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Abstract 

 

Organic electronics is a rapidly growing technology that is expected to compete 

with conventional microelectronics in the near future. Organic active materials 

based devices such as junction diodes, sensors, FETs, solar cells, OLEDs, 

RFIDs and memories will enable future generations of electronics products that 

may ultimately enter the mainstream electronics market. The interest of 

researchers and industry in organic electronics is mainly for its advantages of 

offering inexpensive, flexible and large area electronic devices with 

environmental friendly manufacturing processes. In the research work 

undertaken in this dissertation, methyl-red (MR), 5,10,15,20-Tetrakis(3’,5’-di-tert-

butylphenyl) porphyrinatocopper(II) (TDTPPCu) and polymethylsilsesquioxane 

(PMSSQ) nanocomposite are investigated as active materials for their potential 

applications in organic electronics. These organic materials belong to the families 

of azo dyes, macrocyclic compounds and polymer nanocomposites. Employing 

these materials, sensors, a field effect transistor and non-volatile memory cells 

are fabricated and characterized.  

Using methyl-red thin film based metal/organic/metal structures are investigated. 

The potential applications of methyl-red for organic rectifying junctions and 

humidity sensors are demonstrated successfully. The methyl-red based surface-

type diodes fabricated with different electrodes exhibited high rectification ratio. 

In the case of Au/methyl-red/Ag surface-type diode, the rectification ratio of the 

order of 105 is achieved, which is the 2nd highest rectification ratio ever attained 

for organic diodes. Various electrical parameters of these methyl-red based 

devices have been determined using conventional current-voltage (I-V) method, 
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Cheungs' functions and modified Norde’s function. The electrical parameters 

obtained using different techniques are found in reasonable agreement. The 

humidity-dependent-characteristics of methyl-red are also studied in the surface-

type capacitive and resistive sensors. Significant changes in the capacitance and 

resistance of the sensors are observed under the effect of different relative 

humidity (RH) levels. The methyl-red based sensors exhibit fast 

response/recovery time and very small hysteresis. All these interesting features 

make methyl-red a promising material for electronics applications. 

To determine the potential of TDTPPCu for electronics applications, n-

Si++/TDTPPCu/Al device is fabricated and its electrical properties are 

investigated. The current-voltage characteristics of the device are observed 

nonlinear and asymmetric. Using these characteristics, the junction parameters 

are calculated. Subsequently, TDTPPCu is studied as an active material for 

multifunctional capacitive sensors and photo-field effect transistor (photo-FET). 

The TDTPPCu based light, humidity and temperature sensors are studied in 

surface-type structures. The capacitance of the photo sensor is increased by 4.7 

times from the dark condition under an illumination of 3850 lx. In the case of the 

humidity sensor the capacitance of the sensor changed 9.5 times with the 

increase in relative humidity (RH) from 30% to 95%. No change in capacitance 

appeared in the temperature sensor below 120 °C. Based on the experimental 

results, a mathematical model for the multifunctional sensors has been 

developed which explains the basic sensing mechanisms of the sensors. The 

sensors are simulated using this model. The simulated results match well with 

the experimental results. The effect of light on the output characteristics of a very 

simple and novel structured photo-FET is also investigated. The transistor is 

fabricated by employing the TDTPPCu as a channel material. Light, instead of 

the gate voltage, is used for controlling the drain-source current. Significant 
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change in the drain-source current is observed under illumination. The photo-

FET structure might lead to advancement in the understanding of photo-physics 

and electronic processes in organic semiconductors that can direct to efficient 

devices, modified to the specific requirement without the limitations imposed by 

conventional semiconductor technology. 

Employing a nanocomposite of PMSSQ non-volatile memory (NVM) cells are 

fabricated for the first time. The electrical behavior of PMSSQ nanocomposite 

thin films and possibility of nano-traps formation and charge storage in the films 

have been studied. Later, a nano-trapped NVM using the nanocomposite is 

investigated. Capacitance-voltage (C-V) analysis is performed to examine the 

memory effect. A wide clockwise hysteresis window of 12 V is observed, which 

indicates the high charge storage capability of the nanocomposite film. A model 

for charge trapping mechanism and potential distribution in the NVM cells have 

been proposed which elucidates the charge trapping and detrapping mechanism 

in the composite. The programmed/erased characteristics of the composite 

based memory cells show the great potential of this nanocomposite for practical 

applications. The proposed model will help in further understanding in the charge 

trapping and detrapping mechanism in the nanocomposite based memories. 
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1. Introduction 
 

 

1.1. Motivation 

 

The motivation of using organic materials in electronic devices arose from their 

easily tunable properties, low cost, low temperature processing, reel-to-reel 

printing, mechanical flexibility, and compatibility with flexible substrates [1-3]. 

Organic materials have the ability to be modified in such a way that could directly 

impact their chemical properties [4]. These materials provide a diversity of 

interesting features, making the realization of organic electronics devices with 

advantages over the conventional inorganic technology [5-7]. The first 

demonstration of the organic device [8] was not of sufficiently high performance 

to replace existing technologies, but it opened the door to the possibility of using 

organic thin films as a foundation for a new generation of organic electronics.  

During the last few years, a much broader range of molecular materials and 

polymers has been developed [9]. These materials present excellent thermal, 

mechanical, electronic and optical properties [10] and have a great potential for 

electronics applications [11]. These are the solution processable and have 

adjustable viscosity to suit various film solution deposition techniques i.e. 

stamping, spin coating, flexography and inkjet printing etc. Among them are 

some polymers that can be fully cross-linked by thermal annealing at a 

temperature which is compatible with plastic substrates for fabrication of flexible 

integrated circuits [12]. 
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The sensitivity of organic materials to the ambient conditions [13-15] made them 

promising for development of various types of sensors. These materials show 

low hysteresis [16], chemical stability and compatibility with IC process [17]. 

Numerous of sensors based on different organic thin films have been reported 

and some of them have been put into practical use [18-21]. 

Non-volatile memory (NVM) devices based on conventional silicon technology 

have used in range of applications from computer to portable flash drives. For 

large area low-cost electronics, there is a need to development of alternate cost-

effective memory devices. The emerging field of organic electronics has a 

potential for nonvolatile memory applications due to their key advantage of 

simple and inexpensive techniques [5]. For instance, metal nanoparticles 

embedded polymer blend sandwiched between two electrodes, exhibits 

promising performance and has a great potential for nonvolatile memory 

applications [22-25].  

 

1.2. Objectives 

 

To understand electronic devices, knowledge of processes like injection, 

transport and recombination is required. Metal/organic contacts are very 

interesting structures to investigate these processes. By studying electrical 

characteristics of these junctions, one can extract the parameters that control the 

device performance.  
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The main objective of this dissertation is to investigate the electrical properties of 

different organic materials, in order to find their suitability for electronic 

applications. Industry always demands a device with adequate efficiency, low 

cost and simple structure. In order to fulfill the requirements of industry, different 

organic materials are optimized with their electrical properties by fabricating simple 

and low cost organic based devices. Organic materials methyl-red, 5,10,15,20-

Tetrakis(3’,5’-di-tert-butylphenyl) porphyrinatocopper(ll) (TDTPPCu), and 

poly(methylsilsesquioxane) (PMSSQ) are selected for investigation. These 

materials are solution processable and have good stability to ambient conditions.  

Methyl-red is chosen for the fabrication of the metal/methyl-red/metal surface-

type diodes due to its conjugated structure, stability [26] and richness in π-

electrons [27]. One of the tasks in this research is to extract the contact 

parameters that control the device performance. The 2nd focus of this research is 

to establish its suitability to develop a reliable, accurate and cheap humidity 

sensing element for the measurement of relative humidity of the surrounding 

environment using this organic semiconductor. 

The investigation of TDTPPCu is undertaken to study its potential as a 

multifunction sensor and a photo field effect transistor. TDTPPCu molecules are 

fully conjugated, containing a π-electron system [28], stable and have nano-scale 

pores [29, 30]. This conjugated system makes it promising for electronic 

applications. The porous nature and stability are the main reasons for its 

selection as active sensing material.  

The 3rd material employed is PMSSQ. The PMSSQ layer can be fully cross-

linked through baking at a temperature that is compatible with plastic substrates 

for fabrication of flexible integrated circuits [12]. The electrical properties of 

PMSSQ and memory effect of Au nanoparticles embedded in PMSSQ films are 



Chapter 1: Introduction 

 

4 

 

investigated. The goal is to investigate the charging phenomena of gold 

nanoparticles embedded PMSSQ layer for applications in capacitive non-volatile 

memories. 

 

1.3. Outline  

 

In chapter 2 literature review and theory of the metal/organic contacts, junction 

diodes, sensors, and non-volatile memories is presented. 

The active materials used, the devices fabrication techniques employed and the 

electrical characterization procedures adopted are given in chapter 3.  

The characterization of organic semiconductor methyl-red and its electrical 

properties as the active layer for metal/organic semiconductor/metal structures is 

described in chapter 4. Different types of metal-methyl-red-metal junctions are 

fabricated and their electronic parameters are calculated. Effect of humidity on 

the two types of methyl-red based surface type is reported. 

In chapter 5, the investigation of TDTPPCu as an active material for a 

multifunctional sensor and an OTFT is reported. TDTPPCu based light, humidity 

and temperature sensors are studied and a mathematical model for capacitive 

type multifunctional sensors has been developed. In the case of OFET, the novel 

arrangement of photo organic field effect transistor with the ability to control the 

drain-source current by illumination instead of the gate voltage and its 

characteristics are discussed. 
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The fabrication and electrical characterization of non-volatile memory cells using 

a composite of PMSSQ and gold nanoparticles undertaken in this dissertation is 

reported in chapter 6. Several types of memory cells are fabricated and 

evaluated based on their performance. The most suitable structure is selected for 

the fabrication of non-volatile memory. Its conduction mechanism and 

programming/erasing mechanism in terms of an energy band diagram is 

presented. A theoretical model for charge trapping mechanism and potential 

distribution is also been proposed in this chapter. 

Finally, the research work reported in this dissertation is summarized in chapter 

7. Future work is also suggested in the 2nd section of this chapter. 
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2. Theory and Literature Review 
 

 

This chapter is divided into two sections. In the first section, theory of formation 

of the metal/organic contacts, the controlling factors responsible for current 

injection and the properties of the interfaces are discussed. A review of literature 

and theoretical background of junction diodes, sensors, and non-volatile 

memories is presented in the second section. 

 

2.1. Electronic Conduction in Organic Materials  

 

All organic semiconductor molecules share one common feature, which is the 

existence of conjugation within the structures. This conjugation occurs due to the 

sp2 hybridization of carbon atomic orbitals. The molecular orbital of an organic 

molecule, such as ethene, is formed by the linear combination of atomic orbitals 

of its constituent atoms. When constructive interference occurs between the 

wave functions of atomic orbitals, bonding orbital is formed, otherwise an empty 

antibonding orbital is created, as shown in Figure  2.1 [1]. For a conjugated 

system, the lowest energy required for electronic excitation is from the π-bonding 

to the π*-antibonding orbitals because π-bonds are much weaker as compared 

to the σ-bonds. The electron transition within a conjugated system is always from 

the π-electrons. For larger molecules, such as benzene, the electrons are 
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delocalized all over the molecule and are able to conduct electricity. However, 

the limiting step for charge transport of these conjugated molecules is not from 

within a single molecule, but from across the molecules. With increasing length of 

the molecule, delocalization of electrons across π-orbitals results in splitting of 

molecular energy levels forming energy band similar to the one in the inorganic 

materials as shown in Figure  2.2 [2]. The gap between the lowest unoccupied 

molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO) is 

called the energy gap (Eg) of the organic material.  
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Figure 2.1. Energy level diagram: σ and π bonds in ethene 
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Figure 2.2. The splitting in molecular energy level for showing the HOMO-LUMO 

of the conjugated organic material 

 

Conduction in organic semiconductor is more complicated and does not simply 

follow the band transport mechanism. Organic semiconductors are amorphous 

van der Waals solids. As a result the electronic states are highly localized and 

conduction is different from their inorganic counterparts. In an organic 

semiconductor, perfect crystal structures like inorganic semiconductors (Si, Ge) 

are rare and this would disrupt the long range order and result in the formation of 
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discrete energy levels instead of energy bands. The discontinuous energy bands 

cause incoherent transport of charge carriers (localized carriers), hence these 

carriers need to jump or hop to obtain continuous movement. The energy 

required to provide these jumps is supplied by the phonons. This type of charge 

transport is called as either hopping or polaron transport. Unlike the band 

transport, the charge mobility increases with increase in temperature in hopping 

transport mechanism, which in turn produces phonons due to increased thermal 

excitation [1, 3].  

 

2.1.1. Metal/Organic Interfaces  

 

The field of organic electronics has developed to the point where several 

applications have been, or are about to be, commercialized. Therefore, many 

features of organic devices are well understood and have been thoroughly 

discussed in [4]. The experimental difficulty to characterize the interfaces and the 

lack of complete understanding give rise to the complexity of the interface. One 

of the key issues for the technology is the understanding of the energy-level 

alignment at interfaces. The energy level position at interfaces is a main physical 

property determining the behavior of advanced organic devices [5-7]. Proper 

matching of the Fermi level of the electrode to the energy level of the charge-

transport states in the organic materials is necessary to obtain efficient devices. 

Several mechanisms have been proposed to explain the energy level alignment 

at organic interfaces. The detail of these mechanisms is discussed in ref. [8-11]. 

A case study for analyzing these mechanisms was investigated using pentacene 

on a well-ordered benzenethiolate (C6H5S-Bt) on a copper (Cu) surface [12, 13].  
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The fabrication processes make organic devices far from ideal. This may be due 

to either chemical reaction between the metal and organic material or the organic 

semiconductor doped accidentally that changes its transport properties. Both the 

phenomena affect the injection processes in some way. Organics can also form 

ideal interfaces with many metals, where the molecular energy levels are such 

that one can expect no chemical reaction. In some cases organic 

semiconductors are free of donor and acceptor dopants and as a result the 

depletion depth is larger than the organic layer. Therefore, the Fermi level in the 

organic and the charge injection barriers depend most directly on the interface 

offset. In terms of conventional semiconductor, the depletion depth is much 

larger than the layer thickness, and the potential is dictated entirely by the 

vacuum level offset. 

