic humidity sensors.



Chapter 7

NiPc-CoPc Based Optical Sensors

7.1 Introduction

Phthalocyanines (PCs) are a class of organic semiconductors, which have re-
ceived substantial consideration due to their potential applications in a vari-
ety of fields. Their distinctive characteristics include semi-conductivity, photo-
conductivity, chemical stability and optical absorption in the visible regime [245].
Thin films of PCs can be deposited either by vacuum evaporation, drop-casting or
spin-coating [246]. Among the PCs, nickel phthalocyanine (NiPc) is considered as
a promising phthalocyanine for optoelectronic devices and gas sensing applications
204, 205, 247]. NiPc has a charge carrier mobility of 0.1 cm?(Vs)~!, which is 1000
times higher than copper phthalocyanine (CuPc) [213]. The energy band gap of
the NiPc is equal to 3.2 eV and 2.24 eV for direct and indirect allowed transitions,
respectively [214]. Maximum optical absorption bands (in the visible region) of
the NiPc films have been observed at 300 nm and 650 nm. Schottky diodes of the
NiPc have been investigated by Ahmad et. al. [236] and Shah et al. [215].

Composite prepared with proper selection of the HOMO-LUMO of the two dyes
could enable better exciton dissociation and improve the photon to current con-
version. Most of the research work performed on the dyes composite films is either

mixed with nano materials or polymer in the matrix of individual component of the
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dye. Bulk heterojunction structures of CuPc and HyPc under varying illumination
conditions have been studied by Farooq et. al. [248]. A comparative analysis of
1-V characteristics in dark and under illumination showed that the devices were
sensitive towards visible light. Semiconductor device’s properties depend on fab-
rication technology. The properties of the electronic devices based on dyes grown
by organic molecular beam deposition (OMBD) technique have been investigated
by C.N. Colesniuc [176]. He reported that the conductivity of the grown films
increases exponentially with temperature, whereas it decreases exponentially with
increasing the thickness of the films. Organic field effect transistors have also been
fabricated using dyes with standard vacuum evaporated method [177]. However,
no work has been reported in the case of bulk heterojunction of the two or more
dyes deposited under different conditions. It is expected that different deposition
conditions will change the sensitivity of the dyes based bulk heterojunction optical

Sensors.

Previously, the effect of varying light intensity on the electrical parameters of
NiPc and CoPc has been investigated experimentally [190, 249-251], as well as
theoretically [252]. NiPc and CoPc have different work functions, 4.0 eV and 4.4
eV, respectively. The combination of the integrated capacitive and impedance
based optical study on NiPc and CoPc has been demonstrated in this work. This
integrated platform is expected to enhance the conductivity possesses the desired
features of an optical sensor, i.e., better linearity, better capacitive sensitivity and

fewer impedance, which can be further optimized by film deposition techniques.

In this chapter, the thin NiPc and CoPc heterojunction films have been prepared
at different gravity and the effect of light on the capacitance and impedance of the

samples have been investigated.

7.2 Experimental

Commercially available NiPc (C3oH16NgNi) and CoPc (C32H16NgCo) was pur-
chased from Sigma-Aldrich and used without further purification. Figure 7.1(a)
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shows the schematic diagrams of the both deposition processes. Whereas, Fig.
7.1(b) shows the ceramic alumina substrate with surface type silver electrodes. It
is interdigitated silver electrodes coated on ceramic alumina sheet (of size 14mm:
7mm with an interelectrode distance of 0.21 mm) fabricated by screen printing
and chemical etching technology [202]. Figures 7.1(c) and (d) shows the molecular
structure of organic semiconductors NiPc and CoPc. Both have the same struc-
ture, only the central metal Ni is replaced by the Co. The thin films of NiPc and
CoPc composite were deposited from their 5wt. % solution in chloroform by drop-
casting and centrifuge HETTICH EBA-20 S. As per our previous optimization,
it was decided to fabricate the sensors at 5000rpm. Film thickness decreases by
increasing the rpm and vice versa. During the centrifugal process, acceleration, a

was calculated by by the expression (7.1).
a = rw? (7.1)

where r is the radius and w is the angular velocity of the centrifugal machine.
For every experiment, there were two symmetrically glass tubes installed and they
were filled by an equal volume of solutions (0.5 ml). The solution was allowed to
evaporate at room temperature and atmospheric pressure, which is ruled at the
centrifugal process. The centrifugation thin film deposition time was ~40 min
without heating. The average thickness of the NiPc and CoPc heterojunction thin

films were equal to ~60-70 nm.

Figure 7.2 shows the atomic force microscope (AFM) images and roughness of
the NiPc and CoPc composite films deposited by drop casting and centrifugal
force. It is observed that the films deposited under centrifugal force have more
developed surface structure so these will be more sensitive as compared to drop
casted samples. The electrical parameters such as, impedance and capacitance of
the samples have been measured as a function of intensity of light by LCR meter
Mo-Tech 4090 that was used at frequency and voltage levels of 1 kHz and 1V,

respectively. As a light source, the filament lamp of 100 W was used.



NiPc-CoPc Based Optical Sensors 86

[ ——
Substrates with Ag electrodes

‘l' £ ¥
y o Alumina
g @gw

14 mm

Drop casting (1g) Centrifugation (70g)

(a) (b)

/
FIGURE 7.1: (a) Schematic diagram of the drop casting and centrifugal de-

position, (b) Ceramic alumina substrate with surface type silver electrodes.
Molecular structure of organic semiconductor (c) NiPc and (d) CoPc.

7.3 Results and Discussion

From the point of optical properties, the absorption level of NiPc and CoPc is
approximately the same as shown in Fig. 7.3(a) [252, 253]. HOMO and LUMO
energy diagrams of the NiPc and CoPc bulk heterojunction is shown in Fig. 7.3(b).
In the design of Fig. 7.3(b), it was taken into consideration that the HOMO-LUMO
gaps are equal to 1.47 eV and 1.87 eV for NiPc and CoPc, respectively [254]. Their
respective work functions are 4.0 eV and 4.4 eV, while the work function of the

silver electrodes is equal to 4.3 eV. These samples contain bulk heterojunctions in
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FIGURE 7.2: Atomic force microscope (AFM) images 2D, 3D and roughness of
the NiPc and CoPc composite films deposited by drop casting (a), (b) and (c)
and centrifugal force (d), (e) and (f), respectively.
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micro level. As the work function of NiPc is lower than that of CoPc, therefore the
transfer of charges takes place from NiPc to CoPc. It means molecule of NiPc plays
the role of donor, whereas the molecule of CoPc act as an electron acceptor. The
transfer of charges brings to formation like to dipoles in the bulk of the sample,
which is chaotically oriented in the space between the Ag electrodes, resulting
zero electric field because there is no contribution of electrode potential (as both
electrodes have the same material). These samples are showing good response as

impedance and capacitance elements.

Figure 7.4(a) shows impedance-illumination relationships for the NiPc and CoPc
heterojunction samples fabricated by drop casting and under centrifugal force. It
has been seen that impedance decreases in both cases with the increase in the
intensity of light up to 23 mWem ~2. It was calculated that impedance decreases
1.4 and 2.1 times for the samples fabricated by drop casting and under centrifugal
force, respectively. Figure 7.4(b) shows capacitance-intensity of light relationships
for the NiPc and CoPc heterojunction samples. It is found that the capacitance
increases with the increase in intensity of light as 1.3 and 2.1 times, respectively, for
the samples made by drop casting and under centrifugal force. The relationships
shown in Fig. 7.4 have the following peculiarities: the samples fabricated under
centrifugal force show more changes of the impedance and capacitance under effect
of light. The thickness of the samples was almost same. It can be considered that
the samples grown in different deposition conditions have different structures as
shown in Fig. 7.2(a-d). The samples deposited by centrifugal force have more

roughness as a result of which the sensitivity is increased.

By comparing the impedances and capacitances (given in Fig. 7.5) of the samples
fabricated by drop casting and under centrifugal force, it can be assumed that
the centrifugal processing could bring to proper rearrangement of the NiPc and
CoPc molecules, which results to make the transfer of the charges from donor to

acceptor easier.

From electronic point of view, decrement in the impedance (Z) with an incre-

ment in the light intensity can be described by resistance (R) decrease and the
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capacitance (C') increase and can be represented by Eq. (7.2) [186, 255].

R

Z:— .2
1+ jwRC (72)

where w is the circular frequency.

The decrease of the impedance and increase of the capacitance is due to the in-
creased concentration of charge carriers and change in permittivity, which can be
explained by the effect of light [181, 256]. The capacitance also relies upon ma-
terial’s polarizabilities such as electronic (), dipolar (ag,) and ionic (o) [257].
Another form of polarizability, that is known, is due to transfer () of charge
carriers (electrons and holes), which depends on concentration of charge carriers
258, 259]. It should be differentiated that a. is due to the relative displacement
of orbital electrons, whereas the a4, is due to charges participating in conduction
process. The Clausius-Mosotti relation [257], if we take into consideration only

polarizability due to transfer of charge carriers, can be represented as in Eq. (7.3).

e—1 _NOdtT
e+2  3e

(7.3)

where ¢ is the relative permittivity, N is the total concentration of charge carriers,

and &g is the permittivity of free space.

The impedance-light intensity relationship for the NiPc and CoPc heterojunction
can be described by the Eq. (7.4).

y=e" (7.4)

Assuming that © = ab, where b is the light intensity and a is the fitting parameter
that is calculated as 0.0319 for sample deposited by drop casting and 0.0149 for

the sample deposited under centrifugal force.

Figure 7.5(a) shows that simulated relationships have quasi-exponential behavior.
The normalized capacitance-intensity of light relationships for the NiPc and CoPc

heterojunction sample can be simulated by the equation, (assuming that x = ab,
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where b is light intensity and a is fitting parameter). For the sample deposited
by drop casting and under centrifugal force, it was calculated that a=0.041 and
0.646, respectively. The effect of light on the capacitance and impedance of the
NiPc and CoPc heterojunction samples can be predicted through the impedance
(Sz) and capacitance (S¢) sensitivities and can be presented by Egs. (7.5) and
(7.6) [186].

