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Abstract 

Organic semiconductors have made inroad into many area of devices which was 

formally dominated by inorganic semiconductors because of their wide variety of 

electronic and optoelectronic properties. They being low cost, light weight and low 

temperature processing materials provide opportunities to fabricate the variety of devices, 

such as, solar cells, field effect transistors, lasers, light emitting diodes, sensors, photo 

detectors, smart windows, large area displays, e-paper, etc. The material manipulation, 

low cost fabrication techniques and the emerging ideas are bringing about much 

improved performances in the organic electronic devices. Most of the earlier studies have 

been reported on the p-type organic semiconductors and little is known about n-types. In 

the development of future organic electronic industry, all organic complementary circuits 

are not possible without the availability of both p- and n-type organic semiconductors and 

data is required on the junction properties and mobility studies of these materials. Plenty 

of data is available on the junction diodes of p-type organic semiconductors but little is 

known on the n-type organic semiconductors based junction devices and mobility 

investigations. In this dissertation, the n-type organic semiconducting materials formyl-

TIPPCu(II), N,N´-di-n-heptyl-2,3:6,7-anthracenetetracarboxydiimide (ADCI7) and N,N´-

di-n-octyl 2,3,6,7 anthracenetetracarboxydiimide (ADCI8) have been investigated as 

active organic materials for their potential application in organic electronic devices. 

Using organic semiconductor formyl-TIPPCu(II), junction diode, temperature, light and 

humidity sensors have been fabricated, while ADCI7 and ADCI8 have been used for the 

fabrication of n-channel organic thin film transistors.  

To investigate junction properties of formyl-TIPPCu(II) organic semiconductor,  

fabrication of Ag/formyl-TIPPCu(II)/p-Si heterojunction diode was undertaken and it 

was made successfully. Its temperature dependent electrical properties are reported. The 

values of series resistance, ideality factor, zero bias barrier height are observed strongly 

dependent on temperature. The series resistance and ideality factor decease while the zero 

bias barrier height increases with the rise in temperature.  



viii 
 

The surface type Ag/formyl-TIPPCu(II)/Ag humidity sensors has been fabricated 

to study the effects of changing relative humidity on the electrical parameters and their 

frequency dependant responses. The values of capacitance and resistance of the sensors 

were measured at different humidity levels at frequencies of 1 kHz, 10 kHz and 100 kHz. 

An increase in capacitance and decrease in resistance were observed during the rise of 

relative humidity from 45 to 95% RH. The hysteresis response of these humidity sensors 

was also studied at the frequency of 1 kHz. 

Effects of temperature and light are studied on the capacitance and resistance of 

the Au/formyl-TIPPCu(II)/Au  device. The relative capacitance of the fabricated sensor 

increased by 4.3 times by rising temperature from 27 to 1870C, while under illumination 

up to 25000 lx, the capacitance of the Au/formyl-TIPPCu(II)/Au photo capacitive sensor 

increased by 13.2 times as compared to dark conditions. 

ADCI7 and ADCI8 were used to fabricate n-channel organic thin film transistors 

(OTFTs) on oxidized silicon wafers. To get the high performance of the devices and to 

avoid the trapping of charge carriers, the dielectric surface were modified by developing 

the buffer layer of PMMA or by self assembly monolayer (SAM) of HMDS. The OTFTs 

exhibited high charge mobility of the order of 10-2 cm2V-1S-1 (ADCI7) and 10-3 cm2V-1S-

1(ADCI8) with the on/off ratio of the order of 104 showing the appreciable enhancement 

in the field effect properties of these materials as compared to the previously reported 

researches for the same family of materials. ADCI7 is introduced as new compound for 

high mobility n-channel OTFTs. 
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Chapter 1 

1.1 Introduction 

In our daily life, we are enjoying with well-developed electronics. Nowadays, no 

one can feel alone, colourful mobile phones and laptop keeping connection with family 

and friends. Twenty first century brought technological advances in electronic industry 

which have not only improved people’s lives in countless ways but also spurred 

economic growth.  Electronics products have become essential for our lives. Fig. 1.1 

depicts a number of application domains of electronic technology in daily life. 

 

 

Fig. 1. 1: A broad range of electronic products for daily life use 

 

The stream of inventions in electronics was started in early 20th century. Before 

this era, there was a little or almost no electronics in the day to day life of a common 

man. The explanation of thunder and lighting by Franklin in 18th century is considered as 

the beginning of electronics. Franklin’s idea was really a big mystery of that time; he 

introduced the idea of charge flow and its consequences in the materials [1]. The idea of 

resistance and conductance was introduced by George Simon Ohm which is helpful in 

categorization of the materials [2].  
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The invention of thermionic diode by Ambrose Fleming signified the birth of 

electronic devices.  It was initially used for rectification purposes and then for the 

detection of weak signal produced by wireless telegraph [3]. Lee de Forest developed 

amplifier vacuum tube triode by introducing a grid between the cathode and anode. Grid 

acts as modulator of the electrons so it either stops them or makes them faster causing 

current amplification. The triode played important role in the early growth of 

communication systems by enabling long distance telephony and amplified radio 

technology [4].  

The electronic devices which were in daily use in early 20th century were based 

on vacuum diodes and triode which were facing problems like high power consumption, 

low reliability and needed cooling arrangements.   To overcome these problems, the 

scientists tried alternatives of vacuum tubes; they turned their researches on solid state 

devices. The tremendous development of PN junction diode by Russell Ohl opened new 

era of research in the field of solid state electronic devices [5]. The discovery of transistor 

effect by three American Physicists i.e. John Bardeen, William Shockley and Walter 

Brattain opened the road of real electronics [6]. The photograph of first contact transistor 

is shown in Fig. 1.2. 

 

 

Fig. 1. 2: Bardeen and Walter first point contact transistor [7]. 
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Historically, the study of conductivity in organic materials resulted the discovery 

of photoconduction of solid anthracene in 1906, but then no appreciable research was 

observed in next four decades. The discovery of conducting polymers in 1976 by Heeger, 

Macdiarmid and Shirakawa opened the new ways of research in the field of organic 

electronics [8, 9]. Inorganic semiconductors with wide range of applications in electronic 

devices have some limitations due to their rigid crystalline nature. They need highly pure 

materials and high temperature processing techniques so they are much expensive.  To 

overcome these limitations, the organic semiconductors have provided the alternative 

opportunities to fabricate simple, inexpensive light weight, and flexible electronic 

devices.  

1.2 Motivation 

The motivation of using organic semiconductors for the fabrication of electronic 

devices arose from their structural flexibility and tunable electronics properties, cost 

effectiveness, compatibility with roll to roll processing, easy and low temperature 

fabrications, printable, flexible and large area applications due to their mechanically 

flexibility and active matrix display backplanes [10, 11, 12], thus they have appealed for 

a broad range of devices including junction diodes, sensors, transistors, light emitting 

diodes, solar cells,  memories, etc. The tunable charge mobility is another importance 

property of organic semiconductors for the fabrication of more efficient organic field 

effect transistors, solar cells and light emitting diodes [13, 14, 15, 16]. 

Most of the organic semiconductors can be processed easily at room temperature 

in contrast to traditional silicon materials which need very high temperature of about 

10000C. This can reduce the mismatches due to thermal expansion and allows OSCs 

processing for larger area applications. The compatibility of OSCs with flexible 

substrates due to their mechanical properties make them suitable for electronic paper, 

smart windows,  portable sensors, flat panel displays and RFID tags [17, 18]. Generally 

the fabrication techniques for organic semiconductor devices are less complex and do not 

require sophisticated photolithographic methods and high vacuum deposition processes 

which make them less expensive as compare to traditional electronic technologies. 
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In earlier researches, the organic materials were not considered as reliable because 

of their poor conductivity and fragility. These limitations of the organic semiconductors 

can be significantly improved by their chemical and structural modification. The 

performance of organic devices mostly depends on the surface morphology of the thin 

films of molecular or polymeric semiconductors. Molecular orientation and packing can 

be controlled by using post deposition processing [19].   

By adding different functional groups, a variety of OSCs can synthesised and 

tailored to tune their electronic and optoelectronic properties for different specific 

applications. Currently the researchers are capable to control the material properties at 

molecular level. The electronic properties of OSCs can also be enhanced by either their 

doping or by making their composites with nanomaterials. Nanocomposite based organic 

junction shows lower value of turn on voltage, ideality factor and reverse saturation 

current while rise in charge carrier concentrations [20, 21]. 

Organic electronic is not only consumer electronics but it is also environmental 

friendly technology which provides the best opportunity for renewable energy conversion 

from the sun which is the most plentiful energy source. Earth receives solar energy at the 

rate of 120 peta watts (1peta= 1015 watts), so the energy falling from the sun on earth in 

one hour is sufficient for more than 20 years for the worldwide demands. The high 

efficiency photovoltaic systems are mostly based on traditional inorganic materials, they 

help to overcome the energy crises but they are not only much expensive but they may 

also be harmful for the environment due the poisonous nature of the materials [22].  On 

the other hand, the organic photovoltaics are low cost, lightweight, flexible and 

environmental friendly [23]. 

Organic Field Effect transistors (OFETs) have gained great interest as a key 

element for all organic electronic applications of the organic circuits; they are used as 

switching pixels on/off, for adjusting the brightness level in displays and also in organic 

sensors and in RFID tags. OFETs have other interesting applications in biosensors, 

vapour sensors (e-nose) and intelligent textile [24].  

The sensitivity of OSCs at ambient conditions is another important property 

which has been used for the fabrication of various types of sensors. The OSCs are used as 
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active materials for detecting the effects of light, temperature, humidity, pressure and 

gasses. They show high chemical stability and low hysteresis.  

1.3 Objectives 

The organic junction diode is the elementary building block of most of the 

electronic and optoelectronic devices like light emitting diodes, solar cells, and OTFTs. 

The study of junctions of organic-organic or organic-inorganic materials not only gives 

enough knowledge about the interfaces of these materials but also it provides the 

opportunities to enhance the performance of organic devices.  

The main objective of this dissertation is to study the electronic and optoelectronic 

properties of different organic semiconductors in order to find their suitability for the 

fabrication of the organic electronic devices. Studies are carried out on the metallo 

porphyrin 2-formyl-5,10,15,20-tetrakis(4΄-isopropylpheny)prophyrinatocopper(II) or 

formyl-TIPPCu(II), N,N´-di-n-heptyl-2,3:6,7-anthracenetetracarboxydiimide (ADCI7) 

and N,N´-di-n-octyl-2,3:6,7-anthracenetetracarboxydiimide (ADCI8). 