 

2.1.2. Charge Injection  

 

The performance of the organic devices depends on the nature of charge 

injection from the electrodes into the organics materials. The underlying principle 

of charge injection and transport in all the organic devices is almost similar. The 

charge injection process requires promotion of a charge carrier from the metal 

into one of the charge transporting states (HOMO or LUMO) of the organic 

material. It is important to understand that the charge carrier states are highly 

localized in organic molecules. Several factors contribute to this localization. First 

is Anderson localization [14], which occurs when the bandwidth is less than the 

energetic disorder among the sites. The key contribution to the disorder is the 

interaction of the charge with all of the dipoles in the surrounding medium. A 
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second localizing phenomenon “polaron formation” [15] which occurs in highly 

crystalline organic materials is driven by the electron-phonon interaction. 

Disorder, low bandwidth, electron-phonon interactions, and temperature all work 

together to localize the charges in organic materials. Therefore, it is safe to 

assume in every case of interest that charge carriers are localized at room 

temperature. Thus the major injection consists of a transition from an extended 

state in the metal electrode into a localized molecular polaronic state in the 

organic material [4]. Since the electrode is highly conductive, this takes the form 

of an image charge and thus the potential energy is inversely proportional to the 

distance of the injected charge from the interface. The situation is summarized in 

Figure  2.3 [4], where the energy levels of an electron in metal and organic layer 

are plotted. Electrons are shown in extended states in the metal where there are 

four factors, which contribute to the energy: the barrier height, the image 

potential, the potential due to the interfacial electric field and a random 

component due to disorder.  
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Figure 2.3. Schematic of the charge injection process 

 

A number of mechanisms such as ohmic conduction, hopping conduction, 

Schottky emission, tunneling, thermionic emission, space charge-limited current 

(SCLC), trapped charge-limited current (TCLC) and ionic conduction have been 

proposed to explain the conduction processes in organic materials [16, 17]. Their 

characteristics are listed in Table  2.1 [16, 18-20]. Some of these mechanisms are 
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discussed in the following sections to explain the transport of charge carriers in 

organic materials. 

 

Table 2.1. The basic conduction mechanisms in organic materials 

 

Where, φ  is barrier height, V  is applied potential, T  is temperature, ε  is 

material dynamic permittivity, m  is effective mass, aeE∆  is activation energy of 

electrons, aiE∆  is activation energy of ions, d  is film thickness, q  is charge and 

µ  is the carriers mobility. 
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2.1.3. Bulk-limited Conduction 

 

If the metal and the organic material make an ohmic contact then the charge will 

be easily injected into the organic material and the charge transport is dominated 

by the bulk [21, 22]. Ohmic contact means the electrode being an unlimited 

reservoir of charge that can maintain a space-charge limited current (SCLC). 

SCLC is more dominant in materials where the mobility is poor. The highly 

localized states trap mobile charges. These factors make a perfect ground for 

SCLC. 

 

2.1.3.1. Hopping Conduction  

 

In organic semiconductors, the molecules are only weakly bound through van der 

Waals forces and the band formation is not very precise which result in low 

mobility in these materials. In light of this understanding, the conduction 

mechanism in organic semiconductors could not be the same as in inorganic 

materials. In fact, it has to be a rate-limiting process where charge carriers must 

overcome an activated energy barrier in each step. Upon receiving enough 

energy, the carrier can overcome the potential barrier and hop over to a 

neighboring site. The two different processes that can occur between two 

localized states are phonon-assisted hopping or direct tunneling. Thermally 

assisted hopping is the dominant mechanism of transport in organic 

semiconducting materials. Therefore, the mobility and hence the conductivity 
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exponentially increases with temperature, which is different from temperature 

dependence of conductivity in crystalline semiconductors such as Si or Ge. 

Tunneling can take place between two localized states if the electronic wave 

functions of the two states effectively overlap, whereas thermally assisted 

hopping occurs when carriers, trapped in localized states, absorb a phonon and 

classically jump to the next available site. The both mechanisms of charge 

transfer between two localized states are illustrated in Figure  2.4. 

 

Figure 2.4. Two mechanisms of charge transfer between two localized states: A) 

hopping and B) direct tunneling 
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2.1.3.2. Injection-limited Conduction 

 

If the charge transport is blocked during injection at the contacts, a device is said 

to be contact-limited. In this case, the metal/organic interfaces show Ohmic or 

nonlinear I-V characteristics. If there exists a large potential barrier, the charge 

injection would be poor and the contact resistance will dominate the device 

operation. One theoretical approach used to describe the charge injection is the 

thermionic emission model. Upon getting enough thermal energy, a carrier 

overcomes the potential barrier at the interface and is injected into the valance 

band of the organic semiconductor. The energy band diagram for holes injection 

of this nature is illustrated in Figure  2.5.  
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Figure 2.5. The thermionic emission model: Upon acquiring enough thermal 

energy, a carrier (in this case a hole) overcomes the intrinsic potential barrier, ∆ = 

W-Ip, at the interface and is injected into the valance band of the organic 

semiconductor (OSC). Here, W is the metal work function and Ip is the ionization 

potential of the OSC 
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Usually, the thermionic emission is more significant at high temperatures where 

the carriers have sufficient thermal energy to overcome the potential barrier. 

Thermionic emission loses its significance at very low temperatures and in the 

situation where the height of the potential barrier is relatively large. In such 

cases, carriers are injected only by quantum mechanical tunneling through the 

barrier. This process is called field emission and is a dominant injection limited 

mechanism at high fields and low temperatures. The I−V is predicted by the 

Fowler-Nordheim equation [23].  

This mechanism, which is purely quantum mechanical, ignores the presence of 

localized states at the organic side of the interface. In the recent sophisticated 

models [24], hopping injection from the metallic electrode into an energy-

dependent density of the localized states (Gaussian) present in the valance 

band, is followed by diffusion into the organic bulk. In such models, charge 

carriers can hop into lower energy states in the tail of the distribution hence 

enhancing the charge injection, especially at lower temperatures [22]. 
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2.2. Organic Devices 

 

2.2.1. Diodes  

 

A visionary work on organic diodes is done by Aviram and Ratner [25, 26]. 

Aviram-Ratner molecular diodes were demonstrated using block copolymers [27] 

sandwiched between two planar electrodes. The Illinois Manufacturing Extension 

Center (IMEC) fabricated a rectifying Schottky diode using pentacene as an 

active material between gold and aluminum [28]. In 2000, the Philips Corporation 

got a patent on an organic transponder for which the rectification was achieved 

by diodes of undefined composition [29]. An early investigation on the organic 

polymer diode was carried out using poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-

phenylenevinylene] (MEH-PPV) and poly(3,4-dicyanothiophene) with gold 

electrodes [30]. The rectifying characteristic of the diode in the dark and under 

illumination were studied. A similar diode, with a cyano-substituted MEH-PPV 

was also demonstrated elsewhere [31]. A molecular solid homojunction was 

fabricated by employing zinc phthalocyanine [32]. This device had a degree of 

epitaxy between the layers similar to the inorganic diodes composed of two 

layers of the same semiconductor. An insulating layer was inserted between the 

doped layers to prevent tunneling in the diodes. A built-in potential of 0.8 V was 

determined using C-V method. The built-in potential and increased charge carrier 

density leads to ambipolar transport in a similar bilayer device, composed of 

copper phthalocyanine and its derivatives [33]. Rectification may also be 

expected to arise from non-symmetric molecular junctions that do not necessarily 
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contain a pair of donor and acceptor groups [34]. However, non-symmetry is not 

sufficient to attain a larger diode effect [35]. Another type of molecular diode was 

proposed based on a bias-polarity-dependent structural changes in molecules 

[36]. The Katz group [37] recently demonstrated vertical junction diodes on an 

indium tin oxide (ITO) coated glass. These devices show high current densities 

and extremely good rectification ratios. The turn-on voltage of these devices was 

approximately 1 V. The response speed of these devices is much higher than the 

previously reported organic vertical Schottky diode. The increased performance 

is attributed to the equal sizes of the ZnO grains and the overall high mobility of 

the semiconductors [37]. I-V characteristics of the organic diode [37] are plotted 

in Figure  2.6. 
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Figure 2.6. Current-voltage plots for a pentacene-ZnO junction diode 
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2.2.2. Sensors 

 

Environmental monitoring requires rapid and reliable investigative tools that can 

perform sample analysis with minimal sample handling. Organic sensors offer 

great potential for applications in security, industry manufacturing, environmental 

monitoring and medical science. Besides the advantages easily processing, low 

cost and compatibility with plastic substrates, another important advantage of 

organic based sensors is that the organic compounds can also be chemically 

functionalized. This property makes them more favorable, thereby improving the 

selectivity of the sensor. Compared to traditional detection methods, organic 

sensors have higher selectivity, sensitivity and lower cost [38, 39]. Pure polymer, 

polymer blends and polymer-inorganic composites have also been studied for the 

purposes, resulting in different degree of advancements in this area [40-43]. In 

organic sensors, analyte molecules diffuse into the organic film and interact with 

the organic material. The analyte molecules can have various effects on organic 

film, such as doping or carrier density, dipole-induced trapping and retarding of 

charges [44]. Those interactions alter the conductivity, threshold voltages and 

mobility of devices and hence change the current flow through thin films between 

electrodes. Several mechanisms of sensing such as capacitance [45-47], 

electrical resistance [39, 48] and surface acoustic wave (SAW) [49, 50] have 

been proposed. Some detail of sensing mechanisms is given below. The work 

done on sensors is mostly related to capacitive-type; therefore, capacitive 

sensing mechanism is the main focus area in this section. 

Capacitive sensors work at either change in dielectric permittivity or induced 

polarization in the organic film. For instance, water molecules are bound at 
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suitable sites in organic materials during adsorption and desorption processes in 

capacitive humidity sensors. Since, there exists a big difference between the 

dielectric constant of water (∼80) and organic (∼5), the water molecules 

adsorbed in the film influence the dielectric constant greatly. If the electrodes are 

similar to parallel-plates, the principle of operation of the capacitive type humidity 

sensor is based on a familiar expression defined as dAC /)(ε=  where, C  is the 

capacitance, A  is the electrode area, d  is the distance between two electrodes, 

and ε  is the permittivity of sensing material, which is the function of the relative 

humidity. With adsorption of humidity into the film or desorption of moisture from 

the film, the dielectric constant of polymer changes, therefore, variation of 

capacitance as a result of a change in dielectric constant of the sensing film is 

measured. Nowadays, lots of organic materials, [48, 51-56], have been used for 

humidity application. The capacitance also depends upon the dielectric 

polarization [57]. The polarization is caused by the dipole, ionic and electronic 

polarizability. Dipoles and ions are due to charge transfer complexes and 

dissociation of molecules whereas electronic polarization arises due to relative 

displacement of electrons [58]. It is reported that in some organic materials, the 

capacitance significantly increases with the illumination [38]. For exapmle, in 

photo-capacitive sensors, this can be explained by considering the different types 

of polarizabilities and the effect of illumination on the total polarizability [38]. 

Dielectric constant and polarizability can be related by Clausius-Mossotti 

εαεε 3)2()1( dddd N=−− relation [59]. Where dN  is the charge carrier 

concentration, dα  is the dielectric polarizability in dark, oε  is air permitivity 

constant and dε  the dielectric permitivities in dark. 

Typical capacitance-illumination relationships for the organic photocapacitive 

detectors and the simulated results [60] are shown in Figure  2.7. 
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Figure 2.7. Capacitance-illumination relationships for the organic photocapacitive 

detectors: (1) and (2) are experimental results, (3) is simulated results 

Some characteristics of commercially available organic capacitive relative 

humidity sensors are listed in Table  2.2. The selected sensors are Philips H1 and 

Humirel HS1101 [61]. The usual equivalent circuit model considered for 

capacitive sensors is the parallel RC circuit [61, 62] as shown in Figure  2.8. 
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Table 2.2. Some characteristics of commercially available organic capacitive 

humidity sensors  

 

Figure 2.8. Circuit model for capacitive sensor 
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Resistive sensors are devices that measure the resistance or impedance 

change. This can be measured by a current, voltage or resistance. The design of 

resistive sensors is often comparable to capacitive sensors. In the literature, an 

extensive research has been reported on the resistive type sensors, which has 

resulted in deep insight to the modeling and materials used for the sensors. [63-

66]. Resistive-type sensors with integrated temperature compensation were 

presented by Qu and Meyer [67] and Wang et al. [68] with a single layer of 

Ba1−xSrxTiO3 [69]. A typical polymer-based resistive-type hygrometer was 

presented by Hijikigawa et al. [70]. The device consists of a pair of integrated 

development environment (IDE) covered with polymer which in this turn was 

shielded with a smoke-protecting film. Different conducto-metric polymers, have 

been discussed by Wang et al. [71]. Feng et al. investigated composite films for 

resistive sensors [72]. Yagi and Ichikawa [73] described a limiting current device 

with electrolyte in contact with two platinum (Pt.) electrodes. This sensor is 

heated to around 500 °C with a heater on the backside while the air humidity is 

monitored by I-V characteristics. Because of the high operating temperature, the 

sensor shows constant properties in the range 20-300 °C [73]. Another, similar 

humidity sensor has been recently reported by Sakai et al. [74]. They used a 

ceramic substrate in combination with a LiCl soaked in organic compounds. The 

working principle of this sensor is similar to the above described Dunmore 

sensor. This device is suitable for batch fabrication employing micromachining 

technology. Typical humidity versus capacitance and resistance relationship is 

shown in Figure  2.9. 
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Figure 2.9. Humidity versus capacitance and resistance relationship 
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2.2.3. Memories 

 

Electronic memories are divided into two primary categories: volatile and 

nonvolatile memories. The volatile memory loses the stored information as soon 

as the system is turned off whereas non-volatile memory can retain the stored 

data even when the electric power supply is shutoff. Non-volatile memories are 

further divided into sub-categories: write-once-read-many times (WORM) 

memory, flash memory, and the dynamic random access memory (DRAM) [75-

77]. WORM memory is capable of storing data permanently and being read from 

repeatedly. It can be written only once, and not feasible to modify the stored 

data. The main applications of WORM memory are the conventional CDR, 

DVD±R or PROMs [20]. Flash memory is currently the largest NVM market 

segment. It has the ability to write, read and erase as well as its stored state can 

be electrically reprogrammed. Flash memories are widely used in many portable 

electronic devices, such as PDAs, mobile PCs, video/audio players and digital 

cameras. DRAM stores each bit of data in a separate capacitor. Currently, DRAM 

is used as the main memory of most computers.  