AZ
AC

where AZ, AC and AG are change in impedance, capacitance and light intensity
(in mW c¢cm™2). The S, were -1.83 MQcm? m™' W~ and -5.365 MQcem? m~ W1
for the samples fabricated by drop casting and under centrifugal force, respectively.
Similarly, S¢ were equal to 0.083 pF cm?(mW) ™! and 0.185 pF cm?(mW)~! for the
samples fabricated by drop casting and under centrifugal force. The effect of light
intensity on capacitance and impedance of NiPc-CoPc samples can be possibly

utilized for production of the light sensors.

7.4 Summary

In this chapter, solution processed composite films of nickel phthalocyanine (NiPc)
and cobalt phthalocyanine (CoPc) have been deposited by drop casting and un-
der centrifugal force. The films were deposited on surface-type interdigitated sil-
ver electrodes on ceramic alumina substrates. The effect of illumination on the
impedance and capacitance of the NiPc-CoPc composite samples have been in-
vestigated. The samples deposited under centrifugal force showed better conduc-
tivity with respect to samples deposited by drop casting technique. In terms of

impedance and capacitance sensitivities, the samples fabricated under centrifugal
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force are more sensitive than the drop casting samples. Impedance sensitivity (Sz)
was equal to -1.83 M cm? (mW)~! and -5.365 MQ cm? (mW)~! for the samples
fabricated using drop casting and under centrifugal force, respectively. Similarly,
the capacitance sensitivity (Sc¢) was equal to 0.083 pF cm? (mW)~! and 0.185
pF cm? (mW)~!. The films deposited using different procedures could potentially
be a viable for different operational modes (i.e., conductive or capacitive) of the

optical sensors. Both experimental and simulated results have been discussed.



Chapter 8

ZnPc-PC71BM Based Organic
Photo Diodes

8.1 Introduction

Solution processable organic semiconductors permit envisioning the development
of ambient conditions sensitive devices by facile, eco-benign and low thermal bud-
get fabrication techniques [234, 260-262]. m-conjugated organic semiconductors
are particularly attractive for humidity, temperature and light sensing utility by
virtue of their unique features such as low-cost, significantly strong absorption

coefficients and tune-able spectral sensitivity [263, 264].

Current research on organic devices generally focuses on bulk hetero junction
(BHJ) theme in which 7-conjugated p-type donor (hole conducting) and n-type
acceptor (electron conducting) organic semiconductors are intimately blended. In
the resulting photo active film, m-conjugated D material serves as the primary in-
cident light absorber and creates photogenerated columbically bound electron-hole
pair (excitons). Therefore, the choice of D material with wide optical absorption
profile is a basic requirement toward the design of ideal photoactive donor and
acceptor dyad. Furthermore, the favorable energy offset at donor and acceptor

heterointerface is also essential to yield efficient exciton separation leading to high
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photocurrent. The key sensing parameters of the BHJ in electronic devices such as
bandwidth and sensitivity are, therefore, primarily determined by the choice of the
donor and acceptor moieties. Dyes such as, metal phthalocyanines (MPc) are ver-
satile p-type organic semiconductors, which possess unique electronic absorption

characteristics, high thermal stability and environmental stability [161-163].

Structurally, MPc are related to azaporphyrins and consist of four benzoindole
nuclei connected by nitrogen bridges in a 16-membered ring of alternating carbon
and nitrogen atoms around a central metal atom (i.e. C3yHi6NgM), which form
a stable chelates with metal cations [265]. The extensive delocalized m-electron
distribution in the chemical structure of phthalocyanine molecules is the key to
their good photosensitivity [266]. However, in general, the MPc are insoluble
and sometimes soluble to limited extent in most common organic solvents due
to their strong intermolecular 7-interactions and the lack of flexible chains [267].
Therefore, in most of the studies (particularly those related to photovoltaic appli-
cations), MPc are deposited by energy intensive physical vapour deposition (PVD)
technique [268-270].

Among the metal phthalocyanine, zinc phthalocyanine (ZnPc) is sufficiently sol-
uble in toluene [271, 272]. It may also act as an efficient light harvesting photo-
sensitizer by virtue of its superior photo-induced charge transfer property, when
intermixed with a suitable acceptor material (possessing complementary absorp-

tion spectra and excellent electron transport characteristics) [271].

Conjugated fullerene (Cgy or Crg) derivatives with high electron affinity are gen-
erally utilized as acceptor materials in optoelectronic devices. The visible light
absorption by Cg derivatives however, remain low due to the symmetry forbidden
(h, — t1,) transition [273, 274]. Contrariwise, Cy7y derivative (such as PC71BM)
exhibit lower degree of symmetry and, therefore, low energy transition are permis-
sible in them [275]. Resultantly, PC7;BM exhibits extended absorption spectrum
in contrast to PCg;BM [261].

In this work, PC7;BM has been opted as an acceptor material (to be mixed with

ZnPc donor) by virtue of its broad absorption profile, high electron mobility and its
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energetically deep lying lowest unoccupied molecular orbital (LUMO) as compared
to that of ZnPc donor. The significant energy difference between LUMO of ZnPc
and PC;1BM is expected to facilitate efficient charge transfer instead of energy

transfer from photoexcited donor molecule to PC;;BM.

We find it interesting to utilize ZnPc:PC;1BM as photoactive dyad in OPD’s fab-
rication, for several reasons. Foremost, ZnPc and PC;;BM may be conveniently
dissolved in a common solvent (toluene), which renders them amenable to facile
and economical solution processable fabrication techniques. Secondly, by virtue of
synergetic or complementary absorption profile of ZnPc and PC;1BM thin films,
the donor and acceptor photoactive blend is expected to exhibit improved light
harvesting in full visible spectrum. Furthermore, the energy level cascade at the
donor and acceptor interface is also believed to be sufficient to yield efficient charge

carriers generation in the ZnPc:PC7;BM photoactive dyad.

This chapter describes the investigation of organic semiconductors photo sensitive
devices. In past few decades, number of research groups have developed organic
semiconductor based opto-electronic devices, i.e. photo detectors including pho-
todiodes, phototransistors and optical sensors. Useful reviews of organic photode-
tectors are presented in [1, 2], helping to motive and divert the interest towards
optical devices. In this context, organic photo diodes (OPDs) are the focus of
research strives by virtue of their promising application in the domains of image

sensors, automation, remote sensing and optical communication [276, 277].

8.2 Experimental

Zinc phthalocyanine (ZnPc) was purchased from Sigma Aldrich with 97% purity.
[6,6] -phenyl-Cr-butyric-acid methyl ester (PC71BM) was procured from Lumi-
nescence Technology Corp. (Taiwan, China). Poly(3,4-ethylenedioxythiophene):
poly(styrene sulfonate) (PEDOT:PSS) aqueous solution (PH ~1000, conductivity
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FIGURE 8.1: The molecular structures of the investigated materials (a)
Zinc phthalocyanine (ZnPc) and (b) [6,6]-phenyl-C7i-butyric-acid methyl es-
ter (PC7;BM).

900-1000 Sem™!) was purchased from H.C. Starck Clevios GmbH (Goslar, Ger-
many). These commercially available materials were used without any further

purification. Molecular structures of ZnPc and PC7;BM are presented in Fig. 8.1.

For photodiode fabrication, transparent Indium tin oxide (ITO) substrates were
thoroughly cleaned with detergent and later ultrasonicated in de-ionized (DI) wa-
ter, acetone, isopropyl alcohol and DI water sequentially. The ITO substrates
(25%x25 mm?, sheet resistance ~20 Qsq™') were later oven dried at 100° C for 1
hour. Aqueous PEDOT:PSS solution was initially filtered (via 0.45 pum nylon fil-
ters) and later spun-cast onto the ITO substrates to produce PEDOT:PSS anodic
buffer layer (~45 nm). The buffer layer was subsequently dried at 110°C for 30
minutes on a hot plate. PEDOT:PSS buffer layer is usually adopted as a hole
extraction and electron blocking layer in photodiodes. 15 mg ml™! concentrated
solutions for both ZnPc and PC;1BM were prepared in toluene separately and
stirred overnight at room temperature using a magnetic stirrer. The solutions
were later filtered by commercially available 0.20 pum filter to avoid any solid con-
tents. The organic donor and acceptor dyad was then prepared by mixing ZnPc
and PC7BM solutions in five different stoichiometries by volume (1:0.6, 1:0.8, 1:1,
1:1.2, 1:1.4). The organic donor and acceptor binary dyad with optimum stoichio-
metric ratio was subsequently spun-cast on the ITO/PEDOT:PSS substrates at

a speed of 2000 rpm to achieve ~140 nm thickness of photoactive thin film. The
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ZnPc:PC7;BM photoactive thin film was subjected to thermal annealing at 110
C for 30 min. A lithium fluoride (LiF, 5 A) and aluminium layer (100 nm) was
deposited on the donor and acceptor dyad films by thermal evaporation (2 x1075C

2. LiF is usually

mbar) through a shadow mask with circular openings of 2 mm
deposited before the top metal cathode (Al) to hinder metal diffusion inside the
photoactive matrix. It also functions as a hole blocking layer. Post-fabrication
thermal annealing was also performed by placing the fabricated photodiode on a
hot plate at 110°C for 30 minutes. In general, post fabrication annealing facilitates
the reorientation and enhanced ordering of the organic semiconductors, which is

considered beneficial for efficient charge transport [43]. All the fabrication process

was conducted in open air inside the clean room.

The photodiode configuration and corresponding energy level diagram is shown
in Fig. 8.2 (a) and (b), respectively. As is well known that while selecting the
photoactive donor acceptor pair, the LUMO energy levels of acceptor should be
positioned below that of donor, so as to enable effective unrestricted and directed
charge separation at the donor and acceptor interface. In fact, the energy offset
of the LUMO energy levels of the donor and acceptor materials should be large
enough to dissociate the photoexcitons (typical binding energy 200-500 meV) [278].
ZnPc has a bandgap of ~1.39 eV which is smaller than that of PC71BM (2 eV). The
HOMO energy level of ZnPc is located at ~5.17 eV, about 0.83 eV higher than that
of PC71BM. This aforementioned values indicates that after exciton dissociation
at donor and acceptor interface, electron transfer from ZnPc to PC7;;BM and hole
transport in reverse direction is energetically possible. The energy-level diagram
of the OPD therefore shows a good choice of organic ZnPc (D) and PC;BM
(A) materials, exhibiting sufficient offset for the efficient charge separation [279].
Further the Fermi energy levels of metallic electrodes also match well with the

respective HOMO and LUMO energy levels of the donor and acceptor materials.