In phase-1, the copper based porphyrin formyl-TIPPCu(II) is chosen to study its 

junction with inorganic semiconductor p-type silicon. As the macrocyclic organic 

compounds porphyrins with largely conjugated structure have been extensively studied 

over the past decades because of their wide range of applications in different electronic 

devices. Porphyrins being tetrapyrrole derivatives show their charge transfer and light 

harvesting functions in the photosynthesis. They show high chemical stability and their 

structures can easily be synthetically manipulated [25, 26]. The study of effects of 

temperature on electrical properties of junction diode is also one of the important 

purposes of this research. 

Another focus of this research is to explore the sensing abilities of formyl-

TIPPCu(II) to develop inexpensive, reliable and accurate light, temperature and humidity 

sensors for environmental monitoring. The morphological study of this organic material 

shows the enough porosity for capturing water droplets at different humidity levels and 

proves its suitability for detecting humidity.  

Keeping in mind the importance of organic complementary circuits, the important 

aim of this research is to study the n-type organic semiconductors to fabricate n-channel 
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organic thin film transistors. Mostly organic semiconductors are p-type; naturally n-type 

OSCs are very rare. Miller et al has reported the linear acenedicarboximide cores as 

electrochemically n-dopable. Then in another research work, ADI8 based organic thin 

film transistor was reported as air stable [27, 28]. Therefore, the most important objective 

of this research is to investigate the n-channel OTFT of N,N´-di-n-octyl-2,3:6,7-

anthracenetetracarboxydiimide (ADCI8) and then to study the stable field effect 

properties of newly synthesized  N,N´-di-n-heptyl-2,3:6,7-anthracenetetracarboxydiimide 

(ADCI7). 

1.4 Outline of Dissertation 

This dissertation consists of eight chapters, the details are as under: 

 

Chapter 2 

The chapter consists of literature review, theory and basic properties of 

conjugated organic materials and their devices. The brief description of organic thin film 

transistors are also the part of this chapter.   

.   

Chapter 3 

This chapter focuses on the molecular structure and important properties of 

organic materials (used in this research) i.e formyl-TIPPCu(II), ADCI7 and ADCI8. It 

also contains the details of devices fabrication and characterization techniques.     

 

Chapter 4 

Temperature dependant electrical properties of formyl-TIPPCu(II)/p-Si 

heterojunction diode are discussed in this chapter. The discussion consists of the 

fabrication and characterization of formyl-TIPPCu(II)/p-Si diode and the effect of 

temperature on important diode parameters like series resistance, reverse saturation 

current, ideality factor and barrier height.   
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Chapter 5 

The sensing of Humidity by surface type Ag/Formyl-TIPPCu(II)/Ag sensor for 

environmental monitoring is described in chapter 5. It contains the details of fabrication 

and characterization of formyl-TIPPCu(II) based organic humidity sensors. The 

capacitive and resistive response of the fabricated sensors along with the possible 

hysteresis has been explained.  

 

Chapter 6 

This chapter constitutes the investigation of light and temperature sensors 

employing formyl-TIPPCu(II) as active sensing material.  It contains the procedures of 

fabrication and characterization of surface type organic sensors  

 

Chapter 7 

Chapter 7 deals with the investigation of ADCI7 and ADCI8 based n-channel 

organic thin film transistors. It encompasses the fabrication and characterization of the 

OTFTs and also contains the study of the surface morphologies of thin films of ADCI7 

and ADCI8. 

 

Summary and Future work 

At the end of the thesis, summary of this research work have been reported along 

with the suggested future work. 
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Chapter 2 

Theory and Literature Review 

The conjugated organic materials exhibit semiconducting properties and their 

conductivity lies between insulators and conductors ranging from 10-9 to 103 Ω-1cm-1 

(Fig. 2.1). But one of the superiority of organic semiconductors is the enhancement in 

their conductivity. By different synthetic procedures the conductivity of these materials 

can be tuned according to the requirements of different applications.  The band gaps of 

organic semiconductors lies between 1.2 to 3.5 eV in comparison to traditional elemental 

semiconductors silicon with 1.2 eV and germanium 0.76 eV [1]. 

 

 

Fig. 2. 1: Comparison of conductivity of organic semiconductors. 

 

The invention of transistor was the enormous progress toward the modern 

electronics which basically started the domination of inorganic semiconductors over the 

metals and vacuum tube technologies. The end of the 20th century brought omnipresence 

of semiconductor electronics in the daily life uses.  The emerging of organic 

semiconductors in the beginning of the 21th century leaded the real revolution in the 

electronics which made possible the fabrication of novel devices such as flexible solar 

cells, e-paper, smart window, low cost printed circuits and large area flexible displays. In 

contrast to inorganic semiconductors, the organic semiconductors are inexpensive, light 
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weight, soluble and flexible. Their electronic and optoelectronic properties can be 

modified.     

The organic semiconductors are further divided into two main classes, polymers 

and small molecules or oligomers. Both have the same chemical properties but differ only 

in their physical properties. Jacob Berzelius introduced the polymers in 1832 as long 

chain carbon molecules. These molecules have higher melting points due to stronger 

intermolecular forces, while the small molecules have low melting points [2, 3].  

2.1 Chemistry of Organic Semiconductors 

The carbon atoms are the basic building block of Organic semiconductors.  The 

atomic number of carbon is 6 and its electronic configuration is 1s22s22p2. In chemical 

bonding configuration, it forms sp, sp2 and sp3 hybridized orbitals which are the mixing 

of atomic orbitals.  

The organic semiconductors are π-conjugated materials and are formed by sp2 

hybridization which forms three hybrids, each containing one electron having orientation 

of an angle of 1200 to one another. The unhybridized pz orbital which is perpendicular to 

the plane of sp2 hybridized orbital contains the remaining electron. The overlapping of 

two sp2 orbitals results in the formation of s-bond which basically provides the structure 

stability to the organic materials, while the π bond appears due to the pz orbitals and is 

responsible for the conductivity of the materials (Fig. 2.2).  The π electrons are 

delocalized and have the ability to move freely within the chain. The appearance of 

delocalized π-orbitals results as the lowest unoccupied molecular orbital (LUMO) and the 

highest occupied molecular orbital (HOMO). The smaller energetic difference between 

these orbitals provides the materials as semiconducting properties.  
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Fig. 2. 2: Scheme of the orbitals of two sp2 hybridized carbon atoms 

 

2.2 Mechanism of Charge transport in organic 

materials 

The HOMO-LUMO energy gap of organic semiconductors lies between 1-4 eV 

which is an indication of insulating behavior of the organic materials [4].  But the 

opportunities of the generation and conduction of charge carriers can be produced by 

using different methods including the creation of electron-hole pair by optical excitation, 

chemical/electrostatic doping or the injection of charge carriers by metallic electrodes. 

The organic semiconductors can be found in different states i.e. amorphous, 

polycrystalline or single crystal, so the charge transport in these materials can have 

different mechanisms. Organic semiconductors can be described on the basis of the 

energy band theory of inorganic semiconductors. According to this theory, the charge 

transport mechanism in organic materials is considered to be the same as in the extended 

states of the valence and conduction bands of single crystal inorganic semiconductors. 

The molecules in organic materials are weakly bonded by van der Waals and dipole-

dipole attractions, which causes the lesser intermolecular orbital overlap that results a 

narrower band width and a short mean free path in contrast to the inorganic 

semiconductors. According to band theory, the mobility of the materials is influenced by 

 

π-bond 

π-bond 

σ-bond 

pz- orbital pz- orbital 

Plane of the  

sp2 orbitals 



 

14 
 

the scattering of phonons, impurities and the temperature. The charge mobility is 

described by the relation [5] 

� ∝ ��	(2.1) 

Where T represents the absolute temperature and n depends on the scattering 

mechanism. In naphthalene single crystals at ambient temperature, the hole FET mobility 

was observed about 20-35 cm2/Vs while for same material mobility at cryo-temperatures 

of several Kelvin was found of about 102 cm2/Vs by Time-Of-Flight (TOF) experiments 

[6, 7]. A phonon-assisted hopping mechanism of charge transport in the amorphous and 

polycrystalline materials is due to thermally activated charge mobility.  In this 

mechanism, the variation in the mobility with temperature is resulted by the thermally 

activated   hopping between localized sites.  Then the activation energy E can be 

described with the following [8] 

�	~	�� exp �
��

��
� exp	(2��) (2.2) 

where E is the energy difference between two hopping sites, VP is the lattice frequency, T 

is the absolute temperature and k is Boltzmann’s constant. The probability of the 

localized hopping electron transferring to the next site at an energy E above the initial 

one is represented by VP exp(-E/KT). The overlap of the wave-functions between adjacent 

hopping sites is described by the term exp  R2  where α is the decay rate of the wave-

function and R is the separation between sites. 

The tight inter-molecular π-stacking in the packed molecular films results the 

higher charge carrier mobilities. Then the charge transport in organic semiconductors 

mostly depends on the transfer integral and the reorganization energy which relate with 

the packing of organic semiconductors.  

.  

2.2.1  Organic Thin Film Transistors 

Organic thin film transistor (OTFT) is three terminal device which is the 

fundamental unit of organic electronic and optoelectronic devices. Without a bulk contact 

it resembles with the Si MOSFET. All three types of materials i.e. conductor, insulator 

and semiconductor are simultaneously used in organic transistors. It consists of thin films 
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of organic semiconductor, dielectric and three electrodes i.e. source, drain and gate. The 

source and drain play the role of flow of charges and are directly connected with the 

semiconducting thin film while the gate is used for the modulation of voltage or current. 

OFETs are mainly prepared in one of following four different:  

1. Bottom gate/top contact  

2. Bottom gate/bottom contact  

3. top-gate/bottom-contact  

4. top-gate/top-contact 

The first two configurations are depicted in Fig. 2.3. In first structure, the gate and 

dielectric are deposited first on the substrate then both drain and source are deposited on 

the top of the thin film of OSCs while in the second configuration, the drain and source 

are directly developed on the gate and dielectric then OSCs film covers the whole device 

[9].   

 

 

Fig. 2. 3: Schematic structures of bottom-gate OFETs: top-contact (left) and 

bottom-contact (right) 

 

The top-contact transistors exhibit better performance with higher field effect 

mobility, which may be attributed due to direct contact of source and drain electrodes 

with  the semiconducting thin film. But one important drawback of this structure is 

possible damage of semiconducting film because the electrodes are usually deposited by 

thermal evaporation through the shadow mask instead of lithographic processes. 

 In bottom-contact OFETs, the crystalline semiconducting material can influence the 

charge transport and the prior existence of the metal electrodes can affect the growth of 

organic film on the dielectric. 
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In other two OFET structures, the gate is developed on the top. In the top-

gate/bottom-contact geometry, the drain and source are patterned on the top of the 

substrate, followed by the deposition of semiconductor thin film and then the gate 

dielectric and finally the gate electrode are developed. In the top-gate/top-contact 

structure the organic film is first deposited on the substrate, and then the source and drain 

electrodes, the gate dielectric and finally gate electrode are deposited. The degradation in 

the structure by ambient atmosphere can be prevented by using a polymeric dielectric. 