Organic electronic memories have become emerging area in recent years. This 

is because of alternative technology to the conventional memory technology 

facing problems and challenges in miniaturizing from a micro-scale to nano-scale 

[20]. In 1970s, polymer memories were first time reported by Sliva et al. [78] and 

reproducible bistable switching effect was also found by Segui et al. [79] in 

polymer films. Following these pioneering works, various studies have been 

reported to show memory switching effects [80]. The earlier investigations on the 

electrical memories show that the effect is due to filament formation and is 
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unsuitable for practical applications. Sadaoka et al. [81] reported “real” memory 

switching in poly(N-vinylcarbazole) (PVK) thin films in 1976. This memory 

switching is attributed to trapping-detrapping of holes arising from the impurities 

in PVK. 

Considerable work on non-volatile memory behavior in ferroelectric polymers 

began in the 1980s [82-84]. A ferroelectric crystal maintains a permanent electric 

polarization that can be repeatedly switched between two stable states by an 

external electric field [85]. The essential bistability of the polarization in a thin film 

can be exploited to make electric memory. In 1986 Yamauchi [86] reported a 

non-volatile memory device using a ferroelectric polymer film which was 

fabricated using solution coating on an inorganic substrate. However, due to the 

thick spin-coated films the devices require a high operating voltage (~30V). later, 

in 1990s, Ducharme et al. reported a major advancement in the fabrication of 

ferroelectric films by Langmuir–Blodgett (LB) technique [87, 88]. The resulting 

device can be switched with a voltage as low as 1V [88]. 

Field effect transistor (FET) memories can be faster and more readily integrated 

with traditional electronics. An organic transistor memory using sexithiophene 

oligomer has been demonstrated in 2001 by Velu et al. [89]. Afterwards, several 

groups have reported memory effects in polymer-FETs [20, 90, 91]. High 

performance all organic transistor memories have been demonstrated by Naber 

et al. [92]. In 2003, Forrest et al. [75] demonstrated a write-once-read-many-

times (WORM) memory based on polymer fuses [75, 93]. The memory element 

consists of a conductive polymer fuse. It possesses high reliability and good 

compatibility with standard electronic memory applications.  

The electric memory phenomenon of charge transfer complex (CTC) was first 

reported in 1979 [94]. Later, a wide variety of organic CTCs have been explored 
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for use in non-volatile organic memories. Yang et al. [76, 95] reported polymer 

memories based on CTC effects after doping an electron donor with an electron 

acceptor AuNPs.  

Nano-trapped memory effect has also been observed in many polymer films 

embedded with metal or other nanoparticles [96]. Ni, Mg, Ag, Al, Cr, Au, CdSe, 

ZnS and CuPc particles have been used as the nano-traps [96-99]. The common 

feature of these devices is that NPs are embedded in a polymer matrix. The 

requirement for device switching appears to be rather simple: discrete nano-traps 

are embedded in a wide band gap semiconducting host [97]. Hysteresis window 

of a nano-trap memory cell [100] is shown in Figure  2.10. 



Chapter 2: Theory and literature Review 

 

35 

 

 

Figure 2.10. Hysteresis window of a nano-trap memory cell 

 

A series of polymers that can provide the required electronic properties within a 

single macromolecule and possess good chemical, mechanical and 

morphological characteristics have also been synthesized [101, 102] for memory 

device applications. Representative publications in this research front are [76, 92, 

95, 103-114]. Moreover, the polymer electronic memories are classified into three 
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categories by their primary circuit elements: capacitor, transistor and resistor. 

The three types of memories are summarized in Table  2.3 [20]. 

 

Table 2.3. Comparison of the three types of polymer memories: capacitive, 

transistor and resistor  
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3. Materials and General Experimental 
Procedure 

 

 

This chapter describes the organic materials which have been investigated and 

the fabrication techniques employed in this research work. The procedures for 

the electrical characterization and the explanation of the necessary equipment 

have also been discussed. 

 

3.1. Materials 

 

3.1.1. Methyl Red 

 

Methyl-red is a PH indicator azo dye in the form of dark red crystalline powder 

that turns red in acidic solutions. The molecular structure of methyl red is shown 

in Figure  3.1. Methyl-red has a conjugated structure, and is rich in π-electrons 

[1]. Thin films of methyl red are studied in metal-methyl red-metal surface type 

structures to investigate the electrical properties and as an active layer for 

humidity sensing. Some physical properties of the methyl red are listed in 

Table  3.1. 
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Table 3.1. Some physical properties of methyl red 
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Figure 3.1. Molecular structure of methyl-red 

3.1.2. 5,10,15,20-Tetrakis(3’,5’-di-tert-butylphenyl) 

porphyrinatocopper(ll) 

 

The organic material 5,10,15,20-Tetrakis(3’,5’-di-tert-butylphenyl) 

porphyrinatocopper(ll) (TDTPPCu) used in this study was synthesized by the 

metallation of 5,10,15,20-Tetrakis(3’,5’-di-tert- butylphenyl)porphyrin [2, 3]. 

5,10,15,20-Tetrakis(3’,5’-di-tert-butylphenyl)porphyrin was prepared from 3,5-di-

tert-butylbenzaldehyde [4]. 3,5-di-tert-butylbenzaldehyde was prepared from 3,5-

di-tert-butyltoluene [5, 6]. Figure  3.2 shows the molecular structure of TDTPPCu. 

Thin films of TDTPPCu have been used to investigate the electrical 
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characteristics of TDTPPCu and to explore its potential for application in 

multifunctional sensor and photo field effect transistor.  

 

Figure 3.2. Molecular structure of TDTPPCu 
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3.1.3. Gold Nanoparticles 

 

Au nanoparticles of 12 nm diameter have been prepared by chemical reduction 

[7] of an aqueous HAuCl4.3H2O solution with an aqueous 

HOC(COONa)(CH2COONa)2·2H2O. 1 mM aqueous solution of HAuCl4 was 

prepared by dissolving 0.39 g of HAuCl4.3H2O in 100 mL of distilled water, and a 

100 mL of 1 wt.% HOC(COONa)(CH2COONa)2·2H2O aqueous solution. The 

HAuCl4 solution was heated until boiling and 10 ml of a 1 wt.% 

HOC(COONa)(CH2COONa)2·2H2O solution was added drop-wise while being 

stirred. The mixture was then boiled for another 15 minutes until the solution 

turned pinkish.  

 

3.1.4. Poly(methylsilsesquioxane) and Its 

Nanocomposite  

 

The PMSSQ solution has been prepared by mixing trimethoxymethylsilane 

(CH3Si(OCH3)3), n-BuOH and de-ionized water with a ratio of 4:10:1, 

respectively. The mixture was ultra-sounded for 5 to 8 hours at 60 ºC and then it 

was kept for a week to age. Chemical structure of poly(methylsilsesquioxane) [8] 

is shown in Figure  3.3. To create a nanocomposite mixture, Au nanoparticles 

prepared earlier are mixed with the PMSSQ solution, creating a nanocomposite 

mixture. The volume ratio of the mixture of the PMSSQ and Au nanoparticles 
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solution is 1:2. The mixture was then stirred for 15 minutes, allowing the 

homogenous distribution of the Au nanoparticles in the PMSSQ solution. 

 

Figure 3.3. Chemical structure of poly(methylsilsesquioxane) 

3.2. Fabrication techniques 

 

In this section general fabrication techniques used in this dissertation to fabricate 

the devices have been discussed. These include the substrate preparation (pre-

fabrication) and material deposition methods. The devices fabricated in this 

research are Junction diodes, sensors (light, humidity and temperature), organic 

thin film transistors and non-volatile memory capacitors.  
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3.2.1. Substrate Cleaning 

 

Proper cleaning of substrate prior to device fabrication is critical to the success of 

the devices. Substrate cleaning processes are needed to meet the 

contamination. Substrate cleaning requirements usually involve surface 

contamination such as micro-roughness, particles, metals and watermarks. In 

order to remove such residue, it is now common practice to use a cleaning 

solution that includes various organic or inorganic compounds. In the present 

work, glass slides and silicon substrate have been used.  

 

3.2.1.1. Glass Slides Cleaning 

 

Glass slide cleaning was done using the following steps: 

1. Detergent - to remove oil films and most large surface contaminants  

2. Sonication - to remove surface particles  

3. Piranha - to remove organic contamination  

4. Oxygen plasma - to remove organic contamination  
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3.2.1.2. Silicon Substrates Cleaning 

 

Standard piranha cleaning is used to remove organic contaminants on the Si-

based substrates. In piranha cleaning, the Si-based substrates were submerged 

in a mixture of sulphuric acid (H2SO4) and hydrogen peroxide (H2O2) solution. 

After piranha cleaning, the Si substrates are treated with hydrofluoric acid (HF) to 

remove any oxide contaminants.  

 
In this work, the p-Si substrates were cleaned by the following steps.  

1 Standard piranha cleaning was done using mixture of 96% H2SO4 and 

32% H2O2 solution in 2:1 volume ratio for 10 minute followed by strong 

rinse in DI water 

2 To remove the native oxide layer and any contamination in oxide from the 

wafer surface, the substrates were dipped for 60 seconds in 1:20 HF:DI 

water. Strong rinse in DI water was done after this step.  

3 A mega-sonic cleaning in a 6:1:1 ratio mixture of DI water:HCl:Hydrogen 

Peroxide for 10 minute was performed to remove certain ionic and metal 

surface contaminations and strong rinse in DI water done sequentially.  

4 The nitrogen air was blown to dry the samples at the end of cleaning 

process.  
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3.2.2. Thin Films Deposition  

 

In this research, two different deposition techniques have been used for the 

deposition of thin films. Metals have been deposited by the vacuum evaporation 

technique [9], employing the Edwards AUTO 306 Thermal Evaporation System 

equipped with FTM5 film thickness monitor at the Faculty of Materials Science 

and Engineering (FMSE), GIK Institute and JEE-4X vacuum evaporator at the 

Micro-fabrication Clean Room, University of Auckland. The organic materials 

have been deposited by the solution-processable technique [10, 11] using P6206 

Specialty Coating System (SCS) at the Faculty of Engineering Science (FES), 

GIK Institute and spinner 400B Spin Processor at the Mechatronic Research 

Group, University of Auckland. A brief description of these methods is given 

below. 

 

3.2.2.1. Vacuum Thermal Evaporation 

 

The vacuum thermal evaporation deposition technique consists of heating until 

sublimation of the material to be deposited. The material vapor finally condenses 

in the form of thin film on the substrate surface. Usually low pressures are used, 

about 10-6 or 10-5 Torr, to avoid reaction between the vapor and atmosphere. At 

low pressure, the mean free path of vapor atoms is greater than the vacuum 

chamber dimensions. Therefore, the evaporant travel in straight lines from the 

evaporation source towards the substrate.  
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3.2.2.2. Solution-Processable Technique 

 

The spinner 400B Spin Processor manufactured by Laurell Technologies used, 

at the University of Auckland, for spin-coating deposition is shown in Figure  3.4. 

The spin coating depends on the centrifugal force that spreads the liquid 

precursor across the substrate to spread, and eventually off, leaving a thin film of 

solution on the surface. Factors, such as rotational speed, acceleration, and 

fume exhaust contribute to the properties of coated film. The thickness of the film 

depends upon a balance between the centrifugal force determined by the spin 

speed, viscosity of solution, substrate and adhesion. Schematic of spin coating 

process is shown in Figure  3.5. Figure  3.6 shows the glove box used for solution-

processable deposition. 
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Figure 3.4. Laurell Technologies 400B Spin Processor 
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Figure 3.5. Schematic of spin coating process 
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Figure 3.6. Glove box used for solution-processable deposition 

To measure the thickness of the films deposited from solution, the DekTakII 

Surface Profilometer is used. The profilometer used is shown in Figure  3.7. The 

DekTak profilometer measures step height and roughness of the film. A stylus is 

placed in contact with, and then lightly dragged along the surface of the sample 

and records the vertical profile of the surface. The vertical deflection measures 

the change in step height. This can be used to measure the height of the film 

thickness.  

http://www.veeco.com/
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Figure 3.7. DektakII Surface Profilometer used for film thickness measurement 

(a), scanning hardware of the DekTak machine (b) 
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3.3. Characterization Techniques 

 

3.3.1. Electrical Measurements  

 

The electrical measurements of the junction diodes, OFET and the memories 

cells reported in this work were performed on the (i) KARL SUSS PM5 Probe 

Station at the faculty of Engineering, GIK Institute, (ii) Material Development 

Corporation (MDC) Probe Station at COMSATS Institute of Information 

Technology (CIIT), Islamabad and (iii) Probe Station manufactured by 

Micromanipulator Company at the University of Auckland. Employing these 

facilities current-voltage (I-V) and capacitance-voltage (C-V) investigations have 

been carried out. A brief description of these systems and the measurement 

procedures will be presented here.  

 

3.3.1.1. I-V Characterization 

 

Schematic of the electrical arrangement used to measure the I-V characteristics 

is shown in Figure  3.8. I-V characteristics of the junction diodes were done on 

KARL SUSS PM5 Probe Station equipped with keithley-228A current-voltage 

source and keithley-196 System Digital Multimeter. The programming and 

hysteresis measurements for the memory cells have been performed by using 
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the Probe Station manufactured by Micromanipulator Company (Figure  3.9 

connected with a Keithly-2602 system source meter, an Agilent 4263B LCR 

meter and a 3649A DC power supply. Some of the electrical measurements have 

also been performed on a Material Development Corporation (MDC) Probe 

Station equipped with a Keithley 237 voltage source/picoammeter and an Agilent 

4980A precision LCR meter. This set-up is computer controlled by the MDC 

software package CSM/Win QuietCHUCK.  