In the present study, UV-vis absorption spectra was studied by using a UV-vis-
NIR spectrophotometer (Shimadzu UV-3101PC). The photoluminescence (PL)
characteristics were measured by RENISHAW inVia Raman microscope (laser

wavelength ~325 nm). All spectroscopic properties were measured as thin films
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FIGURE 8.2: a) Schematic diagram of the

ITO/PEDOT:PSS/ZnPc:PC71BM/LiF /Al  photodiode (b) energy band
diagram of the photodiode relative to the vacuum level.

of photoactive materials. Thermal annealing of the photodiode was performed by
directly placing the devices on a digitally controlled hot plate. The photodiode
current density-voltage (J-V) measurements were estimated in dark and under
simulated solar light using computer interfaced Keithley 236 source measure unit
(SMU) in combination with Oriel 67005 solar simulator. Laboratory assembled
solar simulator using Xe and Hg(Xe) bulb, sourced by NEWPORT 69907 Oriel
Digital Arc Lamp Power Supply, was used to simulate concentrating light with

varied illumination levels.

8.3 Results and Discussion

Figure 8.3 shows steady state absorption spectra of pristine thin films of ZnPc and
PC7:BM in visible light range. It is evident from the results that the absorption
spectrum of pristine ZnPc thin film exhibits two main bands, usually denoted as
Q and B bands [280]. The strong QQ band, which exists in the 600-760 nm visi-
ble region of spectrum is split into a doublet at 687 and 626 nm. However, the
Soret (B) band of ZnPc absorption spectrum covers near UV radiation range of
300-420 nm. The Q band generally arise from 7 — 7* transition (a, to e,) [281]

whereas, the B band arise from 7 — 7* transition (by, to e,) in the phthalocyanine
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FIGURE 8.3: Steady state absorption spectra of binary (donner and acceptor)
blends in five different volumetric ratios. (Inset) absorption spectra of pristine
thin films of ZnPc and PC71BM.

macrocycle [280]. The favorable spectroscopic feature (broad visible light absorp-
tion) is typical in metal phthalocyanine group and it arises due to the aromatic
and highly conjugated 18— electrons system. It may, however, be observed that
the UV-vis spectrum of ZnPc thin film exhibits an absorption lack in 420-600 nm
[282]. PC7;BM thin film exhibits strong absorption ability at shorter wavelengths
(350-600 nm). In the present study, PC7;BM has been blended with ZnPc in order
to realize broader (350-800 nm) and consistent absorption spectrum of the pho-
toactive film. Figure 8.3 depicts the normalized spectroscopic response of ZnPc
and PC;1BM interpenetrating binary blends in five different stoichiometries by
volume (1:0.6, 1:0.8, 1:1, 1:1.2 and 1:1.4). It is evident from the figure that the
absorption spectra of donor and acceptor blend is identical to the superposition of
absorption spectra of individual D and A components. It can be further inferred
from Fig. 8.3 that by increasing the loading ratio of PC;1BM in ZnPc:PC;1BM

dyad, increased absorption is observed in 420-600 nm region.
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As is known that upon photoexcitation the excitons, generated in interpenetrating
bicontinuous (donor and acceptor) photoactive matrix, diffuse to the donor accep-
tor interface and undergo dissociation process. The photoexcitons may either
undergo charge transfer (whereupon charges diffuse to their respective electrodes,
producing photocurrent) or energy transfer followed by radiative recombination
[283]. The photoluminescence (PL) quenching in solid state photoluminescence
spectra is generally considered as a crucial indicative of the efficient non-radiative
channel for charge transfer between the donor and acceptor phases. Therefore,
in this chapter, solid state photoluminescence spectra of the organic composite
have been conducted to investigate the optimum loading ratio of ZnPc:PC;BM
(by volume) expected for efficient charge transfer. Figure 8.4 presents PL mea-
surements of the pristine ZnPc and PC7;BM thin films, independently. Whereas,
Fig. 8.4 shows that the PL spectra of ZnPc:PC7;BM bi-continuous organic blend
in five different volumetric ratios (1:0.6, 1:0.8, 1:1, 1:1.2, 1:1.4), measured at room
temperature in the wavelength range of 400-1000 nm. A prominent photolumines-
cence quenching (by a factor of ~20) in the solid state is observed for optimal 1:0.8
volumetric ratio of donor and acceptor blend relative to PL emission of pristine
ZnPc thin film. The significant PL quenching suggests that the phase separation
in 1:0.8 stoichiometric composition of donor and acceptor blend (electronically

active materials ZnPc and PC71BM) occurs closer to the exciton diffusion length.

The reverse biased current density-voltage (J-V') characteristics at varied incident
light intensities are typically investigated to study the photo-response of the pho-
todetector. The order-of-magnitude change in photoconductivity provides with
the basis for precise light detection. The change in photoconductivity depends
upon multiple factors such as, the extent of light absorption by photoactive film,
dissociation of photo-induced excitons into charge carriers and the effective trans-
port of mobile charge carriers to the electrodes. The proposed ZnPc:PC;1BM
dyad exhibits significantly high optical absorption in nearly whole visible spec-
trum. Furthermore, the desirable donor and acceptor interfacial potential barrier
may induce effective excitons disintegration into the mobile charge carriers (holes

in ZnPc phase and electrons in PC;1BM phase). It is also well-known that the
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FIGURE 8.4: Solid state photoluminescence spectra of ZnPc and PC;1BM
blends in various volumetric ratios. (Inset) PL spectra of pristine thin films
of ZnPc and PC7;BM.

free charge carriers are drifted to the corresponding electrodes through well con-
nected networks of D and A moieties in the binary blend, thereby contributing to
photocurrent. By virtue of the higher hole carrier mobility of ZnPc and superior

electron transport ability of PC71BM, high photocurrent may be realized.

Figure 8.5 depicts the photocurrent density of the fabricated photodiode at various
illumination intensities between 0 and 150 mWem?. It can be observed that the
photoconductivity of the donor and acceptor blend exhibits a noticeable upsurge
induced by the increase in illumination intensity. At higher intensity of light,
more excitons are assumed to be generated and eventually disintegrated (sourced
by internal donor and acceptor energy offset) in the photoactive film. Hence,
a pronounced photocurrent has been observed in the OPD with an increase in
incident photon density. Moreover, it can also be observed that under influence
of higher order of reverse bias, higher magnitude of photocurrent is observed.

This phenomenon may be attributed to the efficient transport of mobile charge
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FIGURE 8.5: The J-V characteristics of the fabricated photodiode measured at

various illumination intensities (0 and 150 mWem?). The J-V characteristics

of the fabricated photodiode under forward and reverse bias in light and dark
conditions.

carriers towards respective electrodes under the influence of higher external electric
field (sourced by external applied bias). The responsivity of the sensor has been
measured as 162.4 uAW~!. The light to dark current density ratio (J,,/Jq) of the
fabricated OPD at 3V operational bias has been calculated to be ~20.12.

The transient photocurrent density response of the fabricated OPD has charac-
terized at -4V operational bias under step-like switch ON and OFF illumination
(100 mWem™2), chopping interval of 20s). Four-cycle plot depicted in Fig. 8.6
reveals that the fabricated OPD exhibits considerably fast change of states and
significantly stable plateau value. However from Fig. 8.6 it may be observed that
when light is switched on, an initial spike and overshoot photocurrent is observed.
H. K. Dunn et al. [284] have previously suggested that such response is typical
during photocurrent transient measurement and it may be due to imbalance in
electron-hole kinetics and surface electron-hole recombination. Furthermore, L.

Hu et al. [163] have also reasoned that the charge accumulation and trapping at
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FIGURE 8.6: Photocurrent transient measurement of the fabricated OPD under
pulsed light signal (intensity ~100 mWem™~2) at -4V operational bias.

semiconductor and blocking layers interface may also be assumed to be the origin
of this phenomenon. The measured response and recovery time for the fabricated
OPD are ~200 and 300 ms, respectively. Similar robust response and reset times
have been measured for all the OPD devices (9 devices measured). The stability
of the OPD under ambient conditions has been studied and no significant change

in the photo-response performance has been observed over a period of 1 week.

From Table 8.1.; it can be clearly understood that ZnPc-PC;1BM based OPD
has demonstrated relatively high current density at the same voltage compared
with the reported references. Significantly high responsivity and superior light to
dark current ratio may be assumed to be co-determined by the broad-band visi-
ble light absorption and desirable energy levels alignment of ZnPc and PC;;BM.
The observed responsivity of fabricated sensor is higher than the PSHT:C60 pho-
todiode, which exhibited responsivity ~2.52 mAW~! [285]. In fact, the OPD
performance of fabricated organic device is superior than organic-inorganic OPD

(n-SI/PANI:Boric acid:Nickel phthalocyanine) as well, which yielded significantly
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TABLE 8.1: Comparison of photo-sensing parameters of the fabricated OPD
with previously reported inorganic, organic inorganic hybrid and organic based

devices.
OPDs Bandwidth Responsivity 7Tyes and 7yece Reference
(nm) (AW~

Pt/Al;03/Zn0O - 0.644 >100 ms [287]
CH3NH3Pbl3/TiO4 350 — 800  0.49 ~20 ms [288]
MEHPPV:VOPcPhO 350 — 800 58 ~4s both [289]
VOPcPhO:PCDTBT 350 — 800 23.5 ~800 ms both [290]
ZnPc:PC71BM 350 — 800 162.4 ~200 and 300 ms Present Study

lower ~0.8 mA photocurrent under 105 mWem ™2 [286].

8.4 Summary

This chapter demonstrates a solution-processed visible wavelength organic pho-
todiode (OPD) using donor/acceptor dyad of zinc phthalocyanine (ZnPc) and
6,6]-phenyl-C7;-butyric-acid methyl ester (PC 7;BM), respectively. The syner-
gic absorption profiles of both ZnPc and PC7;BM moieties have been exploited
to realize broader (350 and 800 nm) and consistent absorption spectrum of the
photoactive film. The optimum loading ratio (by volume) of D and A dyad has
been estimated to be 1:0.8, via quenching phenomenon in ZnPc photoluminescence
spectrum. The performance of the OPD has been evaluated by detecting the pho-
tocurrent density with respect to varied illumination levels (0 to 150 mWem™2)
of impinging light at different reverse bias conditions. Under identical reverse
bias mode, the photocurrent density has shown significant upsurge as the incident
intensity of light is increased, ultimately leading to the significantly higher respon-
sivity (162.4 pAW™!) of the fabricated diode. The light to dark current density
ratio (Jpn/J4) of the device at 3V reverse bias has been calculated to be ~ 20.12.
The transient photocurrent density response of the fabricated OPD has also been
characterized at -4V operational bias under switch ON/OFF illumination. The
measured response and recovery time for the fabricated OPD are ~200 and 300

ms, respectively.