 

Fig. 2. 4 Schematic drawings of top-gate OTFTs: top-gate/top-contact (left) and top-

gate/bottom-contact (right) 

 

2.2.2 Factors limiting the mobility in OFETs 

The charge mobility is an important parameter of the organic semiconductors 

which can be found by different methods like SCLC, Time of flight and by OFETs. The 

finding of mobility by OFETs is the best one. The value of mobility depends on the 

organic material’s nature. The single crystal materials have higher mobility, but the 

growth of single crystal of organic semiconductor is very difficult task. The 

polycrystalline organic material posses the smaller value of mobility as compared to 

single crystal because of different types of defects in the material like grain boundaries, 

dislocation, stacking etc. These defects trap the charge carriers causing the decrease in 

the mobility of the organic semiconductors [10]. 
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2.3 Operation of the organic transistors 

The organic semiconductors have the low charge carrier density so the gate field 

not affects the bulk semiconductor, the charge transport can take place only in thin layer 

close to the interface of the dielectric. OFETs can only function in accumulation mode. 

When the gate and drain of a p-type OFET are negatively biased and VDS˂VG, a linear 

current regime can be observed. By making VDS more negative, the linear rise in the 

current IDS can be observed which is basically caused by the decrease in the density of 

accumulated charges from the source to the drain (Figure 2.5). When the potential of 

drain is more negative than the potential of the gate, the current tends to saturate and a 

zone of depletion appears close to the drain (pinching of the channel).  

The relation between drain source current and voltage i.e. (IDS & VDS) at fixed gate 

voltage (VG) represents the output characteristic while the transfer characteristics give the 

relation between IDS and VG at fixed VDS. The same information by the OFET 

measurements is obtained when sufficient numbers of drain voltages (gate voltages) are 

scanned as transfer (output) characteristics. The linear and saturation regime can be 

obtained by transfer characteristics at two fixed VDS: one value as much smaller than the 

maximum scanning gate voltage and the other VDS value is set larger than the maximum 

scanning VG. Various important parameters like the field effect mobility (μFET), the on/off 

ratio and the threshold voltage can be extracted from the transfer characteristics of the 

OFET. The model developed for Metal Oxide Semiconductor Field Effect Transistor 

(MOSFET) can be used for the characterization of the OFET. According to the standard 

MOSFET model, the n-channel device is described by the standard current equation [11]. 

In the linear region (VDS< VG-Vth):   

��� =
����

�
��� − ��� −

���

�
� ��� (2.3) 

But for saturation operational region (VDS≥VG-Vth):
 

��� =
����

��
(�� − ���)

�  (2.4) 

Both equations show that μFET is a proportional factor that relates the IDS to the 

VDS, VG, the length L and width W of channel, threshold voltage Vth. and the gate 

capacitance per unit area Ci. 
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The measured values of the μFET in the saturation and linear regions of operation 

have much difference, so they are referred as μFET,sat and μFET,lin .  In this research work 

μFET is measured in the saturation region. 

 

 

 

Fig. 2. 5 Transfer (a) and output (b) characteristics of PDIF-CN2 TFT[12] 
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The mobility in OFETs is field-dependent and it may be limited by the existing 

traps and by metal/organic contact (Schottky barrier). Therefore, to get the high value of 

mobility remedies should be followed to minimize the effect of these factors. By 

increasing the bias magnitude, OFETs can be operated away from the injection-limited 

regime. This can be achieved by slightly increasing the values of IDS with VDS [13]. 

2.3.1 Threshold voltage 

The gate voltage at which the conduction channel starts to appear is called the 

threshold voltage. The charge transport mechanism in OFET is different from MISFETs 

i.e. Metal Insulator Semiconductor Field Effect Transistors which are silicon based.  It 

operates in accumulation region; the conduction channel is not isolated from the substrate 

due to absence of depletion layer [14]. Ideally, Vth should be zero for an organic transistor 

operating in accumulation mode, but the real Vth is not equal to zero due to various 

factors [15]. The appearance of non-ohmic injection barrier at the interface of metal and 

semiconductor causes the misalignment of the energy levels of the metal contacts with 

the LUMO of n-type materials and HOMO of p-type.  

The value of threshold voltage (Vth) can be found by either the measurements by 

plotting √IDS versus VG for saturation region or by extrapolating the linear region of the 

IDS (VGS) curve to IDS = 0.  

2.3.2 On/Off ratio 

The ratio between the currents in the OFET in on and off states is referred as the 

on/off ratio. The channel in organic transistors is not isolated from the other portion of  

semiconductor, Then the total current is the sum of an ohmic current IDS, the conduction 

current IDS in the channel (as both currents are parallel). The total current is:  

I��,����� = I��,���� + I��,�������and	the	ratio	is										
���,�������

���,����
=

���

����
        (1.5) 

This ratio exhibits the ability of a transistor to use as a switch from the on state to the off 

state. The transistors with on/off ratio of the order of 106 can be used in logic circuits 

[16]. This ratio can be increased by different methods. The modification of transistor 
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geometry causes the appreciable rise in the value of the on/off ratio. The ratio of channel 

width and length (W/L) has direct influence on the value of the drain-source current IDS 

in the saturation region. Thus either by increasing the channel width or decreasing its 

length, the value of the on/off ratio can be increased [17]. Another effective way to 

increase the on/off ratio is to minimize the off-current. Which can be reduced either by 

the purification of organic semiconductors or reducing leaks and noise interferences by 

patterning active organic layer.  

2.3.3 Contact resistances 

The device performance is also influenced by the channel and contact resistances. 

The total resistance of the OFET device (Rtotal) is the net value of the contact resistance 

(Rc) and the channel resistance (Rch) i.e. 

Rtotal =Rc + Rch          while         Rc= Rsource+ Rdrain (1.6) 

The contact resistance which depends on the nature of electrodes i.e. the metal’s 

work function and on the geometry of the transistor, is actually the sum of source and 

drain resistances. The increase in gate voltage results in the rise in charge carrier density 

in the channel which minimizes the contact resistance. In the bottom contact 

configuration the contact resistance is high as compared to the top contact structure and it 

depends on the drain voltage. The differences exist due to different reasons.  In top 

contact geometry, the injection surface is larger while in bottom contact the non-uniform 

or disturbed growth of organic material by triple interfaces causes the increase in 

resistance. Generally the faster response time for OFETs can be achieved by decreasing 

the channel length and increasing µ. The interface modification by using Self-Assembled 

Monolayer (SAM) can also reduce the contact resistance.  
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Chapter 3 

Materials and Experimental Procedures 

3.1 Organic Materials 

In this research the organic semiconducting materials (i) 2-formyl-5,10,15,20-tetrakis(4΄-

isopropylpheny)prophyrinatocopper(II) or formyl-TIPPCu(II), (ii) N,N´-di-n-heptyl-2,3:6,7-

anthracenetetracarboxydiimide (ADCI7) and (iii) N,N´-di-n-octyl 2,3:6,7 anthracenetetracarboxydiimide 

(ADCI8) have been used for the fabrication of devices.  

3.1.1 formyl-TIPPCu(II) 

formyl-TIPPCu(II) with full chemical name 2-formyl-5,10,15,20-tetrakis(4΄-

isopropylpheny)prophyrinatocopper(II) is carbon based metalloporphyrin. Its molecular structure is shown 

in Fig. 3.1.1. The organic semiconductor formyl-TIPPCu(II) was synthesised by Yaseen et al [1]. 

 

Fig.3. 1 Chemical structure of formyl-TIPPCu(II). 

3.1.2 N,N´-di-n-octyl-2,3:6,7-anthracenetetracarboxydiimide (ADCI8) 

The ADCI8 is n-type organic material which belongs to the family of 

anthracenetetracarboxydiimide and has an optical energy band gap of 2.95 eV. This material is very 
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suitable for fabrication of organic thin film transistors. Its optical and photoluminescence wavelengths in 

Dichloromethane (DCM) are 419 and 423 nm. The molecular structure of ADCI8 is depicted in Fig. 3.2. 

 

Fig.3. 2 The Molecular structure of ADCI8 

3.1.3 N,N´-di-n-heptyl-2,3:6,7-anthracenetetracarboxydiimide (ADCI7) 

The ADCI7 is also n-type organic semiconductor belonging to the family of 

anthracenetetracarboxydiimide. Its chemical formula is given in Fig. 3.3. This material has been first time 

used for the fabrication of n-channel OTFTs.   

 

Fig.3. 3 The synthesis procedure and chemical structure of ADCI7 

3.1.4 Poly(methyl methacrylate) (PMMA) 

The synthetic polymer Poly(methyl methacrylate) (PMMA) with molecular formula (C5O2H8)n  is 

used as buffer layer on dielectric SiO2 to enhance the air stability of n-channel OTFTs [2]. The Molecular 
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stable film because of having high melting point [3].   

 

Fig.3. 4 Molecular structure of PMMA 

 

3.1.5 Hexamethyldisilazane (HMDS) 

The organosilicon compound Hexamethyldisilazane (HMDS) with chemical formula 

NH is low density compound [4]. Being adhesion promoter it is used as self assembly 

monolayer for the fabrication of stable n-channel OTFTs. Fig. 3.5 shows its chemical structure. The 

available HMDS is used in this research. 

 

Fig.3. 5 Chemical structure of HMDS. 

25 

able PMMA was used. It 

The organosilicon compound Hexamethyldisilazane (HMDS) with chemical formula 

. Being adhesion promoter it is used as self assembly 

channel OTFTs. Fig. 3.5 shows its chemical structure. The 



 

 

26 
 

3.2 Fabrication Techniques 

This section is composed of the general fabrication methods which have been employed in this 

research work to fabricate the junction diodes, organic sensors and organic thin film transistors. These 

include the pre-deposition preparation of substrates (glass and silicon wafer) and the material deposition 

techniques. 

3.2.1 Substrate Cleaning 

The performance of organic devices depends on uniform growth of organic thin films on the 

substrates. The adhesion and growth of organic material on the substrate is directly influenced by the 

topography and cleanliness of the substrate structure.  So the removal of contamination from the substrate 

structure before any deposition is very necessary.  

The procedures for cleaning the substrates depend on the nature of substrate. In this research work, 

the silicon and glass substrates have been used for the fabrication of junction diodes, n-channel OTFTs and 

organic sensors, respectively. Their cleaning procedures are illustrated here. 