 

Figure 3.8. Electrical arrangement used to obtain the I-V characteristics 
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Figure 3.9. The probe station used for I-V & C-V measurements 
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3.3.1.2. C-V Characterization 

 

A capacitance study is carried out to comprehend the electrical properties of the 

devices. C-V characterization was also performed on the non-volatile memory to 

measure the hysteresis. The DC applied voltage on the devices was varied while 

its corresponding capacitance was being recorded. The C-V characteristics have 

been measured using an Agilent 4263B LCR system with Agilent E3649A DC 

power supply connected to an external bias adapter (Agilent 16065C) at a 

frequency of 100 kHz; and an amplitude of 500 mV superimposed on the DC 

bias. The C-V measurements consist of the use of DC bias voltages across the 

device under test while making the measurements with an AC signal as shown in 

Figure  3.10. Commonly, the bias is applied as an incremental step of a DC 

voltage source that drives the device from its accumulation region into the 

depletion region, and then into inversion  
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Figure 3.10. Circuit diagram of C-V measurement 

 

 

3.3.2. Humidity Dependent Measurements 

 

Humidity dependent measurements were carried out in self-made humidity 

measurement setup, which has been developed using conventional digital 

instruments. The CEM DT-8860 digital humidity/temperature meter was used for 

in-situ relative humidity measurements. The CEM DT-8860 digital humidity meter 

measures the relative humidity with ±1%RH error. It has a semiconductor sensor 

and fast response for humidity measurement. Humidity level was controlled by 

the flow of wet and dry nitrogen in the chamber, to attain any desired relative 
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humidity level. All the measurements were taken at room temperature. The block 

diagram for the setup is shown in Figure  3.11. 

 

Figure 3.11. Experimental setup for humidity dependent measurements 
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3.3.3. Light and Temperature Dependent Measurements 

 

Light dependent measurements have been performed by varying distance 

between the light source and the sensors. CEM DT-1300 light meter is used for 

illumination measurements. Temperature dependent measurements are 

performed using KARL SUSS PM5 probe station with a thermo-chuck “Alpha” 

series system model TP0315A-TS-2 of Temprotic Corporation, USA. Thermal-

chucks provide ultra-temperature uniformity and stability across the entire chuck 

surface. TP0315A can be used for a temperature range of 30 to 200 °C with air 

heated system. Experimental setups for capacitive light and temperature 

measurements are shown in Figure  3.12 and Figure  3.13. 

 



Chapter 3: Materials and General Experimental Procedure 

 

68 

 

 

 

Figure 3.12. Experimental setup for capacitive light sensor 

 

 

  



Chapter 3: Materials and General Experimental Procedure 

 

69 

 

 

 

 

 

 

Figure 3.13. Experimental setup for capacitive temperature sensor 
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4. Investigation of Methyl-Red for its 
Potential as a Schottky Diode and a 
Humidity Sensor  

 

 

This chapter describes the electrical properties of methyl-red thin films using 

metal-organic-metal structures and its potential for humidity sensors. Methyl-red 

thin films have been deposited on the gap between preliminary deposited 

metallic electrodes to fabricate metal-organic-metal (MOM) structures. The 

charge transport and conduction has been investigated. The conduction 

mechanism appears to be space charge limited current (SCLC). Various 

electrical parameters of the contacts such as reverse saturation current, barrier 

height, ideality factor, rectification ratio, shunt and series resistance has also 

been determined. The parameters are extracted using conventional I-V method, 

Cheungs’ functions and modified Norde’s function. The parameters’ values 

obtained using these three different methods are found in good agreement. 

Methyl-red based metal-organic-metal contacts present the good rectifying 

behavior and their I-V characteristics are like Schottky diodes. To study the 

humidity dependent characteristics of methyl-red thin films, Ag/methyl-red/Ag and 

Ag/methyl-red/Al surface-type cells have been fabricated on glass substrates. It 

is observed that the capacitance and resistance of the cells change significantly 

under the effect of different relative humidity (RH) levels. The capacitance and 

resistance of the cells have shown quasi linear function with relative humidity in 

the range of 30-95% RH and exhibited a small hysteresis. The response and 
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recovery time of the sensor is observed very short. The humidity dependent 

resistive and capacitive properties of this sensor make it promising for use in 

humidity meter due to low cost, simple and conformal with flexible substrate.  

 

4.1. Metal/Methyl-Red/Metal Contacts 

 

Rectifying junctions (i.e. Schottky diodes, p-n junctions) are playing an important 

role in modern electronics. Among these, Schottky diodes have the simplest 

structure. Schottky diodes have unique advantages over p-n junctions and 

heterojunctions due to fast response, low resistance and very small transient 

reverse current during switching [1, 2]. Additionally, the reverse saturation current 

of Schottky barrier diodes is higher than the conventional p-n junction diodes [3]. 

The electrical properties of Schottky diodes are similar to a p-n junction. These 

diodes are extensively used in low-noise mixers, switching circuits and for high-

frequency applications. Schottky diodes can be switched from one state to 

another much faster than p-n junction diodes. Although the Schottky diodes have 

simplest structure but they are the base of a large number of electronic devices 

[4, 5]. The performance of a Schottky barrier diode depends upon the 

characteristics of the metal/semiconductor junction. Therefore, the understanding 

of electrical properties of interface between metal and organic layer is important 

for device applications. There are many factors that can affect the properties of 

the junction. These factors include the effects of series resistance (Rs), formation 

of barrier height, insulating layer between metal and semiconductor, and 

interface states. It is well known that the surfaces of most metals are covered by 
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oxide layer when placed in open air environment. The insulator layer between 

metal-semiconductor diodes have a strong influence on the diode characteristics 

[6-8]. Due to these reasons the experiments performed on Schottky diodes often 

show a non-ideal behavior of the I–V characteristics [9, 10].  

Very recently, some authors [11-14] have investigated Schottky diodes fabricated 

using non-polymeric organic compounds and reported that the non-polymeric 

organic materials are very suitable for electronic devices [12, 15, 16]. The non-

polymeric organic compound methyl-red is an organic semiconductor in the form 

of dark red crystalline powder. The heterojunction of methyl-red with p-silicon 

was investigated in [11, 17, 18]. These studies showed the potential of methyl-

red for the application in electronic devices.  

In this work, the methyl-red is chosen for the fabrication of the metal/methyl-

red/metal surface type Schottky diodes. This investigation is performed to extract 

the parameters that control the device performance to explore its potential for 

electronics applications. 

 

4.1.1. Experimental Procedures 

 

Methyl-red with molecular formula C15H15N3O2 purchased from Sigma Aldrich 

was used for the fabrication of the Al/methyl-red/Ag and Au/methyl-red/Ag 

surface-type Schottky diodes. A 10 wt.% solution of methyl-red was prepared in 

benzene. The solution was stirred for 2 hours at room temperature to make it 

homogeneous. The metallic electrodes were deposited on cleaned glass 
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substrates by the thermal evaporation using masks. During thermal deposition 

the chamber pressure was 5.5 x 10-5 mbar while the deposition rate was kept at 

0.1 nm/s. The thickness of the electrodes is 100 nm and gap between the 

electrodes is 30-40 μm. The length of the gap is 17 mm. Then the thin films of 

methyl-red were deposited by spin casting with an angular speed of 2000 RPM. 

The thickness of methyl-red films is 300 nm. The fabricated device was kept at 

50 °C for 1 hour to let the moisture in the film evaporate. Cross-sectional view of 

Al/methyl-red/Ag and Au/methyl-red/Ag surface-type Schottky diodes is shown in 

Figure  4.1 and Figure  4.2, respectively. Testing was made on Karl Suss PM5 

probe station. The measurements were taken by using current-voltage source 

keithley-228A and by using keithley-196 system DMM.  
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Figure 4.1. Cross sectional view of Al/methyl-red/Ag Schottky diode 

 

Figure 4.2. Cross-sectional view of Au/methyl-red/Ag Schottky diode 
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4.1.2. Results and Discussion 

 

The current-voltage characteristics of Al/methyl-red/Ag junction in forward and 

reverse bias measured at room temperature are shown in Figure  4.3. The 

forward bias corresponds to the positive potential to the Al with respect to Ag 

electrode. The current-voltage characteristics of the Schottky junction are 

nonlinear, asymmetric and show the rectification behavior, which gives the clue 

of formation of the depletion region. This behavior is due to the fact that a space 

charge layer is formed at the metal/methyl-red interfaces. The current-voltage 

characteristics of Al/methyl-red/Ag junction under the forward bias condition 

show the exponential increase in current at low voltage due to decrease in the 

depletion layer width at the interfaces. At higher voltages the current-voltage 

characteristics are almost linear because the depletion layer is minimized at the 

interfaces and methyl-red film acts as series resistance. While in the reverse 

bias the depletion layer width increases and almost all the current is merely due 

to the minority carriers. The rectification ratio (RR) is determined as the ratio of 

the forward current to the reverse current at a certain applied voltage (IF/IR). It is 

well known that that the RR is subjective to applied voltage. The rectification ratio 

was found 200 at ±4 V. According to the thermionic emission theory, the current 

in Schottky barrier diodes can be expressed by using Equation (4.1) [19]: 
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Figure 4.3. I-V curve of the Al/methyl-red/Ag Schottky diode 

 

 
exp exp( ) 1o

qv qvI I
nkT nkT

   = − −      
 (4.1)  

 

where, k is the Boltzmann constant. T is the temperature in Kelvin and n is the 

ideality factor. Io represents the reverse saturation current and can be expressed 

as: 
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 * 2 exp b
o

qI AA T
kT
φ = − 

 
 (4.2)  

 

where, V is the applied voltage, A is the effective diode area (1.7 x 10-9 m2 in this 

case), A* is the effective Richardson constant, bφ  is the effective barrier height at 

zero-bias, The value of reverse saturation current is 5.6 x 10-9 A. The value of 

ideality factor n can be calculated, from the slope of the linear region of the 

forward bias lnI vs. V plot by using the following relation: 

 

 
(ln )

q dVn
kT d I

 
=  

 
 (4.3)  

 

Using Equation (4.3) the value of ideality factor is calculated as 8.9. For ideal 

case the value of n should be equal to one. However, usually n has a value 

higher than unity. High values of ideality factor can be attributed to the presence 

of native oxide layer on electrodes and non-homogenous barrier [4, 20, 21]. The 

high values of ideality factor may also be due to possibly other effects, such as 

non-homogeneous thickness of organic film, organic layer effect, recombination 

of electrons and holes in the depletion region. It is also associated with fermi-

level pinning at the interface, or with a relatively large voltage drops in interface 

region. The value of zero bias barrier height is calculated by using Equation (4.2) 

and is found as 1.8 eV.  
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The current-voltage characteristics of the Au/methyl-red/Ag surface type Schottky 

diode at room temperature are shown in Figure  4.4. The characteristics are also 

nonlinear, asymmetric and show good rectification behavior. The value of reverse 

saturation current for Au/methyl-red/Ag junction is found as 0.911 x 10- 9 A. The 

barrier height and ideality factor are calculated 0.25 eV and 1.76, respectively. 

 

Figure 4.4. I-V characteristics of Au/methyl-red/Ag Schottky diode  
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 The current-voltage characteristics of Au/methyl-red/Ag show the formation of 

strong depletion region as compared to Al/methyl-red/Ag sample. The RR value 

for Au/methyl-red/Ag is much higher than Al/methyl-red/Ag at any given voltage. 

RR at different voltages for Au/methyl-red/Ag sample is plotted in Figure  4.5. The 

value of RR is found in the order of 105. As far as we know, such a high value of 

RR for the organic semiconductors diodes has been reported for a few cases [22, 

23].  

 

Figure 4.5. RR plot of Au/methyl-red/Ag Schottky junction 
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Forward bias current-voltage characteristics of the devices reported in this work 

are observed linear at low voltages (on semi-log scale), but at higher voltages the 

characteristics deviate from linear behavior. This bend at higher voltages is due 

to the Rs, apart from the effect of interface traps distribution, which are in 

equilibrium with the semiconductor materials [24]. From the non-linearity of semi-

log I-V curve of Al/methyl-red/Ag and Au/methyl-red/Ag Schottky diodes at higher 

voltage, the value of series resistance was found 41.8 KΩ and 1.1 KΩ, 

respectively. For non-ideal diodes, the characteristics often present a more 

complex behavior than the ideal diodes due to the presence of various 

conduction mechanisms [25]. For such non-ideal diodes the following modified 

Schottky Equation (4.4) can be used [26]: 

 

 

1 2
1 2

exp 1 exp 1s s s
o o

sh

qV IR qV IR V IRI I I
n kT n kT R

      − − −
= − + − +      

      
 (4.4)  

 

where, Rs is the series resistance and Rsh is the shunt resistance. The Equation 

(4.4) also includes the effects of parasitic series and parallel resistance, which 

can obscure the intrinsic parameters of the device.  

The values of Rs, and shunt resistance (Rsh), for Au/methyl-red /Ag diode are 

also obtained from the junction resistance (RJ) vs. voltage (V) plot where RJ = 

δV/δI. A plot of RJ vs.V is shown in Figure  4.6. It is observed that at higher 

voltage in forward bias the junction resistance approaches to a constant value, 

this value is taken as Rs while in reverse bias the maximum value of junction 



Chapter 4: Investigation of methyl-red for its potential as a Schottky diode and a humidity sensor 

 

82 

 

resistance represents the diode Rsh. The values of Rs and the Rsh are found 

5.0x108 Ω and 1.1x103 Ω, respectively.  

 

Figure 4.6. Junction resistance plot of Au/methyl-red/Ag Schottky junction 

 

To determine the electronic parameter of the Schottky diodes the second method 

used is developed by S. K. Cheung and N. W. Cheung known as Cheungs’ 
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method [27]. According to this method the forward bias I–V characteristics due to 

the thermionic emission with the effect of series resistance can be written as: 

 

 ( )exp s
o

q V IRI I
nkT
− =   

 (4.5)  

 

Where, IRS is the voltage drop across the series resistance. According to this 

method the values of series resistance, ideality factor and barrier can be 

determined from following functions and by using Equation (4.5). 

 

 
(ln ) S
dV kTn IR

d I q
 

= + 
 

 (4.6)  

 

and 

 

 
* 2( ) lnkT IH I V n

q AA T
   = −    

  
 (4.7)  

 

 ( ) S bH I IR nφ= −   
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The values of series resistance and )/( qkTn are obtained from the slope and y-

axis intercept of the graph dV/d(lnI) vs. I. Similarly, the plot of H(I) vs. I gives a 

straight line with the y-axis intercept equal to bnφ . The slope of this plot also 

gives the value of series resistance. The dV/d(lnI) vs. I and H(I) vs. I graphs for 

Al/ methyl-red/Ag diode are shown in Figure  4.7 and Figure  4.8, respectively. The 

determined values of series resistance are 42.7 kΩ and 44 kΩ, respectively. The 

average value of series resistance for the Schottky diode is found to be 43.35 kΩ. 