Chapter 9

Orange Dye Based
Multifunctional OFETSs

9.1 Introduction

In the recent past, organic field effect transistors (OFETS) have gained much at-
tention due to their lighter weight and lower cost [291]. Orange dye (OD) is a
potential organic semiconductor material, which can be employed as a channel
material in OFETs fabrication. Devices thus achieved can be used as sensing de-
vices, as the majority of dyes play an important role in sensor fabrication. At
low radiation intensities, ODs usually offer high optical sensitivity along with a
high absorption co-efficient for a relatively wider spectrum range. OD is one of
the most encouraging organic semiconductor dyes and, in recent times, it has
received greater attention than ever before in the organic electronic industry be-
cause of its wide-ranging applications in humidity, photovoltaic and gas sensing
[205-207, 209, 210, 212-214]. Tt is pertinent to mention here that organic transis-
tors reported for sensing applications have a FET structure [6, 41, 181, 292, 293].
Electrical characteristics of dye-based FETSs, i.e., CuPc-NiPc and CuPc-GaAs het-
erojunctions, are explored and discussed in [6, 291|. Furthermore, organic semi-

conductor FETSs are sensitive not only to light and humidity but also to ambient
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temperature. Temperature-dependent electrical properties of CuPc and metal-free
phthalocyanine bulk heterojunctions were investigated and reported in [248]. In
2015, Chani et al. fabricated carbon nanotubes (CNT) sensors and evaluated their
temperature-dependent characteristics [294]. In 2016, Fatima et al. demonstrated

the potential use of NiPc FETSs as heat sensitive devices [295].

It is an established fact that processing technology affects the structure and prop-
erties of materials, particularly in the case of organic semiconductors [158, 295]. A
number of organometallic vanadium complexes such as VO,(3-fl), VO(PBO), and
VO(DBM) were synthesized, and their thin films, along with those of commercially
produced Vanadyl(acac), were deposited from solutions in organic solvent at differ-
ent gravity conditions, 183¢g, 733¢ and 1650g, by centrifugation [216]. Sandwich-
type samples having layered structures, Al/VOy(3-fl)/Ga, Cu/VOq(3-fl)/Ga, Al/-
Vanadyl(acac)/Ga, Cu/Vanadyl (acac)/Ga, Al/VO(PBO)s/Ga, Cu/VO(PBO),/
Ga, Al/VO(DBM)/Ga, Cu/VO(DBM)/Ga, Al/Vanadyl(acac) /TiOs/Ga and Cu/
VO, (3-fl) /TiOy/Ga were fabricated. The I — V' characteristics of the fabricated
devices were then evaluated and it was reported that all the samples exhibited
non-linear rectification behavior. Switching characteristics associated with low
conductance state to high conductance states were reported for the devices fabri-
cated using VOq(3-fl) and Vanadyl(acac) films. Furthermore, when Cu electrodes
were used, the same devices exhibited memory cell-like characteristics of the type
write-once-read-many-times. Farag and Yahia [165] reported the fabrication of
humidity sensors using the drop-casting method. It has been reported in the lit-
erature that OD-PANI composite films can be deposited from the blend of OD
and PANI in distilled water. The sensors then achieved were characterized for
their capacitance and impedance versus relative humidity (RH) sensitivities. It
has been reported that the impedance of the sensor decreases exponentially, but

capacitance increases, with increase in RH due to the humidification process in

the film [165].

Properties of OFETs are particularly sensitive to the heating process: the concen-
tration of the charges and their mobility change by changing ambient temperature.

These properties are generally engaged in fabricating temperature sensors using
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FIGURE 9.1: Molecular structure of organic semiconductor orange dye.

carbon-based semiconductor materials. It is important to mention here that at
the metal-semiconductor interface, there is an interfacial layer with interface states
[296], which may perform the role of traps for free carriers, thus affecting the re-
sponse of the device. Furthermore, there is time-dependent device degradation, a
universally observed phenomenon in organic semiconductor devices, which apart
from other causes is associated with contact resistance degradation. This type of
degradation, as a result, generates an extra concern in measuring the resistance
of the device with reasonable accuracy. Therefore, impedance is measured as an
alternative of the resistance of the samples, because in this case the effects of the

traps in the metal-semiconductor contact will possibly be minimized.

In this chapter, OD and OD:sugar-based FETs were fabricated and their temper-
ature and humidity-dependent electrical properties were investigated. The orga-
nization of the rest of this chapter is such that the Experimental section describes
the experimental details regarding device fabrication and measurements and the
Results and Discussion section deals with plausible explanations of the observed

results and finally the summary drawn from this research.

9.2 Experimental

For the production of OFETS, high-purity commercially available 3-[ethyl[4-[(4-
nitrophenyl)azo|phenyljamino|propanenitrile, usually known as orange-dye 25 (OD)
(C17H17N503), from Sigma Aldrich (CAS RN: 31482-56-1) was used without any
further purification. The molecular weight and the density of OD are 323 ¢g and

0.9 gem 3, respectively. The molecular structure of OD is shown in Fig. 9.1.
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FIGURE 9.2: Cross-sectional view of an organic field effect transistor (OFET).

A cross-sectional view of the fabricated OFET is shown in Fig. 9.2. Surface-type
100-nm-thick Ag electrodes (drain and source) having 2 mm length and 10 mm
width at a distance of 30 um were fabricated by screen printing and chemical etch-
ing on a glass substrate. Thin films defining the channel of OFETs were attained
from 10 wt.% of OD aqueous solution, while OD composite films were deposited
from a mixture of 10 wt.% of OD and 5 wt.% of sugar aqueous solution by us-
ing drop-casting technique. The solution in both cases was fairly aqueous and
its viscosity was such that it stayed on the substrate even under -1 g condition.
The thickness of the films was within the range of 10-15 um. To define the gate
electrode, a 25-nm-thick Al layer was then evaporated using thermal vacuum evap-
oration. As is well known, Al film usually forms a rectifying (Schottky) junction
with organic semiconductors [146]. Thus, the device so achieved is a three-terminal

OFET, as shown in Fig. 9.2.

Atomic force microscopy (AFM) of the samples was carried out using Nanosurf
AFM apparatus called Flex AFM. Figure 9.3 shows AFM images of the samples
grown at different gravity conditions. It is obvious from Fig. 9.3 micrographs that
the surface morphologies of grown films are dependent upon the solution as well as
gravity conditions. Through AFM, it was found that the average roughness of OD
devices fabricated at +1 g was 544.98 nm and at -1 g it was 565.36 nm, whereas
OD:sugar at +1 ¢ exhibited an average roughness of 216.27 nm and at -1 ¢ it

was 351.02 nm. These data show that composite films are less rough compared to
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FIGURE 9.3: AFM images of OD films deposited at (a) +1 g, (b) -1 ¢g and
OD:sugar films deposited at (c) +1 g and (d) -1 g.

porous OD samples, while in both cases, it is clear that films grown at -1 g show

relatively more roughness than films grown at +1 g.

Keeping in mind the surface roughness as depicted by the AFM data, it is obvious
that a 25-nm-thick layer of Al, defining the Schottky barrier gate, will remain

porous and will allow HyO molecules to diffuse into OD and its composite.

Solution deposition of thin films of OD or its composite at +1 g was carried out
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by fixing substrates in the horizontal position such that the solution was dropped
on the top of the substrate with pre-fabricated Ag electrodes. The solution was
then allowed to dry at room temperature under the usual conditions. On the
other hand, for -1 g deposition, OD or its composite was applied to the substrate
by a pipette such that the Ag electrodes were facing downward, i.e., towards the

ground.

At +1 g deposition, the force which affected the drop and influenced the growth
of the film was the sum of the gravitational and surface tension forces, while at
-1 g, the force which controlled the film deposition was the difference between the
gravitational and surface tension forces. As the growth conditions of the deposited
layers were different, it was expected that the properties of the grown films would

also be different.

It was noted by optical examination that the films grown at -1 g had relatively
less uniformity compared to the films grown at +1 g. Since, at -1 g, the drop
was sticking to the substrate under a resultant force caused by gravity and surface
tension, therefore, as a natural outcome of this process, this gave a relatively

thicker film at the middle of the drop.

Finished devices were characterized in a chamber fitted with humidity (TECPEL
322) and temperature (FLUKE 87) gadgets. Impedance and capacitance variations
as a function of ambient humidity and temperature were assessed using M'T 4090

LCR meters operated at frequency, f = 100 Hz.

9.3 Results and Discussion

The impedance- RH relationship of the fabricated FETSs is shown in Fig. 9.4. It is
found that, with an increment in humidity, the impedance of all the devices under
consideration exhibits a reduction. This reduction may be associated with in-
creased water molecules concentration in the samples, which can cause an increase

in the displacement current of the devices [110]. Examination of Fig. 9.4 also
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FIGURE 9.4: Impedance-relative humidity of OD and OD composite FETs
fabricated at different gravity conditions.

reveals that OD devices fabricated at -1 g and OD composite devices fabricated
at +1 g offer a relatively higher impedance at low ambient humidity. Moreover,
both the devices exhibited a relatively greater change in their impedance values by
increasing the ambient humidity. One can, therefore, conclude that the character-
istics of organic semiconductor devices are heavily dependent on their fabrication
conditions. For an optimum sensor performance, it is therefore imperative that
the sensors should be fabricated by complying with those conditions that offer the

highest sensitivity for the variables, which ought to be assessed.