3.2.1.1 Glass substrates cleaning 

For the detection of light, temperature and humidity, the surface type organic sensors have been 

fabricated in this research work. The organic films were deposited on the thin glass slides which are 

commercially available for medical purposes. Prior to the deposition, all substrates were cleaned by 

following these steps 

 Detergent- to remove large surface contamination or possible oil droplets  

 Sonication-to remove surface particles- using distilled water in ultrasonic bath  

 Drying – in dust free environment 

 Plasma cleaning – to remove organic contaminations in thermal evaporator  

3.2.1.2 Silicon Substrate Cleaning 

In this dissertation, two different types of organic devices have been fabricated by using 

silicon substrates. The p-type silicon has been used to form its junction diode with organic material, while 

SiO2 covered n-type silicon wafers were used as gate electrode to fabricate the n-channel OTFTs. The 

procedure of cleaning of silicon substrates is slightly different for both cases. 
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3.2.1.2.1 Cleaning of silicon substrate for junction diodes 

 To fabricate the formyl-TIPPCu(II)/p-Si, the silicon substrates were cleaned by adopting following 

procedures. 

 Sonication- to remove large surface particles- using acetone in ultrasonic bath 

 Drying- by using nitrogen gas 

 Plasma cleaning- to remove the organic particles in plasma cleaner  

3.2.1.2.2 Cleaning of silicon substrate for OTFTs 

The n-type organic materials are very sensitive and react with water droplets to form hydroxyl ions 

which become the traps for electrons. To minimize this effect, the silicon surface is cleaned to avoid 

any contaminations. Therefore, the substrates were cleaned by using following steps: 

 Sonication- using acetone in ultrasonic bath- to remove  

surface particles 

 Sonication- using 2-propanol in ultrasonic both- to remove  

surface particles 

 Piranha cleaning- solution of 96% H2SO4 and 32% H2O2 in 2:1 volume ratio 

to remove all possible contaminations 

 Sonication- in deionized water  

 Drying- in nitrogen gas 

 Plasma cleaning  

The substrates were cleaned by using acetone, 2-propanol and Piranha in chemical hood.  

Fig. 3.6 shows the Hood for cleaning substrates.  
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Fig.3. 6 Chemical Hood for cleaning substrates 

In this research work, for OTFTs the substrates were plasma cleaned in Plasma cleaner PDC-32G (Fig. 

3.7). 

 

 

Fig.3. 7 Plasma cleaner PDC-32G 
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3.2.2 Thin Films Depositions 

In this research, thin films of the materials were grown on the substrates by using two different 

techniques. 

1. Vacuum  Thermal Evaporation   

2. Spin coating 

3.2.2.1 Vacuum thermal deposition technique 

Vacuum thermal sublimation is one of the most popular techniques for the growth of thin layers of 

different material in the range of angstroms to microns.   Historically it is a very old technique which can 

be traced to the formation of thin metallic film by Michael Faraday by exploding the metallic wire in 

vacuum.   

This technique consists of three major steps.    

 

1. Generation of vapor 

The cloud of vapours is created by heating the solid material (source) in  

Vacuum chamber 

2. Vapor Transpotation 

The vapour are transported from source to target (Substrate) 

3. Film growth 

The vapor which strikes the substrate sticks with its surface causing the film growth 

The organic semiconductors specially the small molecules are deposited by using this technique.  

The organic material/metal is loaded in resistively heated crucible/boat. The substrates are placed in sample 

holder whose temperature can also be controlled. Both are sealed in vacuum chamber having inside 

pressures of ~10-6 mbar. The deposition rate and the thickness of the film can be controlled by the quartz 

crystal and oscillator (crystal sensor) monitor. The evaporation can be adjusted to the desired value by 

changing the orientation of shutter.  The inner view of the vacuum evaporator is shown in Fig. 3.8, with the 

sample holder (Fig. 3.9). 
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Fig.3. 8 Inner view of PLASMIONIQUE EVD-400H thermal evaporating system 

 

Fig.3. 9 Sample Hoder in PLASMIONIQUE EVD-400H thermal evaporating system. 

 

In this research work, for the fabrication of junction diodes, organic sensors and OTFTs, the thin 

films of metal electrodes and organic materials were formed by thermal evaporation techniques. Both 
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metals (Gold & Silver) and organic material formyl-TIPPCu(II) were deposited on the substrates by using  

thermal evaporator AUTO 306 having FTM5 film as thickness monitor in the Faculty of Material and 

Manufacturing, GIKI (Fig. 3.10) while the n-channel OTFTs of ADCI7 and ADCI8 were fabricated by 

depositing the thin film of organic materials and metals (Gold) on the n-Si substrates by PLASMIONIQUE 

EVD-400H thermal evaporating system (Fig. 3.11). 

 

 

Fig.3. 10 Edward Auto 306 vacuum thermal evaporator with thickness Monitor 
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Fig.3. 11 PLASMIONIQUE EVD-400H thermal evaporating system 

 

3.2.2.2 Spin Coating 

Spin coating has been used for many years for developing thin films, and the technique is 

still effective for solution processable organic materials. In this technique a liquid or a suspension is 

dispensed by a pipette onto the center of a substrate which rotates with uniform angular speed. The 

thickness of the material is controlled by spinning speed. The spinning time, surface tension, 

viscosity and volatility of a solvent and the amount of solid content present in suspension also affect 

the thickness of the film. The schematic diagram of spin coating is shown in Fig. 3.12. 
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Fig.3. 12 Schematic diagram of spin coating technique. 

In this research, the thin films of PMMA  as buffer layers were deposited on the top of SiO2 

dielectric layers for preventing the absorption of water droplets and to increase the mobility of n-

channel OTFTs. The films were grown at the spinning speed of 2500 rpm using spin coater Model 

WS-400B-6NPP/LITE which is shown in Fig. 3.13. 

 

Fig.3. 13 Spin coater Model WS-400B-6NPP/LITE 

3.3 Atomic Force Microscopy 

The performance of organic devices is directly influenced by the nature of organic films. The 

charge mobility in OTFTs depends on the thin films growth.  The surface morphologies of organic thin 

films of OTFTs can easily be monitored by Atomic Force Microscopy. By using this tool, the irregularities 

and any type of degradation in the thin layers can be studied.  
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A cantilever with a sharp tip of radius of curvature (~10-50 nm) is used to scan the surface 

of sample. Then the Van der Waal interaction (~ 1nN) emerges between the neutral atoms of the cantilever 

and surface which deflects the cantilever and the laser beam from the laser diode. A photodetector records 

these deflections. The schematic diagram of AFM is shown in Fig. 3.14.      

 

Fig.3. 14 Schematic diagram of AFM. 

 

AFM can function in the following three different modes: 

1. Static or contact mode 

2. Semicontact or tapping (Intermittent contact) mode 

3.  Non contact mode 

In this research work, surface morphologies of the thin films of the organic materials which were 

grown for the fabrication of organic sensors and OTFTs were investigated in tapping mode (NSC 35 

Micromasch cantilevers) by using MM Multimode AFM setup (Fig. 3.15). For the surface morphologies of 

the thin films for OTFTs, ScanAsyst-Air (Bruker) silicon nitride levers with a nominal spring constant of 0.4 

N/m, nominal resonant frequency of 70 kHz and tip radius < 5nm has been used.  

 

Cantilever 

Photodetector 
Laser 



 

 

35 
 

 

Fig.3. 15 MM Multimode 8 AFM setup 

 

3.4 Device Characterization Techniques 

3.4.1 Electrical Characterization 

The current-voltage studies of the junction diode and OTFTs were carried out using the facilities 

available at the Faculty of Engineering Sciences, GIK Institute and SCS at Perepichka lab McGill 

University, Canada, respectively. These systems are briefly described here. 
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3.4.2 Current- Voltage (I-V) Characterization 

 The current-voltage measurements of the junction diode were carried out on Probe Station (KARL 

SUSS PM5) at temperature range of 229-339K, equipped with keithley-196 System Digital Multimeter and 

keithley-228A I-V source. Fig. 3.16 depicts the I-V characterization set up. 

 

Fig.3. 16 Probe Station(KARL SUSS PM5)  with  keithley-196 System Digital Multimeter  and 

keithley-228A I-V source 

 While the electrical measurements of n-channel OTFTs were obtained by Keithley 4200-SCS in 

vacuum at ambient atmosphere (Fig. 3.17). The inner view of the apparatus is shown in Fig. 3.18. 

 

Fig.3. 17 Keithley 4200-SCS for characterization of OTFTs 
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Fig.3. 18 Inner view of Keithley 4200-SCS 

 

3.5 Humidity dependent Characterization 

 Humidity dependent measurements i.e. capacitance and resistance of the fabricated humidity 

sensors were investigated in self-assembled humidity setup    connected with LCR and digital humidity 

meter CEM DT-8860. The schematic diagram of the setup is shown in Fig. 3.19. By flowing the wet and 

dry nitrogen in the chamber, the humidity level was changed.  

 

Fig.3. 19 Schematic of experimental setup for humidity characterization 
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3.6 Light and Temperature Dependence Measurements 

 By changing the distance between fabricated sensor and light source the light dependent 

measurements were carried out by using CEM DT-1300 light meter. The experimental setup is depicted in 

Fig. 3.20 

 

Fig.3. 20 Schematic of experimental setup to study the effect of light 

  

The Temprotic Corporation’s thermo-chuck “Alpha” series probe station (KARL SUSS PM5) model 

TP0315A-TS-2 of USA has been used to study the effect of changing temperature from 27 to 1870C on the 

organic temperature sensor. Fig. 3.21 represents the experimental setup to study the effects of temperature.  

 

 

Movable light source 

Light sensor 
CEM DT-1300 light 

meter 
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Fig.3. 21 Experimental setup to study the effects of temperature 
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  Chapter 4 

Temperature Dependant Electrical Properties of formyl-

TIPPCu(II)/p-Si Heterojunction Diode 

4.1 Introduction 

Organic electronic is a commercially emerging field which constantly introducing more efficient 

and stable commercial appliances like the active matrix display, complementary circuits, RFID tags and 

sensors by using varieties of organic materials including small molecule and polymers by exploring their 

unique electronic and optoelectronic properties [1-3]. It enables the designing of more eco-friendly and 

affordable devices than silicon-based electronics.  The organic semiconductors promise more accessible, 

innovative and sustainable electronic technologies.   The tunebility  in the properties of organic 

semiconductors either by alteration in chemical structure or by improving their surface morphology make 

them special for fabricating a variety of devices with high efficiency and stability.  The electrical properties 

of conjugated organic materials can be studied by making their junction with inorganic semiconductors [4, 

5]. The I-V measurements of organic devices are unable to provide much more information about the 

device characteristics at room temperature [6], so the current-voltage characteristics at wide range of 

provide useful information about electronic parameters of the devices. Among the small molecules, 

porphyrins are more suitable for electronic conduction because of having large π-electron frameworks. 