The values of series resistance from the Cheungs’ plots dV/d(lnI) vs. I and H(I) 

vs. I are in good agreement with each other and also with the value obtained 

from semi-log I-V curve. 
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Figure 4.7. dv/d(lnI)-I plot of Al/methyl-red/Ag Schottky diode 
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Figure 4.8. H(I)-I plot of Al/methyl-red/Ag Schottky diode 

 

 

The graphs of dV/dlnI vs. I and H(I) vs. I for Au/methyl-red/Ag diode are shown in 

Figure  4.9 and Figure  4.10, respectively. The determined values of series 

resistance from these plots are found to be 1.1 kΩ and 1.3 kΩ, respectively. The 

average value of series resistance for the diode is calculated 1.2 kΩ.  
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Figure 4.9. dv/dlnI-I plot of Au/methyl-red/Ag Schottky diode 
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Figure 4.10. H(I)-I plot of Au/methyl-red/Ag Schottky diode 

 

Beside the conventional I-V method and Cheungs’ functions, there is another 

method to determine the value of series resistance, which was proposed by H. 

Norde [28] and is known as Norde’s Method. The following Equation (4.8) has 

been used to express the modified Norde’s method [29]. 
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* 2

( )( ) lnV kT I VI F V
q AA Tγ

 = = −   
 (4.8)  

 

Where γ is dimensionless (the first integer) having value larger than n. In 

Al/methyl-red/Ag diode case, its value is taken as 10 as proposed in [29]. The 

I(V) value is taken from the I-V curve. If the minimum of the F(V) vs. V plot is 

found, then the barrier height can be calculated by using the following Equation 

(4.9): 

 

 
( ) o

b o
V kTF V

q
φ

γ
= + −  (4.9)  

 

𝐹(𝑉𝑜) is the minimum value of ( )F V , and oV is the corresponding voltage. The 

Norde’s plot for Al/methyl-red/Ag surface-type Schottky diode is shown in 

Figure  4.11. The value of the series resistance can be calculated from Norde’s 

function for Al/methyl-red/Ag Schottky diode junction by using the following 

relation: 
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Figure 4.11. F(V) vs. V plot of Al/methyl-red/Ag Schottky diode 

 

 ( )
S

kT nR
qI
γ −

=  (4.10)  
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By using Norde’s method, the values of series resistance and barrier height were 

obtained 48.73 KΩ and 1.76 eV, respectively.  

We can see from Table  4.1 that the parameters of the Schottky diodes obtained 

from the different method are in good agreement with each other. 

 

Table 4.1. Experimentally obtained values of barrier height, series resistance and 

ideality factor 

 

To understand mechanisms which can control the behavior of the methyl-red 

Schottky diodes, I–V characteristic of the Al/methyl-red/Ag device is plotted in 

double log scale shown in Figure  4.12. This double log graph of the diode in 

forward bias shows that the charge transport in the device is mainly governed by 

SCLC model. The double logarithmic graph also shows the power law behavior 
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of the current (I α Vm+1) with different values of exponent (m+1). Thus, the 

transport through the methyl-red thin film is governed by the trapped-charge-

limited current (TCLC) in the band gap of the methyl-red. This means, when the 

density of injected free charge carriers is much greater than the thermally 

generated free carriers, then the SCLC conduction should be dominant. 

 

Figure 4.12. The forward bias log(I) vs. log(V) plot of Al/methyl-red/Ag Schottky 

diode  
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The forward bias double log I-V characteristics show three distinct linear regions 

separated by transition segments. The 1st region ≤ 0.8 V is ohmic with slope 

approximately to unity, which obeys the Equation /oJ q n V dµ=  𝐽 = 𝑞𝜇𝑛𝑜 𝑉/𝑑, 

where no is the concentration of the free charge carriers in the methyl-red film, µ 

is the mobility of charge carrier in the film and d is the thickness of the film. The 

2nd region of this graph having a slope of 5 up to a transition voltage of about 2.7 

V is similar to the SCLC with the exponential distribution of traps in the band gap 

of the organic material. The trapped charge limited current dominates in the 

organic semiconductor methyl-red at high injection. The 3rd region of double 

logarithmic forward bias curve has a slope value of 1.4. This region shows that at 

higher voltages the slope of the curve decreases because the device approaches 

the trap filled limit. When the injection level is high the behavior of this region is 

same as in trap free SCLC [18, 30, 31]. 

 

4.2. Methyl-Red Humidity Sensors 

 

Rapid advancements in semiconductor technology and thin film growth 

techniques have made it possible to fabricate highly accurate humidity sensors at 

economical cost. Numerous humidity sensors based on different organic thin 

films have been reported [32-35]. Study of organic materials showed their high 

sensitivity to ambient conditions [36-38]. Therefore, investigation of these 

materials is very promising for development of various type of sensors because 

of low hysteresis [39], chemical stability and compatibility with IC process [40]. 

However, no single sensor can meet all these requirements. At high humidity 
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levels, significant difficulties have been reported in organic humidity sensing 

materials, such as organic material layer is liable to swell, shrink or peel off from 

the substrate [36]. The main requirements of a good humidity sensing material 

must have a broad sensing range, short response and recovery time, small 

hysteresis, durability and low cost. 

There are various types of humidity sensors. Each type offers its distinct 

advantages. Capacitive humidity sensors are widely used in weather monitoring 

applications. These sensors consist of a substrate on which a thin film of sensing 

material is deposited between the electrodes. The relation between dielectric 

constant and the relative humidity of a capacitive humidity sensor is almost 

directly proportional. The dielectric constant changes due to the water vapors 

[41]. These sensors provide wide relative humidity range and condensation 

tolerance. The properties of such type of sensors depend upon area of 

electrodes and gap between the electrodes [42], whereas the resistive humidity 

sensors measure the change in electrical resistance of a sensing element. In 

these types of sensors the change in resistance is inversely proportional to 

relative humidity, because the water vapors dissociate the ionic functional 

groups, resulting in a decrease in electrical resistance. The advantages of these 

type of sensors are the high sensitivity, replaceable, useable in remote locations, 

and cost effective but these sensors are significantly temperature dependent so 

either temperature must be constant or temperature correction must be 

incorporated.[37].  

Currently most resistive humidity sensors use LiCl as sensing element [43, 44], in 

which a mixture of lithium chloride and carbon is used between the conducting 

electrodes. The operating principle of this device is based on the ionic 

conductivity [41]. This device is very sensitive to temperature, several effort have 
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been made to improve this device by using conductance technique [45]. Metal 

oxides such as Al2O3 is also used in many commercial humidity sensors [46] due 

to well established etching technology and temperature stability but are very 

sensitive to dust, smoke and have long response time. 

Some organic compounds show high response to humidity but these compounds 

dissolve in water [38, 47]. Organic materials that are insoluble in water such as 

Cellulose acetate butyrate and polyimide have been used as humidity sensors 

[47]. Methyl-red is also insoluble in water. Therefore, it is seemed reasonable to 

investigate methyl-red as a humidity sensor. Surface type humidity sensor has 

been fabricated and variations of capacitance and resistance as a function of 

relative humidity have been studied. The humidity sensing properties of methyl-

red thin film including sensitivity, hysteresis, and response and recovery time 

have also been studied. The objective of this research is to demonstrate the 

potential of methyl-red for a reliable, accurate and cheap humidity sensor. 

 

4.2.1. Experimental Procedures 

 

Two different types of surface-type sensors (Ag/methyl-red/Ag and Al/methyl-

red/Ag) were fabricated. The substrates were preliminary patterned with metallic 

electrodes. The gap between the electrodes for Ag/methyl-red/Ag and Al/methyl-

red/Ag sensors was 50 μm and 30 μm, respectively. These electrodes were 

deposited by thermal evaporation of metals by using a mask. The thickness of 

the electrodes was 100 nm. The length of the gap was 15 mm for Ag/methyl-

red/Ag and 17 mm for Al/methyl-red/Ag sample. The 300 nm thick films of 
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methyl-red were deposited. Cross-sectional view of Ag/methyl-red/Ag and 

Al/methyl-red/Ag sensors is shown in Figure  4.13 and Figure  4.14, respectively. 

Measurements have been carried out in a self-made humidity measurement 

setup using conventional digital instruments. The CEM DT-8860 digital multi-

meter was used for in-situ relative humidity measurements. All the 

measurements were taken at room temperature. 

 

Figure 4.13. Cross-sectional view of Ag/methyl-red/Ag humidity sensor 

 

 

 

Figure 4.14. Cross-sectional view of Al/methyl-red/Ag humidity sensor 
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4.2.2. Results and Discussion 

 

Absolute humidity is a measure of the actual amount of water vapors in the air, 

regardless of the environmental temperature. Conventional humidity sensors 

determine relative environmental humidity using capacitive technique. The 

element of these sensors is made of a thin film capacitor on substrates. The 

organic material is used as dielectric which adsorbs or desorbs water molecules 

proportional to the relative environmental humidity, and thus changes the 

capacitance of the capacitor. The capacitive humidity sensors, typically exhibit a 

non-linear response as a function of relative humidity [41, 48]. The capacitance 

depends upon the dielectric polarization [49], dielectric relative permittivity 

constant, gap between the electrodes and electrode geometry [42]. The 

polarization is caused by dipole, ionic and electronic polarizability. The formation 

of dipoles and ions are due to charge transfer complexes and dissociation of 

molecules whereas electronic polarization arises due to relative displacement of 

electrons. The relation between dielectric constant and capacitance can be 

described by Equation (4.11) [41]. 
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where dε , and Wε  are the permittivity of the dielectric at dry and wet states, 

respectively. The factor n is related to dielectric morphology. Figure  4.15 shows 
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the capacitance-relative humidity relation for Ag/methyl-red/Ag surface type 

humidity sensor. The capacitance of the device increases from 100 to 1200 pF at 

relative humidity ranging from 30 to 95%. Capacitance-relative humidity 

relationships for the Al/methyl-red/Ag surface-type structure are shown in 

Figure  4.16. The capacitance of the sample increases from 21.5 pF to 29 pF at 

relative humidity ranging from 30-90% RH. These results can be explained by the 

same approach as discussed above, because the humidity effects concentration 

of ions, dipoles, electrons and holes, may increase the polarization in methyl-red. 

The increase in capacitance with relative humidity may also be due to the porous 

nature of thin films. Dielectric permittivity constant of methyl-red increases with 

adsorption of water molecules and hence increase in capacitance. At higher 

humidity levels, variation in capacitance becomes less because the pores of the 

film are being filled with water molecules and sensor sensitivity decreases [50]. 

This confirms that permittivity constant of methyl-red may increase with 

adsorption of water molecules. It can also be due to direct absorption of water 

molecules as dipoles. Effect of water molecules as impurities in methyl-red play 

the main role in the increase of dielectric constant of the methyl-red films and 

hence increase in the capacitance [38]. 
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Figure 4.15. Effect of relative humidity on the capacitance of Ag/methyl-red/Ag 

humidity sensor 
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Figure 4.16. Capacitance-relative humidity relationships for Al/methyl-red/Ag 

humidity sensor 
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Figure  4.17 shows the dependency of the resistance on humidity of Ag/methyl-

red/Ag surface type humidity sensor at room temperature. The results show that 

the resistance drops with the increase in humidity. The resistance versus relative 

humidity relation is not exactly linear. Therefore, a linearization circuit is required 

to make it linear. The dependency of the resistance of Al/methyl-red/Ag on the 

different relative humidity levels are shown in Figure  4.18. From this Figure it is 

clear that the resistance drops significantly with increase in humidity level. 

Resistance of the device decreases from 13 MΩ to 2.5 MΩ at relative humidity 

range from 30-90 %, i.e. the resistance of the junction decreases by 5.0 times 

over the complete relative humidity range. There may be several reasons for the 

increase in conductivity of methyl-red thin film due to increase in relative humidity 

level. Firstly, the increase in conductivity of methyl-red thin film may be due to 

both electronic and ionic conduction [36]. Ionic conduction exponentially depends 

on the dielectric constant of the thin film material. The absorption of water 

enhances the ionic conductivity of methyl-red thin film due to increase in 

dielectric constant. Secondly, at the same time, due to the correlation of methyl-

red and water molecules, the disassociation of water molecule into ions may 

occur that results in the increase in conductivity of the thin film. Thirdly, polar 

molecules of water may also increase the conductivity of the thin film due to 

increase in proton concentration [36]. Fourthly, there are also some physical 

phenomena behind this, such as effect of absorbed water molecule as dipole and 

impurity [38].  
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Figure 4.17. Effect of relative humidity on the resistance of Ag/methyl-red/Ag 

humidity sensor 
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Figure 4.18. Resistance-relative humidity relationships for Al/methyl-red/Ag 

humidity sensor 

 

The sensor is relatively less sensitive at low humidity levels (≤ 75%). This is due 

the fact that at low humidity level the coverage of water on surface is not 

continuous and only a few water molecules can be absorbed as the relative 

humidity level increases one or several water layers are formed [51]. These 

layers accelerate the transfer of ions according to Grotthuss mechanism [52]. At 
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high relative humidity level there may occur some energetic changes such as 

disassociation of molecules and causes the resistance to decreases rapidly. 

The dependence of impendence upon relative humidity of Ag/methyl-red/Ag 

humidity sensor at different frequencies is shown in Figure  4.19. The value of 

impendence decreased with increase in frequency at any fixed value of relative 

humidity. At higher humidity level the influence of frequency is less than the lower 

humidity level. The decrease in impendence at higher frequencies is due to the 

capacitance effect of electrodes [53]. The similar type of behavior for humidity 

sensors is reported in [54, 55] 
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Figure 4.19. Plot of impendence vs. relative humidity for Ag/methyl-red/Ag cell at 

different frequencies 

  



Chapter 4: Investigation of methyl-red for its potential as a Schottky diode and a humidity sensor 

 

106 

 

The most common problem with humidity sensors based on the principle of 

absorption is hysteresis. Hysteresis is the percentage difference in final settling 

point of relative humidity when approached from above to when it is approached 

from below. Hysteresis is due to formation of clusters of absorbed water [47] and 

depends on the pores geometry, pores size and the changes in geometry of 

pores with relative humidity level [48]. Larger pore size reduces the response 

time but they also reduce the sensitivity so it is difficult to make fast and sensitive 

humidity sensor. The hysteresis can be reduced and sensitivity can be improved 

by organic multilayer structure [39]. The value of hysteresis is calculated for the 

Ag/methyl-red/Ag device and its value is about 9%. 