Figure 9.5 shows capacitance- RH relationships of OD and OD composite samples
at different gravity conditions. It can be seen that, due to increasing humidity, all
the fabricated devices demonstrated an increasing trend in their capacitance such
that a maximum variation in capacitance is observed in OD composite FETs fabri-
cated at +1 g and -1 g. This can be explained by assuming that permittivity value
of the grown films increased with the increasing concentration of water molecules

[297]. Figure 9.5 also shows that capacitance values of composite-based devices
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FIGURE 9.5: Capacitance-relative humidity characteristics of OD and OD com-
posite FETs fabricated at different gravity conditions.

are higher than the devices fabricated using pure OD, irrespective of the gravity
conditions. Thus, one can say that the device capacitance is more sensitive to
channel material composition rather than to fabrication conditions, i.e., the value

of g.

Figure 9.6 shows a set of impedance-temperature characteristics measured using
OD and OD composite FETs fabricated at different gravity conditions. It is ob-
served that, by raising the temperature, the impedance of all the devices under
discussion shows an increase, especially for the devices fabricated at +1 ¢ using
pure OD. On the other hand, OD composite FETSs fabricated at -1 g showed least

temperature sensitivity as is evident from the figure.

Capacitance-temperature characteristics measured using OD and OD composite
FETs are shown in Fig. 9.7. It is obvious from the figure that, by increasing
the temperature, the capacitance decreases. Further, one can also see from the

plot of Fig. 9.7 that OD composite devices fabricated at -1 g demonstrated the
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FIGURE 9.6: Impedance-temperature characteristics of OD and OD composite
FETs fabricated at different gravity conditions.

highest sensitivity in their capacitance values as a function of ambient temperature

relative to other FETSs.

The results shown in Figs. 9.6 and 9.7 present an unusual response; however, a
plausible explanation of the same can be suggested by carefully evaluating the
observed characteristics. In Figs. 9.4 and 9.5, it can be seen that an increase
in ambient humidity increases water molecule concentration inside the samples,
resulting in a decrease in impedances and an increase in capacitance values. When
these samples are subjected to an increased ambient temperature, this initiates dif-
fusion of the water molecules out of the samples, thus generating an upward trend
in the impedance-temperature relationship and a declining profile for capacitance-

temperature as observed in Figs. 9.6 and 9.7, respectively.

Table 9.1 shows a summary of sensitivities as a function of humidity and tem-
perature for the samples fabricated at different gravity conditions. The reported

sensitivities are relative and have been evaluated using final and initial values of

either capacitance (Cy - C; = AC) or impedance (Z; - Z; = AZ) divided by the



Orange Dye Based Multifunctional OFETs 116

100
—e— OD+Sugar(-g)
" —=— OD+Sugar(+g)
80 L ——OD(+g)
—— 0OD(-g)
o
£ 60 |
)
Q
§ L
g. 40
O
20 +
0 1 1

25 30 3H 40 45 50 5 60 65 70 75
Temperature (°C)

FIGURE 9.7: Capacitance-temperature characteristics of OD and OD composite
FETs fabricated at different gravity conditions.

relative change in humidity (RH; - RH; = ARH) or temperature (T - T; = AT).
In our case T; = 30°C and Ty = 70 °C whereas, RH; = 20% and RH ; = 90%. For
the given range, it was observed that each sample had the best response shown
by the boldface in Table 9.1. The performance of a sensor is largely dependent
on: (1) film thickness; (2) its uniformity and (3) surface morphology. OD and
OD:sugar films grown at -1 g offered almost the same S¢, ~ 1.37, as shown in
Table 9.1. On the other hand, their other responses were not identical, indicating

that their film thickness and other physical properties were not the same.

For all the devices listed in Table 9.1, two independent FETs were evaluated
and readings were recorded by repeating the experiment four times. Experimental
data exhibited a good repeatability of the device characteristics. Further, to assess
degradation process with respect to time, the entire experimentation was repeated
after 1 week and almost identical characteristics were observed. One can, therefore,
assume that degradation, which is usually present in such devices, is relatively

slower for OD and its OD:sugar composite.
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TaBLE 9.1: Sensitivity (S, = 2%), (Szp =2%), (Scun =%17): (Szan =

AARZH) of the samples under effect of humidity (RH) and temperature (T")

Material Gravity Sery Sz, SCru SZpn
(pF °%C~H (MQ°CY) (mF %) (MQ %)
OD +1lg -0.2869 +1.29 +0.322 -0.22
OD -lg -1.366 +0.418 +0.1576 -1.164
OD+sugar +1g¢g -0.295 +0.39 +4.79 -1.008
OD+4sugar -1g -1.38 +0.023 +1.26 -0.35

Since OD and its composite with sugar define the FET channel, the impedance (Z)
can be modeled by a resistance (R) and a capacitance (C) in parallel. According
to Nahar et al. [298], Au/OD/Al and Al/OD:sugar/Al, samples can be modeled
using the equivalent circuit shown in Fig. 9.8. In this figure, C.s; represents
the capacitance, which is defined by the sum of the dielectric of the air-filled
pores of the film, coupled with the dielectric of the active layer, both of which
are sensitive to RH and temperature. Moreover, R.ss represents the cumulative
resistance, which is also a function of temperature and ambient humidity. From

the electronic point of view, Z has the following relationship [186]:

R

J=—"" 1
1+ jwRC (9.1)

where w=27f.

Effects of humidity on the device channel, i.e., OD or OD:sugar can be either
chemical or physical referred to as chemisorption or physisorption, respectively.
In chemisorption, the formation of chemical bonds between OD or OD:sugar and
water molecules can take place whereas, in physisorption, van der Waals electro-
static forces usually play a principal role in determining the electrical properties
of the material. As is well known, the chemical absorption can sometimes be a
slow process. Moreover, its effects on an organic semiconductor can potentially be
irreversible in nature. On the other hand, physical absorption is a faster and nor-

mally a reversible process. Because of this, it was concluded that the fabricated
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FIGURE 9.8: Schematic diagram of electrical equivalent circuit model of sam-
ples.

OFETs characteristics, such as humidity or temperature sensing, were predom-
inantly controlled by the physisorption process occurring in OD and OD:sugar
films. This plausible explanation was also supported by the fast response of the
transistor, which, on average, was 5-6 s/% in the case of humidity and 7-9 s °C~!

for temperature measurements.

Variation in FET electrical characteristics as a function of ambient humidity could
be associated with two independent mechanisms. First and the foremost is the
diffusion of HoO molecules into noncrystalline OD or OD:sugar organic films, which
is usually reversible. This will modify the electric field island inside the channel
and also the associated Schottky barrier depletion. The second mechanism, which
can potentially contribute to the electrical response of a FET, is the variation in
its Schottky barrier potential caused by polar HoO molecules. It is assumed that,
as the number of H,O molecules increases, the HyO dipoles’ electric field rises at
the surface of the device, as shown in Fig. 9.9. It is also assumed that surface
and diffused HoO molecules collectively modify the Schottky barrier depletion of
the device as shown in Fig. 9.9. However, the dominating factor will remain the
modification from inside the channel caused by the diffused HoO molecules. As
a result, both the junction current, I; (which flows from source to drain through
the gate) as well as the channel current, I.;, (which flows from source to drain)
increase [297, 299]. This allows the device to translate the effects of humidity and

temperature into an electrical response.

It has been demonstrated that OD-based FETs can be employed as multi-functional
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FIGURE 9.9: Effects of polar water molecules on junction depletion region and

on source-drain current: depletion-1 represents region at low humidity whereas,

depletion-2 at high humidity. I, and I; are the channel and the junction
current, respectively.

sensors, which can potentially be used for the measurement of humidity and tem-
perature in environmental monitoring systems. The sensitivity of these sensors
is dependent upon the fabrication technology as well as on the properties of the

organic material used to define the FET channel.

9.4 Summary

This chapter reports the fabrication of organic field effect transistors (OFETS) us-
ing 3-[ethyl[4-[(4-nitrophenyl)azo]phenyl]amino|propanenitrile, usually known as
Orange-Dye 25 (OD) and its composite with sugar. The study investigated heat-
and humidity-dependent electrical characteristics of the fabricated devices. Fab-
rication was carried out from the aqueous solution of the materials using different
gravity conditions, i.e., at positive (normal) gravity (+1 ¢) and at negative grav-
ity (-1 ¢g). A thin layer (10-15 pum) of OD or OD:sugar was deposited by drop
casting on pre-fabricated drain and source silver (Ag) electrodes having 30 pm
separation and 2 mm length followed by aluminum (Al) thermal evaporation to
achieve Schottky barrier. Devices fabricated using OD at -1 g were more sensi-
tive in capacitance-temperature and impedance-humidity relationships than those

fabricated at +1 g. Moreover, OFETs fabricated at -1 g using OD:sugar offered
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capacitance-temperature sensitivity much higher than devices fabricated at +1
g. It has been observed that, in drop casting method, properties of OFETSs are
dependent upon gravity as well as solution composition employed for channel def-

inition.



Chapter 10

NiPc Based Multifunctional

Transistors

As per commercial perspective, it is important to fabricate OFETs that should
be cost effective, and sensitive enough to be employed in variety of applications.
So, in this chapter, all these constraints are kept in mind and multifunctional
transistors are fabricated, which can be utilized as both photo and temperature

sensitive device. One by one each aspect are discussed.

10.1 Introduction

During the past decade, thin-film transistors (TFTs) and field-effect transistors
(FETs) based on organic materials as conjugated polymers, oligomers and low
molecular weight materials have been widely investigated. Owing to low material
and fabrication cost, both organic semiconductor thin-film transistors and field-
effect transistors (OTFTs and OFETs) have attracted a lot of interest for their po-
tential applications in organic semiconductor industry [293, 300-303]. Wakayama
et al. [304] classified OFETSs into two catagories: a) light-emitting (LE) and b)
light receiving (LR) OFETs. Wang and Yan investigated bulk hetero-structures

fabricated using CuPc and F1CuPc organic semiconductors [305]. On the other
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hand, Patowary [193] presented a comprehensive review on OFETs and OTFTs for
humidity sensing devices. He also reported the use of OFETs and OTFTSs in dif-
ferent types of gas sensors, e.g. ammonia, nitrogen oxides, chlorine, hydrogen, etc.
Moreover, it was found that pentacene, TCNQ, conjugated polymers like poly-
thiophenes are sensitive to nitroaromatic compounds based on explosive vapors
etc [193]. Abanoz and Dimitrakopoulos [300] reviewed the properties of OFETSs
fabricated during the years 1984 to 2014. As per their review, the highest reported
mobility of an OFET was 43.0 cm?(Vs)™!, observed in rubrene based macroscopic
single crystal OFETs. In addition, some of the OFETSs showed sensitivity not only
to the applied voltage but also to the electric field of the molecules as well, which
is explained by assuming that the gate of the device is effected by the charged
molecules and uncharged dipole molecules or molecules that form donor-acceptor
charge-transfer complexes or ion-radical salts [300]. Bartic et. al. [306] discussed
an OFETSs, which can detect charged and uncharged chemical species in aqueous
media via field effect process. They also reported chemical sensitivity of OFETs

for proteins and glucose.