Porphyrin and metalloporphyrin being field responsive materials have been used for fabrication of 

electronic and optoelectronic devices [7, 8]. Thin films of porphyrin which are formed by thermal 

evaporation or solution methods are of crystalline natures which enhance the different features of organic 

devices.  

In this research work, the temperature dependent electrical properties of copper based porphyrin i.e. 

2-formyl-5,10,15,20-tetrakis(4΄-isopropylpheny)prophyrinatocopper(II) or formyl-TIPPCu(II) have been 

investigated by fabricating its junction with p-type silicon to explore more information about this material.  
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4.2 Device Fabrication 

The temperature dependent behavior of copper based porphyrin i.e. 2-formyl-5,10,15,20-tetrakis(4΄-

isopropylpheny)prophyrinatocopper(II) or formyl-TIPPCu(II) has been studied by fabricating its junction 

diodes with p-type silicon substrates. The synthesis procedure of formyl-TIPPCu(II) has already been 

reported elsewhere [10]. 

Due to presence of carbonyl group in formyl-TIPPCu(II), its FTIR spectrum shows a strong 

absorption at 1670 cm-1. In chloroform, its UV-Visible spectrum exhibits a B band or Soret absorption at 

430 nm along with 550 and 595 nm as two Q-band absorptions (Fig. 4.1). At 872, the mass spectrum of 

formyl-TIPPCu(II) depicts a molecular ion peak of 3% intensity with a base peak at 349 (Fig. 4.2). 

 

Fig. 4. 1UV-Visible Spectrum of formyl-TIPPCu(II) 
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Fig. 4. 2 Mass Spectrum of Formyl-TIPPCu(II) 

For the fabrication of formyl-TIPPCu(II)/p-Si junction diodes, the p-type silicon substrates with 

orientation (100) were cleaned with acetone in ultrasonic bath for 15 minutes. After drying these substrates 

by nitrogen gas, these were plasma cleaned for 10 minutes to remove different contaminations. The film of 

formyl-TIPPCu(II) with thickness 140 nm was thermally grown on the substrate in  the Auto 306 vacuum 

coater with diffusion pumping system (Edward). The chamber pressure was kept as 5.5 × 10-5 mbar. The 

thickness of formyl-TIPPCu(II) was measured by an FTM5 crystal controlled thickness monitor. The cross-

sectional view of the fabricated Ag/formyl-TIPPCu(II)/p-Si junction diode is shown in Fig. 4.3. The cross-

sectional view of the fabricated Ag/formyl-TIPPCu(II)/p-Si junction diode is depicted in Fig. 4.3. The 

temperature dependant I-V measurements were carried out on thermo chunk ‘Alpha’ series probe station 

(Karl Suss PM5) with  Keithley SMU system 237. 

 

Fig. 4. 3 Cross-sectional view of Ag/formyl-TIPPCu(II)/p-Si diode. 

 

4.3 Results and discussion 

The I-V characteristics of formyl-TIPPCu(II)/p-Si junction at temperatures (299-339K with 10 K intervals) 

are presented in Fig. 4.4. 

 

p-Silicon 

formyl-

TIPPCu(II) 

Ag 



 

 

43 
 

-8 -6 -4 -2 0 2 4 6 8

0.0

5.0x10
-7

1.0x10
-6

1.5x10
-6

2.0x10
-6

2.5x10
-6

C
u

rr
e
n

t 
(A

)

Voltage (V)

 299
 309
 319
 329
 339

 

Fig. 4. 4 I-V characteristics of formyl-TIPPCu(II)/p-Si diode at 299-339K. 

 

The I-V curves exhibit weak voltage dependence for reverse current but these show exponential 

response at low forward voltage and then deviate at high voltage which may be caused by the domination 

of series resistance and interfacial layers. These graphs show the rectifying nature which is clearly caused 

by the formation of organic/inorganic diodes. These diodes have much smaller value of turn on voltage ~ 

0.5V which are suitable for different applications. The current increases with the increase in temperature 

which suggests a negative resistance coefficient of the diode. At the low applied voltage, the thermionic 

emission (TE) theory can be used to analyse the I-V characteristics at low applied voltage [11, 12], the 

current and voltage are related by the equation by using this theory (for q(V-IRs) > kT). 

 
0 exp 1sq V IR

I I
nkT

  
   

   
                                         (4.1) 

Where voltage across the junction is represented by V, the Boltzmann constant by k, the electronic 

charge by q, the temperature in Kelvin by T, the forward current by I and the diode quality factor by n 

which describes the disagreement between experiment and simple theory at forward bias of the diode, and 

the voltage drop across the parasitic series resistance (Rs) is IRs, the reverse saturation current (I0) can be 

measured  by semilog forward I-V plot (Fig. 4.5) at zero applied voltage, which can be represented as:   

 

* 2
0 exp bq

I AA T
kT

 
  

 
                                                     (4.2) 
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Wherethe effective diode area is represented by A, the effective Richardson constant by A*which 

has the values 32 A/cm2K2 for p-Si [13], Φb is the zero bias barrier height..  
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Fig. 4. 5 Semi-logarithmic (I–V) characteristics of formyl-TIPPCu(II)/p-Si diode at different 

temperatures. 

The decreasing response of the reverse saturation current with decrease in temperature can be seen 

in Fig. 4.6. The low value of reverse saturation current i.e. 1.19 × 10-8 A at 299K indicates the good quality 

of fabricated junction diode.  The changing values of saturation current at different temperature can also be 

used to find the activation energy (Ea) of carrier conduction by using Arrhenius plot of logI0 verses 1000/T 

with the help of following relation  

0 exp aE
I

kT


 
 
 

     (4.3) 

The value of Ea from this plot (Fig. 4.7) is determined as 0.59V. 
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Fig. 4. 6 Reverse saturation current of formyl-TIPPCu(II)/p-Si diode at different temperature. 
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Fig. 4. 7 Arrhenius plot of saturation current vs 1000/T for formyl-TIPPCu(II)/p-Si diode 

 

The slope of the linear region of the semi-log I-V curve is used to extract the ideality factor of the 

device at different temperatures (Fig. 4.5) by applying the expression:  
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 ln

q dV
n

kT d I

 
   

 
                                     (4.4) 

The values of ideality factor are greater than unity which may be possibly caused by different 

factors such as inhomogeneities of film thickness, series resistance, interface states, secondary mechanisms 

and non uniformity distribution of interfacial charges [14, 15].  It is also observed from the experimental 

curves that the rise in temperature causes a decrease in the values of ideality factor. The series resistance 

which plays the parasitic role in the diode can also be found by semi-logrithmic plot of forward I-V 

characteristics. For high forward voltage, I-V curves deviate from linearity indicating the presence of series 

resistance (Fig. 4.8). The voltage drop across the neutral region in semi-log curve ΔV=IRs is obtained by the 

horizontal displacement between the extrapolated linear part and the actual curve, can be used for finding 

the values of series resistance (Rs) at different temperatures [16].  
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Fig. 4. 8 Forward bias semi-logarithmic plots of current-voltage characteristics of formyl-

TIPPCu(II)/p-Si diode indicating the voltage drop ΔV=IRs across the neutral region. 

 

The variation of series resistance of formyl-TIPPCu(II)/p-Si junction diode with change in 

temperature is depicted in Fig 4.9. The rise in temperature results the decrease in the values of Rs which 

actually causes the decrease in diode’s ideality factor.  The values of zero bias barrier height at different 

temperatures have been calculated by using well known Norde method for extraction of electronic 

parameters [17]. According to this method the Norde function F(V) is calculated by following relation 
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2
ln

I VV kT
F V

q AA T 

 
   

 
  (4.5) 

Where γ is the first integer which is greater than n. The plot of F(V) vs Voltage is given in Fig. 4.10.  

At the minimum point of F(V), the values of barrier height at different temperature are calculated from the 

equation: 

0
0( )b

V kT
F V

q
      (4.6) 
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Fig. 4. 9 Series resistance-Temperature graph of fomyl-TIPPCu(II) diode. 
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Fig. 4. 10 F(V) vs V plot of formyl-TIPPCu(II)/p-Si diode 

 

Fig. 4.11 shows that, the rising temperature of diode, decrease the ideality factor while increases the 

barrier height. The non ideal behaviour and variation in barrier height of formyl-TIPPCu(II)/p-Si junction 

diode at different temperatures indicate the presence of barrier inhomogeneity and/or other mechanism of 

electron transport. At lower temperature, the flow of current is mostly through the region of lower barrier 

height.  The significantly larger value of ideality factor at room temperature may be caused by different 

reasons.  The higher values of ideality factors are attributed due to secondary mechanisms, oxide layer 

between organic material and silicon substrate [18].  
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Fig. 4. 11 Variation of Zero bias barrier height and ideality factor of formyl-TIPPCu(II)/p-Si diode 

with temperature from 299-339K. 

 

4.4 Conclusions 

The thin films of formyl-TIPPCu(II) were grown on the p-type silicon substrates by thermal 

evaporation  technique to fabricate formyl-TIPPCu(II)/p-Si heterojunction diodes. The variation in 

electrical characteristics of the fabricated device has been investigated in the temperature range of 299-339 

K. The important parameters of diode like series resistance, ideality factor, reverse saturation current and 

zero bias barrier height were extracted from I-V data. The parameters are strongly temperature dependent. 
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  Chapter 5 

The sensing of Humidity by surface type Ag/formyl-

TIPPCu(II)/Ag sensor for Environmental Monitoring 

5.1 Introduction 

Water which is present everywhere in the form of liquid, vapours or ice is essential for all forms of 

life. It can be adsorbed on all surfaces as moisture and present in air as humidity. Its existence in air is 

important for all living species. The relative humidity is one of the important factors which determine the 

level of comfort. The sensing of humidity and moisture have great economic importance for prediction of 

floods, preserving and processing of foodstuffs, for plants protection, for the maintenance of the optimum 

conditions in manufacturing processes specially in electronic industries and for weather telemetry 

applications [1]. It is important tool to control the climate indoors and to predict the climate outdoors for 

monitoring environmental changes.  