Response or recovery time is defined as the time taken by sensor to achieve 

90% of total impedance change [51]. The measured capacitance and resistance 

versus time curve corresponding to humidification and desiccation by changing 

the humidity rapidly from 30 to 95% and then decrease from 95 to 30% is shown 

in Figure  4.20 and Figure  4.21, respectively. It is found that the capacitive sensor 

exhibited quick response than the resistive type. These results are obtained in 

following way, first we placed the sample in sealed glass with 30% relative 

humidity (for absorption) and put it into controlled humidity chamber with humidity 

level 95% and suddenly removed the glass cover, the sample was introduced 

rapidly into ambient of humidity controlled chamber and similar method was 

adopted to measure the recovery time. The glass was sealed with an insulating 

layer. The response and recovery times are measured to be approximately same 

(10 sec) for capacitive sensor, including the equilibration time inside the 

chamber, therefore real response and recovery time is much shorter. Repeated 

cycles between these two relative humidity levels gave almost same results. 
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Figure 4.20. Response and recovery time of Ag/methyl-red/Ag capacitive 

humidity sensor 
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Figure 4.21. Response and recovery time of Ag/methyl-red/Ag resistive humidity 

sensor 

 

The detailed and simplified equivalent circuit diagrams for the humidity sensors 

are shown in Figure  4.22 and Figure  4.23, respectively. The equivalent circuit 

contains two types of components: capacitor and resistor. Capacitor represents 

dielectric polarization whereas resistance represents the various conducting 

species [56]. In a comprehensive equivalent circuit diagram, there are three basic 
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capacitances due to three types of dielectrics: air (Ca), methyl-red (Cs) and glass 

(Cg) and three resistances: air (Ra), methyl-red (Rs) and glass (Rg). Usually 

dielectric permittivity of organic semiconductor is larger than glass and air. 

Moreover the effective distance between the capacitance plates (in the case of 

Ca and Cg) is larger than Cs. Thus we can assume that Cs>>Ca and Cg Therefore 

we can neglect them and taking into account that Ra and Rg >> Rs, the equivalent 

circuit can be simplified as shown in Figure  4.23.  

 

Figure 4.22. Detailed equivalent circuit diagram of metal/methyl-red/metal 

humidity sensor 
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Figure 4.23. Simplified equivalent circuit diagram of metal/methyl-red/metal 

humidity sensors 
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4.3.  Conclusions 

 

In conclusion, the surface-type Ag/methyl-red/Ag, Al/methyl-red/Ag and 

Au/methyl-red/Ag devices were fabricated and investigated. The Al/methyl-

red/Ag and Au/methyl-red/Ag junction show the Schottky barrier diode behavior. 

The electronic parameters such as ideality factor, barrier height and series 

resistance of the diode were extracted by three methods. The parameters 

obtained using different methods are in good agreement with each other. The 

high rectification ratio for the Au/methyl-red/Ag diode shows that this junction has 

the potential as a good rectifier. The properties of methyl-red as a function of 

relative humidity are studied for Ag/methyl-red/Ag and Al/methyl-red/Ag sensors. 

The sensors showed short response and recovery time, good humidity sensitive 

property and better linearity. An equivalent circuit of the sensors is developed to 

represent the physical processes in methyl-red. Experimental results show that 

the capacitance of the Ag/methyl-red/Ag sensor increased by 12 times while the 

resistance decreased by 2.2 times. The change in capacitance is due to the 

difference between the dielectric constants of methyl-red and water molecule 

whereas the conductivity increases due to protons and ions in a thin layer of 

absorbed water. The response and recovery time is about 10 sec between 30 to 

95% relative humidity for capacitive type sensor. So it can be concluded from the 

experimental results that the methyl-red capacitive sensor is more sensitive and 

quick to response than the resistive sensor. The main feature of this sensor is its 

cost which is considerably lower than the existing sensors. From technological 

point of view the surface type humidity sensor is much simple and easy to 
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fabricate than sandwich type. Over all we can say that the methyl-red has great 

potential for electronic applications. 
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5. Investigation of TDTPPCu for its 
Potential as a Multifunctional Sensors 
and an OFET  

 

 

In this chapter, an organic compound 5,10,15,20-Tetrakis(3’,5’-di-tert-

butylphenyl) porphyrinatocopper(II) (TDTPPCu) is studied as an active material 

for multifunctional capacitive sensor and a photo-field effect transistor. To 

investigate the electrical properties of TDTPPCu, a junction of TDTPPCu with 

heavily doped n-type Si and Al is fabricated. The sensing properties of 

TDTPPCu are studied in Ag/TDTPPCu/Ag surface type cell. The capacitance of 

the sensor as a function of illumination, humidity and temperature has been 

investigated. The capacitance increases by 4.7 times from the dark condition 

under an illumination of 3850 lx. The capacitance is also changed 9.5 times with 

the increase in relative humidity (RH) from 30% to 95%. No change in 

capacitance appears below critical temperature 120 °C. Based on the 

experimental results for the multifunctional sensor a mathematical model has 

been developed. The model is mainly established on the assumption that the 

capacitive response of the sensor is associated with dielectric polarization. The 

sensors are simulated by using this model. The simulated results match well with 

experimental results. The effect of light on the output characteristics of the 

organic field effect transistor fabricated by using the TDTPPCu as a channel 

material is also investigated. Light is demonstrated for controlling the drain-

source current instead of the gate voltage. 
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5.1. Electrical characteristics of TDTPPCu 

 

In this work, an organic-inorganic hybrid junction is fabricated to investigate the 

electrical properties of TDTPPCu. In this device inorganic semiconductor 

substrate is used for growing organic molecules to investigate the electrical 

properties of the porphyrin.  

 

5.1.1. Experimental Procedures 

 

The organic semiconductor 5,10,15,20-Tetrakis(3’,5’-di-tert-butylphenyl) 

porphyrinatocopper(ll) (TDTPPCu) and heavily doped n-silicon <110> substrate 

is used for the fabrication of the heterojunction. On the polished surface of the 

cleaned n-Si, 150 nm thick TDTPPCu film was deposited. The Al contacts were 

deposited on TDTPPCu and back side of n-Si. The area of top contact is 

2.58x10-3 cm2. The deposition was done at growth rate of 0.1 nms-1 under 

chamber pressure of 5.5 x 10-6 mbar. Figure  5.1 shows the schematic diagram of 

Al/TDTPPCu/n-Si/Al device. Current-voltage and capacitance-voltage 

characteristics are performed to test the electrical behavior of TDTPPCu.  
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Figure 5.1. Cross-sectional view of Al/TDTPPCu/n-Si/Al heterojunction 

 

5.1.2. Results and Discussion 

 

The current-voltage characteristics of Al/TDTPPCu/n-Si/Al junction performed at 

room temperature are shown in Figure  5.2. The forward bias corresponds to a 

positive potential at the TDTPPCu with respect to n-Si. The current-voltage 

characteristics of the junction are nonlinear, asymmetric and show the 

rectification behavior, which gives the clue of formation of the depletion. From 

Figure  5.2, the junction’s parameters are calculated. The value of reverse 

saturation current is found 2.0x10-7 A. The Richardson’s constant (A*) for n-Si is 

about 112±6 Am-2K-2. The calculated value of barrier height is 0.39 eV. The value 

of ideality factor of Al/TDTPPCu/n-Si Schottky diode is found 24.5. 
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Figure 5.2. I-V characteristics of Al/TDTPPCu/n-Si heterojunction 

 

Capacitance-voltage measurement is one of the most important methods for 

obtaining information about the rectifying junctions. Sometimes the capacitance 

under forward bias exceeds the space-charge capacitance predicted by theory. 

The excess capacitance is due to traps at the junction interface. These traps can 

be created by dangling bonds, inter-diffusion of atoms and crystal defects at the 

metal/semiconductor or organic/inorganic semiconductor interfaces. The 

capacitance-voltage measurements of the heterojunction at 1 MHz are shown in 
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Figure  5.3. It is observed that the value of capacitance of the device is higher at 

low frequency as compared to high frequency. At lower frequencies, the higher 

value of capacitance is due to excess capacitance resulting from the interface 

states in equilibrium with the organic semiconductor. At low frequency the 

interface states follow the AC signal gives the excess capacitance. Therefore, the 

total capacitance will be equal to space-charge capacitance and interface 

capacitance. It is also observed that at high frequency the capacitance remain 

almost constant. This effect may be due to reason that interface states cannot 

follow AC signal and do not contribute to the diode capacitance. This will occur 

when the time constant is too long to permit the charge to move in and out of the 

traps in response to an applied signal [1, 2]. The value of capacitance increases 

in forward bias until a point where it reaches maximum and then decreases. The 

accumulation capacitance for the junction was found 4.96 nF. This capacitance 

comes from native oxide layer. The relation between voltage and capacitance 

can be express as [3]: 
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Figure 5.3. Capacitance-voltage measurements of Al/TDTPPCu/n-Si/Al 

heterojunction at 1.0 MHz 

 

 
Dsbi qNAVVC ε2/)(2/1 2 +=  (5.1)  
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where, sε is the dielectric constant of semiconductor biV is built in potential and 

DN  is the donor concentration. The value of barrier height can be obtained by 

using following relation. 

 

 )/ln( Dcbib NNkTqVq +=φ  (5.2)  

 

where, cN  is the effective density of states in the conduction band of silicon ( cN  = 

2.8x1019 cm-3) DN is calculated from the slope of C-2-V plot (Figure  5.4), from C-

V measurements of the heterojunction at 1 MHz and is found 1.17x1018 cm-3. The 

value of Vbi = 0.58 V is calculated from the x-intercept of Figure  5.4. The barrier 

height can be obtained from the C-V measurements using Equation (5.2). Its 

value is calculated using Vbi and found to be 0.50 V. This value is greater than 

the value obtain from I-V. This is probably due to the barrier inhomogeneity. It is 

seen that the barrier heights deduced from two techniques are not always the 

same. The discrepancy between barrier height obtained from C-V and barrier 

height from I-V can be explained by distribution of barrier height due to the 

inhomogeneity such as non-uniformity of the interfacial layer thickness and 

distributions of the interfacial charges.  
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Figure 5.4. C-2 vs. V plot of Al/TDTPPCu/n-Si/Al heterojunction 
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5.2. TDTPPCu Multifunctional Sensor 

 

Electrical properties of the most organic semiconductor devices are dependent 

on ambient conditions, and this makes them very promising for the development 

of various types of sensors [4, 5]. The properties of porphyrins make them good 

examples for such usage. Porphyrins form a large group of organic 

semiconductor compounds, which have been the main basis for the research of 

molecular semiconductors. It is a class of materials that can be deposited as thin 

films without dissociation and thus, is suitable for the preparation of thin film 

devices. These are solution processable and have adjustable viscosity to suit 

various film solution deposition techniques.  

Porphyrin is a heterocyclic macrocyclic organic compound composed of four 

pyrrole subunits linked through methane bridges. Porphyrin molecule is fully 

conjugated, containing a π-electron system [6] and have nano-scale pores [7, 8]. 

This conjugated system and porous nature is responsible for the high sensitivity 

to ambient in porphyrins. The properties of porphyrin thin films also change with 

ambient conditions. Many authors [9-15] reported the potential of 

metalloporphyrins in optical, gas and humidity sensors. Their reports show that 

these compounds are very suitable for the development of multifunctional 

sensors. Basically, the nature of the central metal and the lateral groups are 

responsible for the sensor properties. The porphyrins with different central atoms 

(Zn, Ni and Cu) and lateral groups are studied for sensor application by Saleem 

et.al [13, 15] and Sayyad et.al [14]. These studies show that with only a little 

variation in synthesis, it is possible to obtain sensors with different sensitivity and 

responses. It is also observed from their investigation that the porphyrin with Cu 
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as a central atom is more sensitive than others. In this work, the 5,10,15,20-

Tetrakis(3’,5’-di-tert-butylphenyl)porphyrinatocopper(II) (TDTPPCu) is 

investigated for multifunctional sensor application. TDTPPCu is Cu base 

porphyrin with different lateral group. The TDTPPCu sensor is fabricated in 

Ag/TDTPPCu/Ag surface type structure. This work is performed to explore the 

potential of TDTPPCu to develop a multifunctional sensor element. The main 

focus in this study is to develop a mathematical model for the multifunctional 

sensors. Experimental results of TDTPPCu sensor are used to develop the 

model. 

 

5.2.1. Experimental Procedures 

 

The sample was fabricated by depositing 150 nm thick film of TDTPPCu the on 

thoroughly cleaned glass substrate with preliminary deposited 100 nm thick silver 

electrodes. The length and width of the semiconducting channel between metallic 

electrodes were 50 μm and 8 mm, respectively. Cross-sectional view of the 

fabricated device is shown in Figure  5.5. 
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Figure 5.5. Cross-sectional view of the Ag/TDTPPCu/Ag sensor. 

 

 
5.2.2. Results and Discussion 

 

Figure  5.6 shows the UV-VIS absorption spectrum of the TDTPPCu in 

choloroform. Inset shows the absorption spectrum of TDTPPCu spin coated film 

on glass substrate The spectrum shows the intense transition at 420 nm and 

weak transition at 540 nm. The intense transition is from So to S2 (B band), while 

the weak transition is from So to S1 (Q band). B bands arises from π-π* transition 

while Q band arises from n-π* transition [16].   
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Figure 5.6. Absorption spectrum of the TDTPPCu in chloroform. Inset shows the 

absorption spectrum of TDTPPCu spin coated film on glass substrate 

 

Relation between capacitance and illumination for the Ag/TDTPPCu/Ag surface-

type photocapacitive sensor is shown in Figure  5.7. Where, Cph and Cd are the 

capacitances under illumination and dark conditions, respectively. In dark 

condition the value of capacitance is 10 pF. As the intensity of radiation 

increases, the capacitance also increases. The ratio of Cph/Cd for the 

Ag/TDTPPCu/Ag sensor at 3850 lx illumination increased by 4.7 times of dark. 