Recently, researchers have shown interest in organic field effect transistors (OFETSs)
specially organic phototransistors (OPTs), because of their exciting characteris-
tics especially, as sensing devices. Jakabovic et. al. [307] described photocurrent
spectral properties of a double-layer 3,4,9,10 -perylenetetracarboxylic dianhydride
and copper phthalocyanine (PTCDA and CuPc) OFET. The charge generation
was predicted close to the organic-organic interface only. In [308], the effect of
ultraviolet light irradiation on the characteristics of organic phototransistor con-
taining sexithiophene (6-T) and pentacene is examined. The transistors showed
two distinguishable responses: fast and slow. The slow response was observed
during several weeks, which suggested its possible application in light-addressable

memory devices.

In [309], the electrical performance of FgTy [poly(9,9 - dioctylfluorene - co - bithio-
phene)| - based organic polymer thin-film transistors (OP-TFTs) under white-
light illumination and their performance as photo detectors has been studied.

These devices, under illumination, exhibited a significant increase in off-state
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drain current, while a relatively smaller effect on the drain current was observed
in strong-accumulation regime. Mukherjee et al. [310], in 2012, fabricated low-
cost, high-performance OFETs by growing single crystalline ordered arrays of a
m—conjugated organic molecule, N,N-dioctyl-3,4,9,10-perylene tetracarboxylic di-
imide (PTCDI-Cyg), through solution processing. Devices fabricated using periodic
arrays of elongated crystals exhibited a photoresponsivity (P) of ca. 1 AW™! and
a photo to dark current ratio of 2.5x10% at gate to source voltage, Vgg = 12 V.
A maximum P of ca. 7 AW~ at Vgg = 50 V with an optical power of ca. 7.5

mWecem? was also reported.

Majority of phthalocyanine materials offer high absorption coefficient in wide spec-
trum and also exhibit high photo-electromagnetic sensitivity even at low radiation
intensities [11]. Moreover, the deposition of phthalocyanines thin films by vac-
uum sublimation is an easy process. Its purification is simple and economical
because sublimation occurs at relatively low temperatures (400-600 °C). Copper
phthalocyanine (CuPc¢) and inorganic ferroelectric PbZrg 2 TigsO3 heterojunction
gate and a ferromagnetic oxide semiconductor LaggrBag13MnO3 channel based

photomemory cells have been developed.

The performance and fabrication of a number of OFETs based on dyes namely:
copper phthalocyanine; zinc phthalocyanine; hydrogen phthalocyanine and tin
phthalocyanine have been described by Bao [311]. He reported that properties
of thin films and characteristics of transistors fabricated can be improved if films
are deposited on heated substrates ranging from 30-200 °C. The observed field-
effect mobility of such devices was greater than 1072 cm?(Vs)~!. The properties
of CuPc based OFETs were investigated by Karimov et. al. [6] wherein, they

reported that CuPc based OFETSs are sensitive to fabrication parameters.

As per commercial perspective, it is important that fabrication of OPTs should
be cost effective and they should be sensitive enough to be employed in variety of
applications. Under these constraints, NiPc is considered a promising phthalocya-
nine for OPTs fabrication. As a result, in recent years, NiPc has received much

attention by the researchers who explored its potential applications in the fields of
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photovoltaics and gas sensing [204-214]. NiPc¢ has a charge carrier mobility of 0.1
cm?(Vs)™!, which is 1000 times higher than CuPc [214]. The energy bandgap of
the NiPc is equal to 2.24 eV and 3.2 eV for indirect and direct allowed transitions,
respectively [208].

Zubair [236] and Shah [215] fabricated and investigated NiPc based Schottky bar-
rier diodes whereas, Chaabane et. al. [206] reported effects of annealing on NiPc
based OPTs fabricated using 45 nm thick film. In this transistor, NiPc was de-
posited on SizNy, which was grown on SiOs to fabricate Schottky barrier gate.
This transistor showed good performance however, its fabrication process was quite
complicated. It is a well-known fact that in FETs fabrication, metal-semiconductor
junctions (Schottky junctions) are used to control the flow of current, which defi-
nitely gives a simple and cheaper option compared to oxide or insulator junctions
[61]. The review of published research papers motivated us to fabricate NiPc based
OPTs with varying NiPc film thickness and to investigate their properties under
illumination. In these OPTs, Al-NiPc Schottky junctions are used that have the
structure of MESFETSs unlike to MOSFETSs [61].

10.2 Experimental

NiPc was obtained from Sigma-Aldrich and used without further purification. Fig-
ure 10.1 shows its molecular structure of NiPc used as a p-type organic semicon-
ductor. Thin films of NiPc were thermally sublimed on glass substrates having
pre-deposited 100 nm thick silver film electrodes grown at 500 °C and ~10~*Pa
in Edwards AUTO 306 vacuum coater equipped with diffusion pumping system
and film thickness monitor. The substrates temperature in this process was held
at ~40 °C. UV-VIS-NIR absorption spectrum of grown NiPc thin film having 300

nm thickness is shown in Fig. 10.2.

The absorption spectrum was obtained from Lambda 950, Perkin Elmer UV-VIS
Spectrophotometer. El-Nahass et. al. [209, 312] investigated the absorption spec-
trum of NiPc films in UV-VIS region and observed two bands: the Soret and
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/

FIGURE 10.1: Molecular structure of NiPc used as a p—type organic semicon-
ductor.
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FIGURE 10.2: UV-VIS-NIR absorption spectrum of grown NiPc thin film (300
nm thickness).
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FIGURE 10.3: 2D and 3D AFM micrographs of NiPc film (300 nm thickness).

Q-band. They are associated with two indirect allowed transitions with ener-
gies 2.77+0.03 and 1.66+0.02 eV. Comparison of our results and those given in
209, 312] showed reasonable similarity.

Figure 10.3 presents 2D and 3D AFM micrographs of NiPc thin film obtained by
Agilent Pico Plus under ambient condition with a scan size area of 2 um. 2D
micrograph is helpful to find the grain size whereas, 3D AFM image is used in
understanding the orientation of the grains. As measured from film thickness
monitor, the deposited film was 300 nm. However, from AFM 3D image, the

evaluated thickness of the grown film was 280 nm.

To obtain Schottky barrier gate, a semi-transparent 22 nm thick Al film having
22 mm width and 10 mm length was deposited on NiPc film and a 10-15 %
transparency in Al film was observed. Deposition rate of 8 nm/min, 2 nm/min
and 5 nm/min for Ag, Al and NiPc films, respectively was observed. The finished

devices were annealed at 150 °C for about 30 minutes in a vacuum chamber.

Figure 10.4 shows a cross-sectional view of fabricated OFET: source and drain
terminals are connected with Ag films, and Al film is used as gate terminal. Cross-
sectional area of the channel is 40 ym x 10 mm for each sample and thickness is
100 nm, 200 nm and 300 nm for sample 1, 2 and 3, respectively. A filament lamp

was used as a source of light. The emission spectrum of the filament lamp covered
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FIGURE 10.4: Cross-sectional view of the fabricated OFET: source and drain
terminal connected with Ag films and Al film was used as a gate terminal.

a wide range of wavelengths starting from 200 nm to 2200 nm with maximum at
850 nm. The current-voltage (I — V') measurements were carried out by digital

meters 3256 HITES TER at room temperature.

10.3 Results and Discussion

10.3.1 Effect of Light on OFETSs

Figure 10.5 (a) shows output characteristics: drain current (Ip) and drain-source
voltages (Vpg), relationships for different Vs of a NiPc FET having 300 nm thick
channel film. Figure 10.5 (b) shows transfer characteristics of the same FET at
Vps = -3 V. Techniques to simulate output and transfer characteristics of organic
FETs have been developed in [41, 61], and the validity of the same have been
assessed in [313, 314] for PsHT:PCBM and CuPc based FETs. By employing the
same approach in the saturation regime, the mobility (1) of NiPc charges has been
estimated as 3.05x1072 cm?(Vs)~!. El-Nahass et al. [210] reported u = 8.9x1073

cm?(Vs)™! for NiPc based FET. The improved value of p, in our case, may be
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FIGURE 10.5: (a) Output characteristics: drain current (Ip) to drain source
voltage (Vpg) relationships for NiPc based FET with 300 nm thickness of NiPc
film at Vgs=-2V,0V and 1 V, (b) Transfer characteristic of the FET at drain

to source voltage of -3 V.
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associated with changed fabrication conditions, which resulted in improved NiPc

thin film and the device channel.

Figure 10.6 shows variation in Ip (Vpg) as a function of incident light intensity
through semi-transparent gate electrodes of OFETs having channel thicknesses:
(a) 100 nm; (b) 200 nm and (c) 300 nm. The value of Vi;5 for these measurements
was kept at OV. It was observed that the magnitude of Ip increases with increasing
intensity of incident light for devices under consideration. At incident energy
density of 34.4 mWem ™2 and at Vpg = 3 V, an average increase in Ip is 7, 13 and
11 times (ratio of light ON and OFF currents) for 100 nm, 200 nm and 300 nm
devices, respectively. These values are comparable with the responses of OFET's

as described in [6].

Figure 10.7 shows variation in Ip(Vpg) characteristics as a function of irradiation
for OFETSs under consideration. During this experiment, V;g was kept at OV.
Figure 10.7(a) shows that maximum observed value of Ip was at Vpg = 3V when
illumination intensity was 34.787 mWem™2, and this maximum value of I under
the same biased and illumination conditions increases, as shown in Fig. 10.7 (b)
and (c), by changing the thickness of the channel from 100 to 300 nm. This
increase may be associated with: a) enhanced absorption of incident light inside
the channel and b) change in cross-sectional area of the devices available for the

flow of the current.