Effective humidity sensors have certain significant factors such as long term physical and chemical 

stability, accuracy and repeatability, fast response time and cost effectiveness [2]. It is detected indirectly 

from its effects on the materials. The sensing mechanism for humidity is either resistive or capacitive. In 

the capacitive sensor, the change in relative humidity is detected by the variation in capacitance which is 

caused by the change in dielectric constant due to water adsorption of sensing material while  in the 

resistive sensor, the variation occurs in the resistance of the material [3].  The capacitive technique is 

considered as the most favorable for miniaturised humidity sensors [4]. There are varieties of materials 

which can be used as active humidity sensing elements including ceramic, inorganic and organic 

semiconductors [5, 6]. The organic materials exhibit excellent sensing behaviour due to their porous nature 

as compared to inorganic which shows poor performance with respect to sensitivity, stability and 

selectivity. The electrical properties like conductivity and dielectric constant of organic semiconductors 

changes with the change in humidity and temperature. The Conventional humidity sensors are mostly based 

on ceramic and inorganic semiconductors which have certain drawbacks. The ceramic based humidity 

sensors show week humidity detective response and degradation in their sensitivity at high humidity due to 
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their pores widening which is caused by the diffusion of adsorbed water [7, 8]. They also need the periodic 

regeneration of heat cleaning to wash out moistures to recover their humidity sensitive properties [9]. 

While the organic semiconductor based humidity sensors work efficiently in whole humidity levels. Porous 

Si is also favourable semiconducting humidity sensing material but it gets contamination by its 

environment due to reactivity [10]. The nonlinearilty, lack of reproducibility and temperature sensitivity are 

others main limitations of porous Si based sensors [11]. The conventional humidity sensors are not only 

much expensive than organic counterparts but also need high temperature fabrication procedures. While the 

fabrication processes of organic sensors are not only simple but they also show low hysteresis. Due to 

flexible nature of the organic materials, these sensors can be used for large area applications. Organic 

sensors also need no heat cleaning process [12].  

Organic materials are basically classified as polymers and small molecules. Organic Polymers have 

attracted tremendous attention as active sensing materials due to their high sensitivity to humidity due to 

their porous nature [13]. Conducting polymers are another important class of the organic materials which 

have been used to monitor high humidity levels. Mostly the organic semiconductors are used in capacitive 

type humidity sensors [14, 15].  

Porphyrins which are basically macrocyclic compounds have high chemical and thermal stability. 

They exhibit emission, absorption, charge transfer and complexing properties due to their characteristic 

ring structure [16]. Porphyrins exhibit aromaticity because of having 22 π electrons with 18 π electrons in 

direct conjugation [17]. For achieving certain specific properties, the metalloporphyrins are formed by 

placing the metal ions into the central hole of the porphyrin ring. The copper based porphyrin i.e. formyl-

TIPPCu(II) or 2-formyl-5,10,15,20-tetrakis(4΄-isopropylpheny)prophyrinatocopper(II) has been synthesised 

by fitting copper ions into the central porphyrin ring. Its synthesis procedure has already been described 

elsewhere [18]. The formyl-TIPPCu(II) has already been investigated for the sensing for temperature and 

light [19].  

Humidity is an important parameter which directly influence the environment so in this research 

work formyl-TIPPCu(II) has been first time used as active sensing material for detecting humidity. The 

purpose of this research is to explore the efficient sensing organic materials which can be used to fabricate 

the humidity sensors for environmental monitoring in domestic or industrial processes. To avoid the 

damages in the active layer and shortening in the device, the surface type sensor is fabricated instead of 

sandwich configuration.  
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5.2 Experimental 

To detect the variation in Relative humidity, the organic semiconductor formyl-TIPPCu(II) was used as 

sensing material to fabricate its surface type sensors with silver electrodes. The title compoundformyl-

TIPPCu(II) was synthesized by the method described by Yaseen et al[20] by placing the copper in central 

vacant site of porphyrin and was purified by column chromatography.  

The commercially available glass microscope slides were used as substrates. To avoid the different type 

of contamination, the substrates were cleaned for 15 minutes in distilled water in ultrasonic bath, after 

drying in dust free environment, the substrates were plasma cleaned for 8 minutes in thermal evaporator. 

The silver electrodes with thickness of 100 nm were deposited on the substrates by Edward Auto 306 

thermal evaporator with the deposition rate of 0.1nm/s by keeping inside pressure of the chamber at 10-5 

mbar maintaining the uniformity in the metallic films. The gap of 40 μm was produced between the 

electrodes by masking technique. The thin films of formyl-TIPPCu(II) (thickness ~ 140nm) were grown on 

the electrodes in same thermal evaporator under same deposition rate and chamber pressure. The schematic 

diagram of the fabricated device is shown in Fig. 5.1.  

 

Fig. 5. 1The cross-sectional view of surface type Ag/formyl-TIPPCu(II)/Ag humidity sensor 

 

The surface morphology of the vacuum sublimated thin film of formyl-TIPPCu(II) was studied by 

Atomic Force Microscopy ((NSC 35 Micromasch cantilevers) in the standard tapping mode (Fig. 5.2). The 

capacitive and resistive measurements of the fabricated sensors were carried out by placing them in a 

sealed chamber using digital hygrometer and LCR meter at the frequencies of 1kHz and 10kHz and 

100kHz. The level of humidity in the chamber was controlled by injecting the Nitrogen gas after passing 

through the water vessel. The measurements were carried out at room temperature (250C).  
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Fig.5. 2AFM image of formyl-TIPPCu(II) on glass substrate. 

 

5.3 Results and discussion 

5.3.1 Atomic Force Microscopy 

In the capacitive type humidity sensor, the dielectric constant of the active sensing material changes due to 

adsorption of water which basically depends on the porosity of the material structure [21]. The voids which 

appear during the growth of thin film provide rooms for tiny water droplets. The 3D AFM image (Fig. 5.3) 

of the thin film of formyl-TIPPCu(II) shows that there are enough adsorption sites for water molecules due 

to roughness of the film.   
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Fig.5. 33D AFM image of thin film of formyl-TIPPCu(II). 

 

5.3.2 Capacitance Humidity Characteristics 

The capacitance - relative humidity relationship of Ag/formyl-TIPPCu(II)/Ag humidity sensor at different 

frequencies of  1kHz, 10kHZ and 100kHz, is shown in Fig. 5.4.  
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Fig.5. 4Capacitance-relative humidity relationship of the Ag/formyl-TIPPCu(II)/Ag 
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The experimental results describe the increase in capacitance with the rise of relative humidity of the 

device from 45% to 95% RH. There is sharp increase in capacitance of the sensor from 65% to 95% RH of 

about 9.4 times at 1kHz, 4.6 times at 10kHz and 2.1 time at 100kHz of AC signal frequency of applied 

voltage. The dielectric constant of the organic material increases due to adsorption of enough water 

molecules which results in the rise of the capacitance of the sensor. Normally the dielectric constant of 

organic materials is low i.e. lying between 4 to 8 [22, 23] but of water is high of about 80 [24]. So with the 

adsorption of water the dielectric constant of the sensing material also increases. The adsorption of the 

water depends on the porosity and the attractive forces between the surface of active organic material and 

water molecules. AFM image shows that there is high degree of porosity in the formyl-TIPPCu(II) 

structure. The increase in relative humidity results in the rise of adsorption of water molecules in the pores 

of the film which increase the dielectric permittivity of the organic film. The dielectric permittivity of the 

film is related with capacitance by following expression [25].  

0

n

w
S

d

C C




 
  

 
     (5.1) 

Where εd and εw are the dielectric permittivities of the thin film of formyl-TIPPCu(II) at dry and wet 

conditions and C0, CS are corresponding values of capacitance and ‘n’ is the morphological factor. 

Polarization of the organic material under the influence of external electric field is another factor for 

the variation of capacitance [26]. The organic semiconductors like formyl-TIPPCu(II) acts as dielectric 

having no free electrons. With the application of external electric field the bounded charges slightly 

displace from their position causing the formation of dipoles in the organic material [27]. In humidity 

sensor there are additional dipole formation (H+, OH-) in adsorbed water molecules which results the rise in 

capacitance of sensor.  

5.3.3 Capacitance Frequency Characteristics 

Fig. 5.5. exhibits the capacitance –frequency relationships for four distinct humidity levels of 65%, 75%, 

85% and 95%RH. There is no significant variation in the capacitance at high frequency of 100kHz as 

compared to lower frequency of 1kHz of AC signal. At 95%RH, the capacitance of the sensor at 1kHz 

frequency is 48.5 times greater than at 100kHz of the AC signal of the applied voltage, proving the fact of 

unsuitability of organic semiconductors for high frequency electronic applications [28].  Organic 
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semiconductors have low mobility so they have insufficient time response of applied AC signals at higher 

frequencies. At low frequency, the net polarization of material increases due to easier hoping of electrons 

which results the increase in the capacitance of sensor. While at higher frequencies, the relaxation of charge 

carrier is not as rapid as the time variation of the electric field which causes the decease in the capacitance 

of the sensor [29, 30].   
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Fig.5. 5Capacitance-frequency relationship of the Ag/formyl-TIPPCu(II)/Ag sensor at 65%, 75%, 

85% and 95%RH. 

 

During the adsorption and desorption of water molecules, one of the important challenges faced by 

humidity sensors is hysteresis which cannot be avoided completely because the rate of adsorption and 

desorption is never same. The electrical parameters like capacitance and resistance of humidity sensors are 

measured due to high porosity and moderate polarity of the organic thin film. The water molecules and 

organic material are bounded together with hydrogen bonding and Van der Waal force [31, 32]. Desorption 

of water starts when ambient air is drying down causing the destruction of physical bonds which results the 

hysteresis at high level of humidity. Porosity of the film is another cause of hysteresis as it supports the 

adsorption of water vapours but make difficult the rapid desorption [33]. The hysteresis property of the 

humidity sensor of forlmyl-TIPPCu(II) was also studied at higher frequency of 1kHz and it was found 
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about 7% (Fig. 5.6). M. H. Sayyad et al [34] reported 9% hysteresis in capacitive measurements of surface 

type Ag/ZnTIPP/Ag (Zn based porphyrin) humidity sensor at 1 kHz, Zubair et al [35] found 12% 

repeatability in organic inorganic composite based humidity (Ag/Cu2O-PEPC-NiPC/Ag) sensor. 
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Fig.5. 6Hysteresis-relative humidity relationship for Ag/formyl-TIPPCu(II)/Ag. 

 

5.3.4 Resistance Humidity Characteristics 

Resistance – relative humidity curves of Ag/formyl-TIPPCu(II)/Ag humidity sensor at 1kHz and 

10kHz are shown in Fig. 5.7. The resistance of the fabricated sensor decreases with increase in relative 

humidity from 45% to 95%RH. There is abrupt decrease in the resistance of the sensor from 45% to 

80%RH. With the adsorption of water, the conductivity of the film increases which causes the decrease in 

resistance with rise of humidity level. The electrical response of the sensor is due to proton hoping between 

the chemisorbed hydroxyl groups at lower RH values [100]. The sensitivity of the humidity sensor is found 

by the relation [101] 
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Where R0 is starting resistance, ∆R is the change in resistance ∆R=Rmax-R0, and ∆(%RH) is change 

in relative humidity. The sensitivity of formyl-TIPPCu(II) is found 0.0196%RH. 
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Fig.5. 7Resistance-relative humidity relationship of Ag/formyl-TIPPCu(II)/Ag sensor at 1kHz and 

10kHz. 