This increase follows a logarithmic function of the intensity of illumination. 
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Figure 5.7. Effect of illumination on the capacitance of Ag/TDTPPCu/Ag sensor 

 

The capacitance depends upon the dielectric polarization [17], dielectric 

permittivity constant of the sensing material [18], gap between the electrodes and 

electrode geometry [19]. The polarization is caused by dipole, ionic and 

electronic polarizability. Dipoles and ions are due to charge transfer complexes 

and dissociation of molecules, whereas electronic polarization arises due to 
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relative displacement of electrons [20]. This observed “increase” in relative 

capacitance with the increase in light intensity can be explained by taking into 

account the different types of polarizabilities and the effect of illumination on the 

total polarizability. The increase in light intensity may increase the concentration 

of ions, dipoles, electrons and holes. This may increase the polarization in 

TDTPPCu. Dipolar ( dipα ) polarizability may be neglected for TDTPPCu due to the 

absence of visible dipoles in molecular structure. Electronic polarization is 

universal, whereas ionic polarization takes place due to charge-transfer 

complexes. The electronic and ionic polarizations affect the capacitance at low 

frequency even in dark condition [18, 19]. 

Dielectric constant and polarizability can be related by Clausius-Mossotti relation 

[18]: 

 

 

ε
α

ε
ε

3)2(
)1( dd

d

d N
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−
−

 (5.3)  

 

where, dε , and dN  are relative permittivity and concentration of the charge 

carriers (in dark condition) respectively. 

 

From above relation, we can derive: 
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Similar expression can be written for dielectric constant under illumination: 
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The product αN  depends upon the intensity of illumination. The measured 

relative capacitance-illumination curve exhibits logarithmic like behavior. 

Therefore, αN  can be modified as: 

 

 )]1log(1[ kJNN dd ++= αα  (5.6)  

 

where k  is photocapacitive factor, J  is the light intensity  

So, Equation (5.5) can be written as: 
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From Equations (5.4) and (5.7), we can drive the expression: 

 

 









−+

++−+++
=

)3/1/()3/21(
)3/)]1log(1[1/()3/)]1log(1[21(





εαεα
εαεα

ε
ε

dddd

dddd

d

ph

NN
kJNkJN

 (5.8)  

 

Due to small values of ddN α  and k , if we assume that )]1log(1[1 kJN dd ++− α  is 

equal to )3/1( εα ddN− . Then Equation (5.8) can be simplified as: 
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The relation between dielectric constant and capacitance for capacitance-

illumination relationship can be described as [18]: 
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The factor n is related to the dielectric morphology. From Equations (5.9) and 

(5.10), the following expression can be obtained:  
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In dark condition, from experimental data, we can calculate the value of ddN α  and 

n by putting J = 0 in Equation (5.11) (In this case mFN dd /10*3.1 11−=α  and 5=n

). The simulated results obtained by using Equation (5.11) are also shown in 

Figure 5.7. These results fit well with the experimental results. In this case the 

value of )(10*05.1 13 −−= lxk . The value of K is obtained from Equation (5.9) at 

Cph/Cd = 4.7. 

The conventional humidity sensors sense relative environmental humidity using 

the capacitive technique. The elements of these sensors are made of a thin film 

capacitor on substrates. The organic material is used as dielectric, which absorbs 

or releases water molecules proportional to the relative environmental humidity, 

and thus changes the capacitance of the capacitor. The capacitive humidity 

sensors, typically show a nonlinear response as a function of relative humidity. 
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The capacitance depends upon the polarization and dielectric permittivity 

constant of the sensing material [18, 19]. The relation between dielectric constant 

and capacitance for capacitance-humidity relationship is described as [21]: 
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where dryε , and Wε  are the permittivities of the dielectric at dry and wet states, 

respectively. The factor n is related to dielectric morphology. 
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The product wwN α  depends upon relative humidity level. Therefore, the product 

wwN α  can be expressed as: 

 

 (1 )w w d dN N kHα α= +  (5.14)  
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Using Equations (5.12), (5.13) and (5.14), we can derive the expression: 
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where k  is the humidity capacitive factor (in this case )(10*1.1 12 −−= Hk ) and H  is 

the relative humidity level. dryN  and dryα  are the electron/holes concentration and 

polarizability at dry condition, respectively. This empirical expression can be used 

for simulation of capacitance-relative humidity relationship. 

Figure  5.8 shows the experimental and simulated curves for capacitance-relative 

humidity relation of Ag/TDTPPCu/Ag surface type sensor. The capacitance of the 

device increases 9.5 times of magnitude at relative humidity ranging from 30% to 

95%. By increasing the concentration of water molecules the electric field of H2O 

dipoles increases which can be a reason of increase in capacitance with increase 

in humidity. The increase in capacitance with relative humidity may also be due 

to the porous nature of thin film. Dielectric permittivity constant of TDTPPCu 

increases with absorption of water molecules and hence increase in capacitance. 

At higher relative humidity levels, variation in capacitance becomes less because 

the pores of the film are being filled with water molecules and hence the 

sensitivity of the sensor decreases [22]. This confirms that the value of 

permittivity constant of TDTPPCu increases with absorption of water molecules.  
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Figure 5.8. Effect of humidity on the capacitance of Ag/TDTPPCu/Ag sensor 

 

Figure  5.9 shows the temperature-capacitance relationship of Ag/TDTPPCu/Ag 

sensor. TDTPPCu shows good stability with the variation in temperature. Up to 

120 °C there is no change in capacitance and after 120 °C there is sharp 

increase in capacitance. This behavior can be explained as:  



Chapter 5: Investigation of TDTPPCu for its Potential as a Multifunctional Sensors and an OFET 

 

138 

 

 

Figure 5.9. Effect of temperature on the capacitance of Ag/TDTPPCu/Ag sensor 

 

1) There may be two phenomena associated with increase in temperature. 

Temperature elevation may cause polarization but at the same time the other 

phenomenon (vibration in molecules) may disturb this polarizability.  
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2) The environmental humidity may also affect the temperature-capacitance 

relationship. With increase in temperature the vibration of absorbed water 

molecules can disturb the polarization in TDTPPCu. After 120°C water molecules 

evaporate and polarization is dominant than the vibration of molecules. Perhaps 

due to these reasons the sample shows rapid increase in capacitance at higher 

temperature. The main problem of sensors is their temperature dependency. This 

sensor shows excellent stability below 120°C, therefore, the temperature 

dependency can be avoided by operating this sensor below 120 °C. After 120 °C 

the linear increase in capacitance has an advantage that in this region it can be 

used as temperature sensor.  

The simplified equivalent circuit diagram of surface type Ag/TDTPPCu/Ag sensor 

is shown in Figure  5.10. The equivalent circuit contains two parts, capacitance 

and resistance. There are three basic capacitances due to three kinds of 

dielectrics: air (Ca), TDTPPCu (Cs) and glass (Cg) and three resistances air (Ra), 

TDTPPCu (Rs) and glass (Rg). Usually dielectric permittivity of organic 

semiconductor is larger than glass and air. Moreover the effective distance 

between the capacitance plates (in the case of Ca and Cg) is larger than Cs. 

Thus, we can assume that Cs>>Ca and Cg
. Therefore, we can neglect them and 

by taking into account that Ra and Rg >> Rs, the equivalent circuit can be 

simplified as shown in Figure  5.10. Where Ct, Ch, Cph, Rt, Rh, and Rph are the 

capacitances and resistances due to temperature, humidity and illumination, 

respectively. 
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Figure 5.10. Simplified equivalent circuit diagram of Ag/TDTPPCu/Ag surface-

type sensor 
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5.3. Photo organic field effect transistor based on 

a metalloporphyrin 

 

The growing interest in the fabrication and study of organic field effect transistors 

(OFETs) is due to their potential for many applications such as flexible devices 

[23], smart cards [24] small and large scale optoelectronic devices [25-27] and 

photo sensors [28, 29]. Various types of structures for OFETs are often used to 

extract material properties with the common thing that each distinct structure 

behaves just like standard gate-oxide-semiconductor FET. The structure 

introduced by Karimov et al. [30] was very simple and easy to fabricate. This 

device was fabricated in such a way that thin film of organic semiconductor and 

semi-transparent Al film were thermally sublimed in sequence on glass substrate 

with preliminary deposited metallic source and drain electrodes. The electrical 

properties of the device were investigated under the effect of light. 

Porphyrin and their derivatives are well known semi-conducting organic 

materials. Many authors [9, 31-33] have investigated the optical properties of 

porphyrin derivatives. From their results it can be concluded that these materials 

are very suitable for optoelectronic applications. For optical applications, 

porphyrins are mostly used in the form of thin films. Often Langmuir–Blodgett [34] 

and vacuum thermal deposition [35] methods are used to prepare thin porphyrin 

films, while the simple and fast growing techniques for soluble porphyrin are spin-

coating and dipping. By using these methods the films can be grown with a large 

surface to volume ratio, which makes these films particularly suitable for large 

area detector applications [36, 37]. 
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Due to the above mentioned interesting properties of porphyrins, in the present 

work we have investigated a field effect transistor fabricated by using a 

metalloporphyrin TDTPPCu as a channel material. The output characteristics of 

the transistor are investigated under the effect of light field instead of gate field.  

 

5.3.1. Experimental Procedures 

 

The drain-source electrodes of Ag are thermally deposited keeping the 45 μm 

gap between them by using mask. During deposition, the growth rate was kept at 

0.1 nm/s and the chamber pressure was 5.5x10-3 Pa. Thin film of organic 

semiconductor metalloporphyrin TDTPPCu was deposited on the substrate with 

preliminary deposited electrodes. Then a semi-transparent Al film of thickness 25 

nm was thermally deposited on the TDTPPCu film. The transparency of Al thin 

film was 10-15% [30]. Figure  5.11 shows cross-sectional view of the fabricated 

photo FET. The source and drain terminals were connected to the variable power 

supply and the device was illuminated from top. For illumination florescent tube 

light is used. The measurements are performed using conventional digital 

multimeters. Geometrical length, width and thickness of the TDTPPCu channel 

were 45 μm, 17 mm and 200 nm, respectively.  
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Figure 5.11. Cross sectional view of the phototransistor 

 

  

TDTPPCu 
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5.3.2. Results and discussion 

 

The absorption spectrum of the TDTPPCu film deposited on a glass substrate is 

shown in the inset of Figure 5.6. The effect of light on the output characteristics 

of the photo FET is shown in Figure  5.12. The higher value of drain current is 

observed in both ohmic and saturation regions under illumination, the effect of 

light can be viewed same as gate voltage. The fundamental operation of gate 

field effect transistor and photo field effect transistor is similar in many ways, 

although there are main differences in device structures involved and the current 

amplification mechanism. The photo field effect transistors are photo-junction 

devices, in which the drain current is amplified through the charge carrier 

(electron-hole pair) generated by the optical input. The change in states of this 

special structure can be attributed to the change in illumination intensity without 

any applied gate bias voltage [28]. Light absorption takes place in the photo-field 

effect transistor at Al/organic film interface in the depletion region and in the 

channel under depletion region. The channel is formed between the electrodes 

just below the depletion region. Formation of depletion region and channel is 

shown in Figure  5.13. There are two mechanisms responsible for photo response 

of the transistor, namely, photoconductivity and photovoltaic [29]. The 

photoconductive behavior (the increase of conductivity in the field of light) is due 

to formation of excitons because of absorption of photons, which have less 

energy than the band gap of semiconductor and splitting of electron and holes 

take place by drain-source field. Photovoltaic behavior is observed due to 

metal/semiconductor rectifying junction with built in potential and electric field that 

separates excitons into electron-hole pairs. Under the effect of light the 
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metal/semiconductor potential barrier and electric field decreases that result to 

increase of cross-section of channel of photo transistor and contribute to 

increase of conduction of channel. So biasing is changed under illumination. The 

parameter controlling aspect of light is same as gate biasing in the conventional 

FET.  

 

Figure 5.12. Dark and photo (at 0.5 µW/cm2) output characteristics of the 

phototransistor 
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Figure 5.13. Schematic diagram of device operation 

 

The typical FET type output characteristics behavior of the device with the 

presence of saturation regime indicates that the drain current is restricted by the 

channel. The minimum potential exists at the point where the holes flow in the 

channel (between drain and source). The holes created by illumination and 

thermally assisted processes in the bulk, drift towards the channel. The electrons 

move away from channel and electron-hole pairs separate vertically due to two 

main factors. Firstly, the electric field in vertical direction is sufficiently high due to 

the formation of Schottky barrier. Secondly, absorption of light in organic 

semiconductors takes place though exciton formation. Excitons can also 

disassociate in the result of interaction with molecular vibration.  
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5.4. Conclusions 

 

In conclusion, electrical study on TDTPPCu shows its great potential for 

electronics application. The investigations made on surface-type 

Ag/TDTPPCu/Ag sensor, show good sensing property of the TDTPPCu. It is 

observed that the capacitance increases with the increase in illumination, 

humidity and temperature. The simulated results are in good agreement with 

experimental results. It is concluded from simulated and experimental results that 

in general the capacitive response of the sensor is associated with dielectric 

polarization. Owing to the high sensitivity and good thermal stability it has been 

proposed that the TDTPPCu can be used in multi-meters for environmental 

monitoring. It is expected from the results of the photo FET structure that 

advancement in the understanding of photo-physics and electronic processes 

can direct to efficient devices modified to specific requirement without the 

limitations imposed by conventional semiconductor technology.  
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6. Investigation of the Potential of a PMSSQ 
Nanocomposite for Nonvolatile Memory 

 

 

In this chapter, the electrical behavior of metal/polymethylsilsesquioxane 

(PMSSQ) thin films and possibility of charge storage in the metal nanoparticles 

embedded PMSSQ films have been discussed. PMSSQ films are sandwiched 

between Al and p-Si electrodes to study the metal/organic structures. Various 

electrical parameters and charge carrier mobility in PMSSQ has been 

determined. A non-volatile memory (NVM) using PMSSQ sol-gel embedded with 

gold (Au) nanoparticles is also investigated. The NVM is based on a capacitor 

structure. C-V analysis is performed to examine the memory effect. A significant 

clockwise hysteresis is observed, which indicates the high charge storage 

capability of the nanocomposite layer. A model for charge trapping mechanism 

and potential distribution in p-Si/PMSSQ/nanocomposite/PMSSQ/Al NVM cell 

has been proposed. The memory cells showed good programmed/erased 

characteristics 
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6.1. Polymer Non-volatile Memories 

 

Non-volatile memory (NVM) devices based on conventional silicon technology 

have been used in various applications ranging from computer memory to 

portable flash drives. However, for large area low-cost electronics such as 

system on panel, there is need to development of alternate cost-effective 

memory devices. The emerging field of organic electronics has the potential for 

low-cost NVM applications due to their key advantages of simple and low-

temperature thin-film processing through inexpensive techniques such as spin 

coating, ink-jet printing, or stamping [1, 2]. In Ref. [1, 3-5], it is reported that metal 

nanoparticles embedded in an organic blend sandwiched between two 

electrodes, exhibits promising performances for NVM application. Organic based 

memories also have many other advantages over inorganic memories such as 

mechanical flexibility, high device density due to the possibility of stacking these 

devices, etc. [6]. 