To design an equivalent circuit of the OPT under discussion, gate-source and gate-
drain I —V characteristics under dark conditions were evaluated, which exhibited
rectifying behavior, confirming the Schottky nature of the junctions. In the second
step, the same experiment was repeated under illumination and the generated
voltages were measured. These experiments allowed us to design a simplified

equivalent circuit of the OPT that is shown in Fig. 10.8.

In the design of equivalent circuit, we also used the circuits of OPTs [315], OPT
[6] and organic-on-organic photoelectric cells [11]. While developing equivalent
circuit it is assumed that: (i) the effects of light on independent current sources

(I; and I5) and also on dependent current source (I3) are linear; (ii) the drain and
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FiGuRrE 10.8: A simplified equivalent circuit diagram of OPT.

source series resistances are negligible; and (iii) Vpg is constant at Vg = 0 V. In
the circuit, shown in Fig. 10.8, the independent current sources I; and I5 represent
Al-NiPc junction based photoelectric cells whereas, the dependent current source
I3 represents the source-drain channel as a variable resistance. Gate to source
resistor, Rgs and gate to source capacitor, Cgg are the diffusion resistance and
junction capacitance, respectively. Likewise, the parameters Rgp and Cgp are
the gate-to-drain resistance and capacitance, respectively. The resistance Rpg is
the drain resistance and the capacitor Cpg is mainly a drain-to-source parasitic

capacitance of the devices.

Two mechanisms, namely: photoconductive behavior and photovoltaic behavior
are assume to be responsible for the observed photo response of the OPT as
reported in [308]. Photoconductive behavior (increase in conductance under illu-
mination) occurs probably due to the generation of excitons, which are of higher
energy than the bandgap of the organic semiconductor (NiPc). Subsequently, these
excitons split into electrons and holes under the influence of applied Vpg and thus
contribute to the channel current, I'p of the device. On the other hand, the ob-
served photovoltaic behavior (generation of voltage under illumination) could be
associated with the rectifying metal-semiconductor junction with built-in poten-

tial barrier and electric field that in turn splits the excitons into electron-hole
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pairs, which after the conduction define the device’s current. Moreover, it is as-
sumed that under irradiation, excess carriers are generated, which in turn reduce
the metal-semiconductor potential barrier and its associated field. A reduction
in barrier would mean more available channel cross-section for the flow of cur-
rent and the process contributes to an increased conductivity of the channel. The

performance of the photodetector is assessed by a parameter, R,.s defined as [308]:

R :ﬁ:]di—fdd

_— 10.1
P EAeff ( 0 )

where R, is the responsivity, [, is the drain current generated by light irradia-
tion, P represents optical power incident on the channel of the device, Iy is the
drain current under illumination, I, is the drain current under dark conditions,
FE is the irradiation of the incident light and A,y is the effective device area (area
of the channel). The ratio of photo (ON) and dark (OFF) currents, 7on/0fs is
represented as:

Lai

Tonjoff = E (102)

For 200 nm thick NiPc device, the observed value of R,.s = 0.0087 AW ~! and
Tonjoff = 13 at incident radiation intensity of 34.4 mWecem 2. The obtained values
are in good agreement with the data described in [308]. However, in the former
case, the transistor fabrication is based on a simple technology (metal-organic
semiconductor Schottky junction was fabricated) and thus economical due to its
very nature compared to the latter case where organic semiconductor was de-

posited on SiOy/Si substrate.

The performance of fabricated OPTs discussed hitherto is based on the concept
discussed in [308] wherein, expressions for photocurrent caused by photovoltaic
effects and photocurrent induced by photoconductive effects are presented. For
further research, we are working on a mathematical model of OPTs based on its
equivalent circuit proposed in Fig. 10.8 to develop a better understanding of its
I — V characteristics. This chapter focused on experimental characteristics of
NiPc based Schottky barrier OPTs and their performance as a function of channel

thickness [316, 317].
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FIGURE 10.9: Impedance to temperature relationships for the FETs: thickness
of NiPc films were 100 nm, 200 nm and 300 nm.

10.3.2 Effect of Heat on OFETSs

For measuring the heat effect on same OFET, the devices were characterized in a
chamber wherein, temperature and impedance were assessed by FLUKE 87 and

MT 4090 LCR meter, respectively, at operating frequency of 100 Hz.

Figure 10.9, impedance-temperature relationships of NiPc organic semiconductor
FETs are shown. In [318], it is established that FET with thinner NiPc have
larger resistance. Here, similar results are obtained in Fig. 10.9 by measuring
the impedance at 100 Hz. In Fig. 10.10, normalized impedance to temperature
relationships are shown. It is observed that as temperature increases, impedance
decreases for all transistors especially, for those transistors who have thinner NiPc
films. It is obvious that as the thickness of the NiPc film is decreased, depletion
region contribution, which is more sensitive to the heating effect, in the total

cross-section of the films, is increased.
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FIGURE 10.10: Simulated and experimental relative impedance to temperature
relationships for NiPc film based FETSs having varying film thickness.

Thus, devices with thinner films exhibited pronounced heating effects. Relative
impedance to temperature relationships for the NiPc film based FET were approx-

imated by exponential function given as:

y=e" (10.3)

where,

x = (T —26)b (10.4)

where 26 °C is initial temperature, T" is temperature in °C, which is > 26 °C and b
is the fitting parameter. It was observed that simulation complies reasonably well
with experimental data at T = 62 °C, as shown in Fig. 10.10. It was determined
that b = 0.0231 °C~1, 0.0121 °C~! and 0.008 °C~! for the simulated graphs related
to the NiPc transistors (Fig. 10.10) for NiPc¢ thickness of 100 nm, 200 nm and 300

nm, respectively.
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FiGURE 10.11: Equivalent circuit of the contact impedance of NiPc sample.

Assuming that FET in this case is a two-terminal temperature sensor then the

following equation shows the sensitivity relationship of the sample [186]:

AR

5= RoAT

x 100% (10.5)

where, Ry, AR and AT represents the initial resistance, change in resistance and

change in temperature, respectively.

For each sample, average temperature sensitivity was calculated and found to be
-2.35% °C~! (100 nm thick NiPc film), -1.39% °C~! (200nm thick NiPc¢ film) and
-1.18% °C~! (300 nm thick NiPc film) at 100 Hz. Temperature sensors, which are
produced commercially (thermistors), usually offer DC sensitivity ranging from

-3% °C~! to -5% °C~! [186].

In our case, the observed sensitivities are based on AC measurements, which are
normally lower than DC sensitivities. However, AC sensitivities have the advan-
tage, especially, for the devices based on organic semiconductor, because fluctua-
tion in contact resistance and accordingly in the current causes less effect in AC
measurements. This may be explained by the fact that the value of impedance as-
sociated with the capacitive component allows to by-pass the current (Fig. 10.11)

by the equivalent circuit of a contact.

The circuit shown in Fig. 10.11 can be used not only as an equivalent circuit

of contact impedance, but also as a simplified equivalent circuit of an OFET.
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If an OFET is used as a two terminal temperature sensor, its response is quasi-
exponential (Fig. 10.10) and for practical applications, its impedance-temperature
relationship can easily be linearized by using a linearization circuit as shown in
Fig. 10.11 [217]. For the equivalent circuit shown in Fig. 10.11, the impedance

(Z) can be obtained as:
R

Z = 1—|—j—wRC (10.6)
where w is the angular frequency, R and C' is the resistance and capacitance,
respectively. The decrease in impedance by the increase in temperature is asso-
ciated with two main parameters: a) increase in the capacitance of the sample
and b) decrease in its resistance value. Reduction in the sample resistance can
be explained as: with increased temperature, there will be more bonds breaking

causing increased carrier concentration (n;) in NiPc¢ film, which can be expressed

as [21, 187, 246]:

n; = Ny exp (;kEjf) (10.7)
where Ny is the pre-exponential factor, F, represents energy gap and £ is the
Boltzmann constant. On the other hand, there are a number of factors, which
affect the capacitance of the samples. They are: a) relative dielectric constant of
the thin film material; b) area of electrodes and c¢) gap between electrodes. Ca-
pacitance relies upon material’s polarizability («), sources of which are electronic
(ae), dipolar (ag;) and ionic («;) [187]. Another form of polarizability, that is
well known, is due to transfer (ay,.) of charge carriers (electrons and holes) as re-
ported in [319]. It is worth mentioning that «. is due to relative displacement of
orbital electrons of atoms whereas, the a4, is due to charges participating in con-
duction process, which can be trapped in the semiconductor-electrode interface.

The Clausius-Mosotti relationship, if we take into consideration only polarizability

due to transfer of charge carriers, can be represented by the following equation
[187].
e—1 . NOétr
e+2  3e

(10.8)

where ¢ is the relative permittivity, NV ~ n; is the total concentration of charge

carriers [61] and gy is the permittivity of free space.
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Moreover, in organic semiconductors, mobility (x) has also got temperature de-
pendence and it increases with increasing temperature thus, contributing to the

increase in conductivity as given below [21].

W(F, T) ~ exp (#) / exp (5\/]?) (10.9)

where F', AE and [ are electric field, activation energy and exponential factor,

respectively.

Temperature dependent increase in mobility is usually associated with hopping
mechanism [21, 187, 246]. On the other hand, mobility decreases in those materials
wherein, conduction is primarily related to the energy bands [315]. If mobility of
a sample is less than 1 cm?(Vs)™!, it is considered that the hopping mechanism of
charges transfer is a dominating one. For mobility greater than 1 cm?(Vs)™!, the

energy band related conduction would be a prevailing mechanism [21, 187, 246].

As shown above (Eq: (10.6) and Fig. 10.11), the parallel combination of capaci-
tance and resistance can be used to model impedance. The resistance decreases as
temperature increases, and capacitance increases, due to increase in permittivity.
This definitely shows decrement in impedance because of the dominating fact of

the resistor.

Figure 10.12 shows the simplified schematic diagram of an OFET, flow of cur-
rents and depletion region at low and high temperatures as well. In particular,
the figure demonstrates the effect of heating on OFET channel area: depletion
region at lower (1) and higher (2) temperatures, space charge (3 and 4), I.;, and I;
are the channel current and the junction current, respectively. The diagram illus-
trates that as temperature increases, width of the depletion region decreases thus,
increasing the cross-section of the conductive channel of the OFET. It definitely
decreases the resistor and accordingly impedance of the transistor, which was ob-
served experimentally (Fig. 10.9 and 10.10). The summary of the temperature
sensitivity is described by Table 10.1.
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FIGURE 10.12: Effects of heating on junction depletion region and source-drain

current of an OFET: depletion region at low (1) and high (2) temperatures,

space charge (3 and 4), I, and I; are the channel current and the junction
current respectively.