 

The long term stability of the fabricated sensor at room temperature (250C) has been experimentally 

observed in the laboratory. The good stability of the sensor has been confirmed after 200 cycles at low/high 

humidity (45%RH/95%RH) at a temperature of 250C. The reproducibility of the sensing material formyl-

TIPPCu(II) based sensors have been checked by characterizing a number of  devices  of same structure and 

dimension. The repeatability of the sensor is determined by hysteresis which depends on the temperature, 

exposure time and total span of humidity cycles. Ag/formyl-TIPPCu(II)/Ag humidity sensor shows an 

acceptable values of hysteresis which proves the repeatability of the device. 

5.4 Conclusion 

In this study, the humidity sensing capabilities of formly-TIPPCu(II) has been investigated by 

fabricating surface type Ag/formyl-TIPPCu(II)/Ag humidity sensor. The variations in capacitance and 

resistance of the sensor as function of relative humidity (45%-95%RH) have been observed. The fabricated 
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sensor exhibited the adequate sensorial properties and good stability. An acceptable value of hysteresis (~ 

7%RH) has been found. The film of formyl-TIPPCu(II) showed sensitivity of about 0.0196%RH. 
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Chapter 6 

Application of formyl-TIPPCu(II) for temperature 

and light sensing 

6.1 Introduction 

For the utilization of renewable energy sources, the assessment of environmental conditions is an 

important factor which can be done by monitoring temperature, humidity barometric pressure, wind speed 

and direction, rain fall and air pollution [1, 2].  The organic semiconductors based sensors can be used for 

sensing application of these environmental parameters because organic materials  are very sensitive to 

temperature [3, 4],  radiations [5], humidity [6, 7] and various gases [8, 9]. 

Temperature is the most important parameter of the environment. It has direct influence on the 

physical, chemical, biological, mechanical and electronic systems. The efficient working of these systems 

is possible only within a certain range of the temperatures. To optimise and control these systems under 

temperature limits, the regular monitoring of temperature needs the temperature sensors. These sensors also 

help to minimize the possible damages in electronic circuits due to rise or fall in temperature. The 

reliability of the electronic devices can be enhanced by proper monitoring the temperature. The electrical 

properties of the organic semiconductors are directly affected by the change in temperature, so these 

materials can be used as active temperature sensing materials [10-12].  

Porphyrin is the heterocyclic organic compound which is found in nature in the form of chlorophyll, 

which is thought to be the best photo acceptor in nature. The free base porphyrin can be changed into 

metalloporphyrin by inserting the metals into its core [13]. Due to its attractive properties, porphyrin has 

been used for the fabrication of different organic devices such as junction diodes [14], sensors [7, 15] and 

solar cells [16]. 

In this research work, copper based porphyrin i.e. 2-formyl-5,10,15,20-tetrakis(4΄-

isopropylpheny)prophyrinatocopper(II) or formyl-TIPPCu(II) has been used to fabricate the organic sensor 

for temperature and light sensing application. 
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6.2 Experimental 

Thin film of organic semiconductor formyl-TIPPCu(II) is used as a sensing element for the 

fabrication of Au/formyl-TIPPCu(II)/Au organic sensor. Microscope glass slides were used as substrates. 

The substrates were cleaned ultrasonically in acetone for 25 minutes followed by thorough rinsing with 

distilled water.  After drying, the substrates were plasma cleaned for 5 minutes. The gold electrodes of 100 

nm thickness were thermally deposited on the substrates by keeping 40 μm gaps between them by using the 

mask. Then the thin film of formyl-TIPPCu(II) of thickness 140 nm was thermally sublimed on the 

substrates. For these thermal depositions, the Auto 306 vacuum coater with diffusion pumping system 

(Edward) was used under a chamber pressure of 5.5 × 10-5 mbar. The thickness of formyl-TIPPCu(II) and 

gold films were measured by an FTM5 crystal controlled thickness monitor. The cross-sectional view of 

the fabricated Au/formyl-TIPPCu(II)/Au sensor is shown in Fig. 6.1. 

 

 

 

 

 

 

The electrical capacitance and resistance were measured by using DVM 890L and Kiethley 196 

digital multimeters. The temperature dependence measurements of the device were made using Karl Suss 

PM5 probe station with a thermo chuk ‘Alpha’ series system, model TP 0315A-TS-2 of Temprotic 

Corporation, USA. The fabricated sensor was illuminated by a tungsten filament lamp at room temperature, 

and the illumination measurements were made by CEM DT-1300 light meter.  

6.3 Results and Discussion 

Fig. 6.2 shows the capacitance-resistance versus temperature plots of Au/formyl-TIPPCu(II)/Au 

surface type sensor. The measurements were made under the dark conditions at 40% RH. It has been 

observed from these curves that capacitance increases by 4.3 times while resistance decreases by 4.4 times 

Glass Substrate 

Au Au 

formyl-TIPPCu (II) 

Fig.6. 1Cross-sectional view of the Au/formyl-

TIPPCu(II)/Au organic sensor. 
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with an increase in temperature from 27 to 1870C. The polarization and conductance of sensing film cause 

the change in the magnitude of capacitance and resistance of the device [17]. With increasing temperature, 

the molecular thermal movement becomes stronger, which increases the polarization and causing the 

enhancement in the capacitance of the fabricated sensor.  While the resistivity of the sensing material 

decreases with the increase in temperature, according to the relation. 

0 expT

E

kT
 

 
  

 
   (6.1) 

Where ρT is the resistivity at absolute temperature T, ρ0 is pre exponential factor, k is the Boltzmann’s 

constant and E is the activation energy of conduction. 
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Fig.6. 2Capacitance/resistance temperature relationships for the Au/formyl-TIPPCu(II)/Au organic 

sensor. 

It can be observed from Fig. 6.3 that the capacitive and resistive measurements have the hysteresis 

of 3.2 and 5.1%, which may be caused by polarization of the material. 



 

 

67 
 

20 40 60 80 100 120 140 160 180 200

0.01

0.02

0.03

0.04

0.05

0.06

Temperature [
0
C]

C
T
/C

0

0.02

0.04

0.06

0.08

0.10

0.12

R
T
/R

0

 

Fig.6. 3Hysteresis in the capacitive and resistive measurements of Au/formyl-TIPPCu(II)/Au organic 

sensor. 

 

Fig. 6.4 shows the relationship between relative capacitance and illumination for Au/formyl-

TIPPCu(II)/Au surface type photocapacitive sensor. Where Cd and Cph are capacitances under dark 

conditions and illumination respectively.  This plot shows that the photocapacitance of fabricated sensor 

increases about 13.2 times with the increase in illumination from 0 to 25000 lx. The concentration of 

charge carriers, i.e. electrons, holes, ions and dipoles increases with increasing illumination, which causes 

the increase in polarizability in the film which results in the increase in the capacitance of the sensor [18, 

19].  The total polarizability (α) can be written as 

dip i e t           (6.2) 

Where αdip, αi, αe and αt are polarizability under illumination due to dipoles, ions, electrons and the transfer 

of charge carriers, respectively. 

The change in capacitance of the device may be due to electronic and ionic polarizability. The 

electronic polarizability arises due to the relative displacement of orbital electrons, while the ionic 

polarizability is due to charge-transfer complexes in the formyl-TIPPCu(II). The capacitance is actually 

depending on the relative permittivity (εr) of the material who depends on the polarizability according to 

Clausius-Mossotti equation [18]. 
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Where N is the concentration of charge carriers, εr is the relative permittivity and ε0 is the permittivity of 

free space.    
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Fig.6. 4 Capacitance- illumination relationship for the Au/formyl-TIPPCu(II)/Au organic sensor. 

 

6.4 Conclusions 

The organic semiconductor formyl-TIPPCu(II) has been successfully used for the fabrication of 

surface type Au/formyl-TIPPCu(II)/Au organic sensor. The changes in capacitance and resistance of the 

sensor with temperature and light have been observed. The capacitance has increased by 4.3 times while 

resistance of the fabricated sensor decreased by 4.4 times by rising temperature from 27 to 1870C. An 

acceptable hysteresis for capacitive and resistive measurements was found. The rise of 13.2 times in 

capacitance due to illumination was also observed. The association of photocapacitive response of the 

organic sensor was assumed with polarization due to the transfer of photo – generated electrons and holes.  
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  Chapter 7 

Study of Anthracenediimide Derivatives for n-

channel Organic thin film transistors 

7.1 Introduction 

The high order mechanical flexibility of organic semiconductors enables their use 

for flexible, foldable and rollable electronic devices which seems difficult with 

conventional inorganic materials [1].  One of special feature of organic materials is the 

tailorability in their structure and other properties for their use for different novel 

application like smart windows, e-paper and flexible electronic and optoelectronic 

devices. The organic molecules have week van der Waal interactions, so they can be 

processed at low temperature which provide the opportunities to develop electronic 

devices with less cost as compared to traditional inorganic devices. 

Over the last few years, organic thin film transistors have received considerable 

attention due to their potential applications in low cost and flexible integrated circuits 

such as wearable textile, active matrix displays, RFID tags and organic complementary 

circuits [2, 3].  OTFTs also play important role for the exploration of important 

parameters of the organic materials like charge mobility, on/off current and threshold 

voltage. The organic materials which are used for the fabrication of OTFTs, either be p or 

n or ambipolar properties. The p-channel OTFTs have exhibited high mobility and 

stability but the importance of n-type OTFTs could not be ignored due to their use in 

greater power efficient complementary circuits. 

The logic gates with low power dissipation and improved noise margin are the 

basic requirements of the next generation all organic integrating complementary circuits 

which can be achieved by assembling hole and electron transporting (p and n channels) 

organic thin film transistors [4, 5].  



 

 

 

72 
 

There are certain factors which have crucial role on the performance of the 

OTFTs such as nature of organic material (chemical structure and intermolecular 

interaction), electrodes and gate dielectric, device configuration, the morphology of 

active layer, energy alignments between organic material and electrodes and between the 

gate and organic semiconductors [6].   

Organic thin film transistor is surface sensitive device, its performance depends 

on the nature of interfacial layers between organic and the dielectric layers [7, 8].  The 

electron trapping by moisture or hydroxy group at the interface of semiconductor and 

dielectric is the main hurdle for getting good performance of n-channel OTFTs. The 

electron mobility in these OTFTs can be enhanced by either modification in chemical 

structure of organic semiconductors or by dielectric surface modification. The density of 

trap sites can be reduced by either developing self assembly monolayer (SAM) or by 

depositing a buffer layer of polymer on the dielectric surface. 