TABLE 10.1: Temperature-impedance effect of Nickel Phthalocyanine based
field effect transistor measured at 100 Hz.

Sample No. Thickness Initial Impedance Temperature Sensitivity

(nm) (k) (% °Cc™)
1. 100 810 -2.35
2. 200 504 - 1.39
3. 300 422 S 118

10.4 Summary

Organic semiconducting field effect transistors have been fabricated by depositing
nickel phthalocyanine (NiPc) and semi-transparent thin films of aluminum in se-
quence by vacuum evaporation on a glass substrate having silver source and drain
electrodes. The thickness of NiPc film has been varied as 100 nm, 200 nm and 300
nm. The fabricated organic photo transistors (OPTs) having metal (aluminum)
semiconductor (NiPc) Schottky junction are then characterized and the effects of
light irradiation on its characteristics have been investigated. It is observed that

the drain current of OPTs increases with increasing radiation intensity and the
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OPTs having 200 nm thick NiPc film exhibited better performance compared to

the transistors fabricated using 100 nm and 300 nm thick films.

Also the effects of heating on the impedance of NiPc based organic field effect
transistors (OFETSs) were investigated and it was observed that the transistors
showed high temperature dependent responses. As NiPc is known to be a good
light and humidity sensing material, it was demonstrated that the transistors
fabricated using NiPc films can be used as multi-functional sensors to evaluate
light, humidity and temperature variations. It was further established that NiPc
based OFET can potentially be used in environmental monitoring equipment to

assess light, humidity and temperature changes.



Chapter 11

Conclusion and Future Work

An appropriate selection of a device channel material lead to many exciting char-
acteristics linked with efficiency and other attributes associated with humidity,
light, temperature, absorption, charge transport and stability. Among the organic
semiconducting materials, azo dye has attracted much interest during the past
decades due to its wide applications in electronic and optoelectronic devices [109].
Organic dyes offer semiconductor properties, which can potentially be employed
in organic electronics. Additionally, organic dyes based semiconductors are eas-
ily available, therefore, devices made with such materials will naturally lead to
the reduction in the device cost. The electrical conductivity of an organic dye
depends upon the mobility of its free carriers, temperature and charge carrier con-
centration. Usually, the mobility and charge carrier concentration in an organic
semiconductor material is low compared to inorganic semiconductors. Hence, in
this thesis, keeping all these aspects under consideration, devices were fabricated
by using commercially available novel dyes along with their composites. It has
been observed that output characteristics of an organic semiconductor device are
heavily dependent on its geometry, technique employed to fabricate the device and
the device physical parameters. Number of devices have been fabricated and their
characterization were carried out at room and at elevated temperature, and also at
varying humidity and ambient conditions. A summary of generalized conclusion

drawn from this research is appended below.

141
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(i)

(iii)

In this research, copper phthalocyanines (CuPc) thin films were deposited at
different gravity conditions (1 g and 70 g) from a solution in benzene by using
drop-casting and centrifugation. Variation in impedance and capacitance as
a function of ambient humidity levels was assessed. Samples fabricated at 1 g
exhibited a maximum change of 45.4% and 26.5% in their impedance and ca-
pacitance values, respectively; whereas, samples grown at 70 g demonstrated
a maximum change of 42.2% and 15.7% in their impedance and capacitance
values, respectively. It was shown that the humidity-dependent electrical
performance could be associated both with increased polarization and in-
creased doping concentration caused by absorbed water molecules. It was
demonstrated that CuPc films can potentially be used as a humidity-sensing
material whose sensitivity would be dependent on the chosen fabrication

parameters.

In the second part, thin films of nickel phthalocyanines (NiPc) were deposited
from NiPc solution in chloroform by centrifugation at high gravity condition
(70 g), and also by drop-casting at normal gravity condition (1 ¢g) on surface-
type ceramic substrate with silver electrodes. Impedance and capacitance of
the sensors have been investigated as a function of ambient humidity. It was
observed that NiPc sensors fabricated at 70 g show larger response to the
humidity than devices fabricated at 1 g. This could be associated with the
roughness of the film deposited at 70 g compared to 1 g. Thus, as that of
CuPc, NiPc films can also be used to fabricate humidity sensors for ambient

evaluation.

As a third part, the effect of illumination on the impedance and capaci-
tance of the NiPc-CoPc composite (bulk heterojunction) sensors have been
investigated. In this part, the photo sensors have been fabricated by drop
casting and under centrifugal force. Samples fabricated under centrifugal
force showed better sensitivity compared to the samples made by drop cast-
ing. Impedance sensitivity (Sz) of the samples fabricated by drop casting
and under centrifugal force was equal to -1.83 M cm?(mW)~! and -5.365

MO ecm?(mW) ™!, respectively. Likewise, the capacitance sensitivity (S¢)
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(iv)

was equal to 0.083 pF cm?(mW)~! and 0.185 pF cm?(mW)~! for the sam-
ples fabricated by drop casting and under centrifugal force. It is, therefore,
established that a composite of NiPc and CoPc can be employed to fabricate

optical sensors for industrial applications.

As a fourth part, effects of humid environment on a surface type humid-
ity sensor based on VOPcPhO, Alqgs, and their composite thin film pre-
pared by spin coating were investigated. Compared to VOPcPhO and Alqs
stand-alone sensors, VOPcPhO:Alq; composite-based sensor demonstrated
superior performance with significantly improved sensing parameters, high-
lighting unique advantages of the low-molecular composite-based thin film
organic humidity sensor. It has been established that low-molecular weight
complex can be employed to develop cheap and reliable sensing elements for

assessing humidity in the surrounding environment.

The fifth part of the research demonstrates the visible wavelength photodi-
ode (ITO/ PEDOT: PSS/ ZnPc:PC7BM/ LiF/Al), which was successfully
fabricated and characterized by an economical fabrication technique. The
motivation to choose ZnPc:PC7BM as photosensitive donor and acceptor
dyad has been dictated by complementary absorption profiles of pristine
thin films of ZnPc¢ and PC;BM. The absorption curve of ZnPc:PC7;BM
dyad is observed to trace the summation of the individual absorption curves
of donor and acceptor pristine thin films; thereby leading to strong and
wide absorption bandwidth (350-800 nm) of the optical photo diode (OPD).
The electrical characterization of the OPD is performed by measuring the
photocurrent density-voltage relationship in response to varied illumination
levels (0-150 mWem™2) of incident light. At higher intensity of light, more
excitons are assumed to be generated and eventually disintegrated in the
photoactive film, therefore, a pronounced photocurrent has been observed
in the OPD with increase in incident photon density. Resultantly, improved
sensing parameters; such as responsivity, J,,/.Jy and switching time between
stable dark and illuminated states are observed. The reason for the im-

proved sensing performance of the OPD was attributed to judicious selection
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(vii)

of donor and acceptor components on the basis of their synergic absorption

profiles and desirable energy levels alignment.

In the sixth part, orange dye (OD) based organic field effect transistors with
Schottky junction gate were fabricated at different gravity conditions by em-
ploying a simple drop-casting technology. The channel of fabricated FETs
was made either by OD or OD composite with sugar. Effects of humidity
and temperature on source-drain impedance and capacitance were investi-
gated. Both types of FETs (OD and OD:Sugar) showed good response as
humidity and temperature sensors. By evaluating their response as a func-
tion of ambient conditions, it has been demonstrated that OD and OD:Sugar
based organic transistors can be used as multi-functional sensors to measure
humidity and temperature in environmental monitoring and assessment in-

struments.

In the seventh and last part of this research, Nickle phthalocyanines (NiPc)
based OFETs with Al-NiPc Schottky junctions were fabricated and their
electrical characteristics were investigated under white light illumination.
By examining I — V characteristics under varying radiation intensity, it was
observed that the transistors are sensitive to light and a 22 nm thick Al-NiPc
Schottky barrier behaves as a semi-transparent barrier for incident radiation.
It was further noted that the device current increases by increasing the inten-
sity of radiation, and a plausible explanation of the observed behavior was
given by assuming that photoconductive and photovoltaic effects were re-
sponsible for the increased drain current. An equivalent circuit of the OFET
was developed where gate-source and gate-drain junctions were represented
by independent current sources, and source-drain channel by a dependent
current source. It was also shown that NiPc OFET’s performance depends
upon channel thickness, and the devices having 200 nm thick channel of-
fered better characteristics compared to those having channel thickness of
100 nm and 300 nm. Effects of heating on the impedance of NiPc OFETSs
were investigated, and it was observed that the fabricated transistors showed

high temperature dependent responses. As NiPc is known to be a good light
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and humidity sensing material, therefore, it was demonstrated that the tran-
sistors fabricated using NiPc films can be used as multi-functional sensors
to evaluate light, humidity and temperature variations. It was further es-
tablished that NiPc based OFETSs can potentially be used in environmental

monitoring equipment to assess light, humidity and temperature changes.

11.1 Future Work

Although, this thesis covers numerous aspects pertaining to sensors fabrication

using dyes and their composite, there are lot of avenues to which this work can be

extended, and a few of those are explained below:

(i)

(i)

(iii)

(iv)

Organic dye materials having higher sensitivity and wider spectrum may be

explored to achieve optical sensors for wider industrial applications.

Organic dye materials with relatively increased carriers mobility can be ex-

plored for improved switching.

Transistors having high transconductance (g,,) for high frequency operations

can be designed by improving channel and contact properties.

Flexible as well as brittle substrates can be used for fabrication of sensors at

different gravity conditions to explore the effect of gravity.

By at large, the observed sensors output was quasi-linear, which can po-
tentially restrict their use as a sensor. To make them commercially viable,
further research is needed to have their responses either linear or to convert
them into a linear response by adding a linearization circuit immediately

after their output.

The research can also be extended to improve detectivity, linearity, and

optical characterization of light sensors.
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(vii) New dyes and their composite can be explored for achieving multi-functional
devices, i.e. temperature, light and humidity sensitive devices such that one

sensor can measure the changes in the three listed variables simultaneously.

(viii) To develop an improved understanding of I — V' characteristics of organic
devices, a mathematical model may be developed by envisioning equivalent

circuit of the device.
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