Small molecules based OTFTs show high performance due to their purity and 

crystalline nature. A variety of small molecules like rubrene, pentacene, phtalolocyanine 

etc. have been used for the fabrication of OTFTs [9, 10]. The air stable n-channel OTFTs 

of ADCI8 have been reported with 2.0 × 10-5 cm2/Vs [11], so in this research work, the n-

channel OTFTs of ADCI8 and newly synthesised ADCI7 have been fabricated to get the 

high value of mobility.  

7.2 Device Fabrication & Characterization 

Organic thin film transistors (OTFTs) of N,N´-di-n-heptyl-2,3:6,7-

anthracenetetracarboxydiimide (ADCI7) and N,N´-di-n-octyl 2,3:6,7 

anthracenetetracarboxydiimide (ADCI8)  were fabricated in a bottom gate/top contacts 

configuration (with symmetric Au drain and source electrodes) and thin films were grown 

at room temperature on heavily n-doped silicon wafer (ρ≈0.01 Ohm cm) covered with 

thermally grown SiO2 layer (thickness ~ 200 nm, Ci=1×10-8F/cm2).  Prior to deposition of 

thin films, the substrates were cleaned to eliminate contaminates from the surface. All 

samples were sonicated   in acetone and 2-propanol for 5-10 minutes to remove 

physisorbed impurities and any other tiny dust specs. After that, the samples were 
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cleaned in freshly prepared piranha solution for 15 minutes.  Then substrates were 

thoroughly rinsed by sonication in deionized water and dried in a steam of nitrogen gas. 

Thin film of ADCI7 and ADCI8 were grown by vacuum deposition (10-6 to 10-7 mbar, 

deposition rate 0.2-0.4 Å/sec) on SiO2/Si covered with a thin layer of PMMA and HMDS 

treated. Thin films of PMMA in Toluene solution were deposited on SiO2 by spin coating 

technique and then annealed for one hour at temperature of 1500C. Au drain and source 

electrodes were uniformly deposited (at 10-6 mbar, deposition rate 0.1-0.3 Å/sec) to 

prevent possible damages to organic film. The schematic diagram of bottom gate/top 

contact OTFT of ADCI7 is shown in Fig. 7.1. The characterization of the fabricated 

OFETs was performed in vacuum and ambient atmosphere in Keithley 4200-SCS.  

 

Fig. 7. 1 Schematic diagram of bottom gate/top contact n-channel OTFT of ADCI7 

 

7.3 Thin-film X-ray diffraction 

X-ray diffraction measurements of thin films of ADCI7 and ADCI8 revealed that 

patterns of both films showed sharp peaks and estimated d spacing is 2.19 and 2.37 nm 

respectively (Fig.7.2).  
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Fig. 7. 2 X-ray diffraction measurements of thin films of ADCI7 and ADCI8 

 

7.4 Thin film morphology 

The surface morphology of early growth stage of vacuum sublimed films of ADI7 

and ADI8 was studies by Atomic force microscopy (AFM) in the scanAsyst mode. Fig. 

7.3 and 7.4 show the AFM micrographs and the histogram of the height profile of thin 

films of ADI7 and ADI8 deposited on PMMA treated SiO2/Si at the deposition rate of 0.1 

Å/s while the substrates were kept at room temperature. The typical three dimensional 

island (Volmer-Weber) growth was observed from AFM analysis of early growth films. 

The formation of 3D islands illustrates the stronger molecule-molecule interactions than 

molecule-surface interactions.  
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Fig. 7. 3 AFM micrographs and the histogram of the height profile of thin films of 

ADI7 
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Fig. 7. 4 AFM micrographs and the histogram of the height profile of thin films of 

ADCI8 

 

The early stages growth of ADI7 film consists of sub-monolayers with average 

height of 2-3 nm and average size of 0.004 µm2.  By increasing the thickness of the film, 

the grains seem to continue growing in one dimension with no substantial lateral growth 

and cover the entire surface with number of grain boundaries.    

Topographical AFM image of ADI8 also show one dimensional grain growing trend with 

number of grain boundaries is shown in Fig. 7.4. The average height sub-monolayers is 

2.40 nm and average size of .0036 µm2. 
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7.5 Thin-film transistor device characterization 

OTFTs of ADI7 and ADI8 were fabricated by depositing thin films (50 nm) of 

these organic materials on the PMMA/HMDS treated SiO2/Si substrates. PMMA/HMDS 

were used on SiO2 to minimize the effect of electrons trapping by silanol groups. To 

explore the type of majority charge carriers, characterization of the devices were 

evaluated under negative and positive gate bias in vacuum.  

The performance of the OTFTs was measured in vacuum at room temperature. 

Fig. 7.5 and 7.7 show the output characteristics of ADCI8 and ADCI7 based n-channel 

OTFTs which basically represents the source to drain current (IDS) vs voltage (VDS) 

characteristics at different values of gate bias (VGS). The increase in the channel current 

IDS with the rise in voltage VDS at positive gate voltage VGS shows the formation of n-

channel OTFTs. At low drain voltage, these characteristics show the ohmic behavior but 

at higher drain voltage, the pinching off the IDS - VDS characteristics is observed with the 

existence of the current saturation which confirms that these n-channel OTFTs also 

follow the standard FET theory [12].  The IDS - VDS curves can be used to find the charge 

mobility for (VDS≥VDS-Vth) by using relation 

 

��� =
����

��
(�� − ���)

�     (7.1) 

Where W/L is the ratio of width and length of the channel, Ci is its capacitance, 

Vth is the threshold voltage and µ is charge mobility. 

The values of charge mobility for the PMMA surface modifies OTFTs of ADCI8 

and ADCI7 were found 0.11×10-2 and 0.41×10-2 cm2V-1S-1, while for HMDS, 0.25×10-3 

and 0.15×10-3 cm2V-1S-1,  respectively.  These values are much greater than the 

previously reported mobility of ADCI8 [11].  

Fig. 7.6 and 7.8 depict the transfer (IDS –VGS) characteristics of ADCI8 and 

ADCI7 OTFTs. These curves show that the on/off ratio of these OTFTs is of the order of 

104. The threshold voltage for each transistor has also been measured by transfer 

characteristics. Table 7.1 shows the values of mobility, on/off ratio and threshold voltage 

of OTFTs of ADCI8 and ADCI7. 
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The OTFTs treated with PMMA show high mobility as compare to HMDS treated 

dielectric because the PMMA has the good hydrophobicity which prevents the moistures 

in penetrating to dielectric layer. The PMMA helps in the molecular ordering of ADCI7 

and ADCI8 on the SiO2 dielectric layer and minimize the grain boundaries which results 

the reduction in electron trapping and increasing the mobility of the OTFTs [13]. 

 

Table 7.1 

Compound    Deposition 
temp (0C) 

µ (cm2V-1S-1) Ion/Ioff Vth (V) 

ADCI8 900C  2.0×10-5 104 45 [11] 
ADCI8 
(PMMA) 

230C (rt) 1.07 × 10-3 104 55 

ADCI8 
(HMDS) 

230C (rt) 2.49 × 10-4 104 43 

ADCI7 
(PMMA) 

230C (rt) 4.11 × 10-3 104 65 

ADCI7 
(HMDS) 

230C (rt) 1.45 × 10-4 104 58 
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Fig. 7. 5 Output characteristics of ADCI8 
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Fig. 7. 6 Transfer characteristics of ADCI8 
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Fig. 7. 7 Output characteristics of ADCI7 
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Fig. 7. 8 Transfer characteristics of ADCI7 

 

7.6 Conclusion 

The n-channel organic thin film transistors of ADCI7 and ADCI8 were fabricated 

on dielectric layers of SiO2. To minimize the trapping of electron the dielectric surface 

were modified by buffer layer of PMMA and self assembly monolayer of HMDS. The 

high charge mobility of ADCI8 was found as compare to already reported value.  The 

newly synthesised organic material of same family ADCI7 has also shown high mobility. 

Both OTFTs exhibited the on/off ratio of order of 104.  
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Summary 

In this research, the organic semiconducting materials formyl-TIPPCu(II), ADCI7 

and ADCI8 have been investigated to explore their electronic and optoelectronic 

properties for their applications for developing different organic devices. 

The junction diodes and organic sensors of formyl-TIPPCu(II) have been 

fabricated by thermal evaporation technique. The electronic parameters of junction diode 

of formyl-TIPPCu(II) with p-type silicon were found strongly temperature dependent. 

The ideality factor decreases while the barrier height decreases with the rise of 

temperature from 299-339K. The parasitic series resistance of the diode which is 

basically limiting the current in the device decreases with the increase in temperature. 

The formyl-TIPPCu(II) has also been used as active sensing material to detect the 

humidity, temperature and light. The surface type Ag/formyl-TIPPCu(II)/Ag humidity 

sensors have been fabricated for the detection of relative humidity by measuring the  

capacitance and resistance of the sensors from 45% to 95%RH. The remarkable change in 

capacitance and resistance has been observed at different humidity levels. An acceptable 

7% hysteresis has also observed in these sensors at the frequency of 1kHz of ac signal. 

The ability of formyl-TIPPCu(II) for sensing light and temperature has been 

studied by fabricating the surface type Au/formyl-TIPPCu(II)/Au sensor. With the rise of 

temperature from 27oC to 180oC, the increase in relative capacitance of 4.3 times has 

been observed. While the same sensor exhibited 13.2 time rise in relative capacitance by 

increasing the illumination from dark to 25000 lx which prove that formyl-TIPPCu(II) 

can be used as active sensing material. 

 Newly synthesised n-type organic semiconductors ADCI7 and ADCI8 have been 

used to fabricate n-channel organic thin film transistors. The appreciable increase in the 

mobility of ADCI8 has been observed as compared to already reported its value, while 

ADCI7 as the compound of same show high mobility and on/off ratio. To get the high 

performance of OTFTs, the surface of dielectric has been modified by buffer layer and by 

self assembly monolayer of PMMA and HMDS respectively.  
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Future Work 

The low cost, light weight and flexible organic complementary circuits is the need of next 

generation electronics. The n-channel OTFTs have still limitations which can be minimized by introducing 

the air stable n-type organic semiconductors having the electron transporting capability. The atmospheric 

humidity also affects the mobility of n-type organic materials which can be reduced by synthesising the 

materials which resist these environmental effects or introducing a proper packaging to avoid the 

wandering atmospheric water droplets.  By improving the fabrication techniques, the performance of the n-

channel OTFTs can also be enhanced. 

As the organic single crystal devices show higher performance than the amorphous or 

polycrystalline materials, so a comprehensive study is required to develop the single crystal of the organic 

materials and to fabricate their devices on nanoscale. 

For developing highly efficient organic devices, the need is to know the chemistry of the organic 

materials to explore their electronic and optoelectronic properties.    
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