Organic-inorganic (hybrid) materials present a new class of materials that can 

combine desirable physical properties characteristic of both organic and 

inorganic materials. The material discussed in this chapter, 

polymethylsilsesquioxane (PMSSQ), is a hybrid material and has excellent 

thermal, mechanical, electronic, and optical properties. and has potential for 

electronics applications [6]. It has a chemical formula of CH3-SiO3/2 and can 

occur either as ladder or cage structure. The PMSSQ is solution processable, 

and has adjustable viscosity to suit various thin film solution deposition 

techniques i.e. stamping, spin coating, flexography, and inkjet printing etc. The 
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PMSSQ layer can be fully cross-linked thermally at a temperature that is 

compatible with plastic substrates for fabrication of flexible integrated circuits [6]. 

In this study we have investigated the electrical properties of PMSSQ and 

memory effect in Au nanoparticles embedded PMSSQ films. The devices are 

fabricated using a simple spin-coating technique. Memory devices based on 

organic dielectric embedded with metal nanoparticles have been considered 

more advantageous in many aspects as compared to semiconductor 

nanoparticles-based memories [7-9]. High work function metal nanoparticles can 

enhance the data retention characteristics and lower the operating voltages. 

Especially, Au nanoparticles have been widely investigated due to their higher 

work function and chemical stability as compared to other metallic nanoparticles 

[10].  

 

6.2. Experimental Procedures 

 

Metal-polymer-semiconductor (MPS) devices are fabricated to conduct a study 

on the sandwiched dielectric polymer and nanocomposite. MPS samples have a 

capacitor like structures. This systematic study is performed in different steps 

and several types of memory cells are considered and evaluated based on their 

performance.  

1. MPS devices were fabricated to perform electrical characterization and to 

examine the conduction mechanism of PMSSQ (Figure  6.1 (a)) 
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Figure 6.1. Fabricated structures. (a): P-Si/polymer/Al. (b): P-Si/Polymer/Au 

NPs/polymer/Al. (c): P-Si/nanocomposite/Al . (d): P-

Si/Polymer/nanocomposite/polymer/Al 

 

2. To investigate the effect of Au NPs and their concentration towards the C-

V hysteresis window, the devices having structure shown in Figure 6.1(b) 

are fabricated. Au NPs layer is deposited by self-assembly method 

between the PMSSQ films with 3 different concentrations, i.e., “high 

concentration” which is the as-prepared solution (labeled as 1), “medium 

concentration” which was diluted from the as-prepared with DI water with 

a ratio of 1: 1 (labeled as 0.5), and “low concentration” that was diluted 
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from the “medium-concentration” with DI water with a ratio of 1:1 (labeled 

as 0.25). The schematic diagram of these devices is shown in Figure 

6.1(b). The baked PMSSQ1 film was initially hydrophobic and it was made 

hydrophilic using plasma treatment for 5s. The contact angle of water drop 

with baked PMSSQ before and after plasma treatment was 88° and 3° 

respectively. Au nanoparticles aqueous solution was then spread on the 

PMSSQ film and kept for the whole night to let it dry in order to obtain self-

assembled Au nanoparticles layer. Figure  6.2 shows the micrograph of the 

AuNPs deposited by self-assembly method.  

 

Figure 6.2. A micrograph of the gold nanoparticles on top of a PMSSQ layer  
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3. Au NPs and PMSSQ nanocomposite was spin casting between p-Si and 

Al electrode (Figure 6.1 (c)) to investigate conduction mechanism and 

charge storage in the nanocomposite. 

4. Memory devices were fabricated by sandwiching the spin casted 

nanocomposite layer between two PMSSQ layers. Figure  6.3 shows the 

micrograph of the cross-section of Figure 6.1 (d). 

 

Figure 6.3. A micrograph of the cross-section of P-

Si/Polymer/nanocomposite/polymer/Al memory cell 
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Thickness of each spin casted PMSSQ and nanocomposite layer is 150 nm and 100 nm, 

respectively. The Schottky contacts [11] are formed by evaporation of Al dots on the top 

PMSSQ layers.  

Finally, the most suitable structure is selected for the fabrication of programmed 

non-volatile memory. The NVM structure consists of a 250 nm thick spin-coated 

PMSSQ1 on top of a p-silicon substrate, followed by a 100 nm thick 

nanocomposite layer and then another PMSSQ 2 layer of 150 nm thick. At the 

end an aluminum (Al) electrode was thermally evaporated on top of PMSSQ2. 

This effectively is a capacitor structure with the nanocomposite layer sandwiched 

between two PMSSQ layers as shown in Figure  6.4. All the spin-coated PMSSQ 

and nanocomposite layers were thermally cured at 160 °C for 1hour in nitrogen 

ambient to achieve a complete cross-linking [6] in the PMSSQ.  
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Figure 6.4. The schematic of p-silicon/PMSSQ1 (250 nm)/nanocomposite (100 

nm)/PMSSQ2 (250 nm)/Al structure as NVM 
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6.3. Results and discussion 

 

6.3.1. PMSSQ Films’ Thickness  

 

Figure  6.5 estimates the PMMSQ thicknesses obtained at different spin speeds 

and acceleration. As it was expected, the film became thinner with increase in 

spin speed and the film thickness saturated at higher RPM. Similarly PMMSQ 

thicknesses decrease with increase in acceleration. For the electrical 

characteristics, 150 nm thick films were prepared at the spin speed of 6000 RPM. 
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Figure 6.5. PMMSQ thicknesses vs. spin speeds and acceleration 

 

6.3.2. Electrical Characteristics of PMSSQ 

 

The forward bias and reverse bias I-V characteristics p-Si/PMSSQ/Al (S1), p-

Si/nanocomposite/Al (S2), and p-Si/PMSSQ/nanocomposite/PMSSQ/Al (S3) are 

shown in Figure  6.6. The forward bias corresponds to a positive potential at the 

Al with respect to p-Si. All samples display nonlinear, asymmetric and 
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rectification behavior, which indicates the formation of the depletion regions at 

interfaces. Rectification ratio for all samples is given in Table  6.1. Rectification 

ratio depending on the applied voltage reflects increased charge injection into the 

PMSSQ. This behavior is due to the fact that a space charge layer is formed. 

Different electronic parameters of p-Si/PMSSQ/Al structure are given in 

Table  6.1. 

 

Table 6.1. Electrical parameters of PMSSQ and Au nanoparticles embedded 

PMSSQ films 
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Figure 6.6. I-V characteristics of p-Si/PMSSQ/Al, p-Si/nanocomposite/Al, and p-

Si/PMSSQ/nanocomposite/PMSSQ/Al structures 
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6.3.3. Conduction Mechanism in PMSSQ 

 

To examine conduction mechanism in PMSSQ, the I–V characteristics of p-

Si/PMSSQ/Al device are depicted in a log I–log V scale in Figure  6.7. I-V is the 

simplest technique used to study metal/organic interfaces [12]. As it can be seen 

form the Figure  6.7, three major regions are found. At low voltages, from 0 to 1.5 

V, the current increases linearly with an increase in the bias voltage with a slope 

of ~ 1. It can also be observed that for voltage between 1.5 and 9 V the current is 

directly proportional to the V3.4. With further increase of bias voltage, the current 

shows voltage-square dependence for the applied bias voltage. In view of trap-

filled SCLC model, proposed by Lampert and Mark [13], the region with slope 3.4 

represents the shallow trap region, while the regions with slope 2 is SCLC.  
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Figure 6.7. logV-logI plot for P-Si/PMSSQ/Al (S1) 

 

Three key theoretical models are used to describe for the charge injection: (i) the 

carriers from the electrodes are thermally excited to overcome the potential 

barrier resulting from the superposition of the image charge potential and 

external field and is known as the field-assisted thermionic injection, (ii) the 

Fowler-Nordheim (FN) tunneling model where the carrier tunnel through the 

potential barrier under a high electric field, (iii) the thermo-activated hopping 

injection model, which is attributed to the hopping of carriers from the metal 
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Fermi level into the localized states of the polymeric material [14-16]. Typically it 

is considered that at low voltage, the current is due to thermally generated free 

carriers, tunneling of trapped electron and hopping of thermally excited electrons, 

which show a linear voltage dependency [17]. At a higher applied voltage, it is 

considered that carriers injected into the dielectric are from a thermionic process 

across the barrier but the transport properties of the devices cannot be well 

modeled by thermionic emission if the ideality factor is much greater than unity 

[18]. When n >> 1, this indicates that the number of free charges is much lower 

than the number of trapped charges and current increases exponentially with 

applied voltage. With further increase in applied voltages, the injected carriers 

increase rapidly and when the trap sites are filled, the I-V slope decreases.  

In view of above discussion, in Figure 6.7 at low voltages, the current is due to 

thermally generated free carriers, which show linear voltage dependence. At 

higher applied electric field, the carriers injected into the dielectric are generated 

from the thermionic process occurring across the barrier. As a result, the number 

of free charges is much lower than the number of trapped charges and the 

current shows exponential relationship to the voltage. Fowler–Nordeim tunneling 

can occur in addition to thermionic emission. With further applied voltage, the 

injected carriers increase rapidly and the traps are nearly filled. The current thus 

has a relationship to voltage V2 dependence. By using the equation for traps 

filled region mentioned in [19] the value of free carrier mobility µ for PMSSQ is 

found of the order of 3.9×10-10 m/(V·s). 
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6.3.4. P-Si/PMSSQ/Au NPs/PMSSQ/Al Memory Cell 

 

Figure  6.8 shows the inverse exponential trend of the effect Au NPs 

concentration towards the C-V hysteresis in the 2nd stage devices. The average 

C-V hysteresis was calculated from 10 measurements from different samples for 

each concentration. It is found that, high concentration samples show an 

expected high average hysteresis of ~11 V as compared to the medium 

concentration of ~5.5 V and low concentration samples of ~5 V. The high 

hysteresis or programming window can be attributed by the high charge storage 

due to the large amount of charge trapping contributed by the Au NPs. The inset 

in Figure  6.8 shows the behavior of a C-V with hysteresis of one of the sample 

with high Au NPs concentration. 



Chapter 6: Investigation of the Potential of a PMSSQ Nanocomposite for Nonvolatile Memory 

 

168 

 

 

Figure 6.8. The box charts indicates the influence of concentrations of AuNPs to 

the hysteresis voltage. The inset displays the behavior of the hysteresis window 

of high concentration (1) 

 

As expected the high concentration sample has the lowest average dielectric 

strength is ~ 0.6 MV/cm (breakdown voltage, VBO = 18 V). As for the medium and 

low concentration samples, their dielectric strength are higher at 0.75 MV/cm 

(VBO = 22.5 V) and 0.8 MV/cm (VBO = 24 V) respectively. See Figure  6.9. The 
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dielectric strength of the PMSSQ without any Au NPs is 1 MV/cm. The high 

concentration sample recorded the lowest breakdown voltage is believed to be 

due to the increase in the density of pores at the interfaced between the PMSSQ 

and the AuNPs. Therefore, there is a compromise between the need for high 

hysteresis and breakdown voltage. 

 

Figure 6.9. The box chart of the breakdown voltage against different 

concentration of AuNPs 
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6.3.5. P-Si/PMSSQ/Nanocomposite/PMSSQ/Al Memory 

Cell 

 

C-V measurements were carried out in order to verify the memory effect. C-V 

measurements for p-Si/PMSSQ/nanocomposite/PMSSQ/Al structure are shown 

in Figure  6.10. A large hysteresis is observed in a forward and reverse sweep C-

V plot. This indicates significant amount of charge trapping due to Au 

nanoparticles in the nanocomposite layer or at their interfaces with PMSSQ. Inset 

in Figure  6.10 shows hysteresis for p-Si/PMSSQ/Al (S1), p-Si/nanocomposite/Al 

(S2), and p-Si/PMSSQ/nanocomposite/PMSSQ/Al (S3). There is negligible 

hysteresis for the control sample (S1), indicating the absence of trapped charges 

in the PMSSQ. The sample S3 shows the hysteresis of about 13V. The clockwise 

hysteresis is observed in C-V scan. The mechanism leading to hysteresis can be 

explained by considering the changes in potential distribution that occur in the 

dielectric layers for different applied voltages and polarity of charge trapped (see 

section 6.3.6).  
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Figure 6.10. C-V characteristics of P-Si/PMSSQ/(AuNPs+PMSSQ)/PMSSQ/Al 

(S3) memory cell. Inset show the hysteresis plot for S1, S2 and S3  

 

Fifty different devices were fabricated for each of nanocomposite based memory 

and self-assembled Au NPs based memory cells. It is observed that the 

hysteresis is same for each nanocomposite device but the self-assembled Au 

NPs devices did not show same value of hysteresis for all the devices. This 

confirms the uniform distribution of Au nano particles in former case and non-

uniform distribution of Au nanoparticles later case. Therefore, it is decided to 
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fabricate programmable memory on the base of the nanocomposite. Several 

types of nanocomposite based memory cells are considered and evaluated 

based on their performance. The most suitable structure is selected for the 

fabrication of programmable non-volatile memory (that will be discussed in next 

section). 

 

6.3.6. Programmable P-Si/PMSSQ/Nanocomposite/ 

PMSSQ/Al Memory Cell 

 

To examine conduction mechanism in the programmable p-

Si/PMSSQ/nanocomposite/PMSSQ/Al memory cell, I-V characteristics of the 

device shown in Figure 6.4 are plotted in Figure  6.11. Figure  6.11 shows that 
nVI ∝  with different slopes at different voltage regions. Where n is a power 

index. There are three distinct regions (I, II and III). In region I, the current is 

limited until ~20 V (VT1) with a slope of n = 0.3 and the possible explanation could 

be the overall dielectric is sufficiently thick and the current is limited (< 1 x 10-7 A) 

by the bulk properties of the insulating PMSSQ rather than by the electrodes at 

the interfaces [17]. In region II, the current will increase to ~ 2 x 10-6 A at ~30 V 

(VT2) and has a slope of n = 7.5, which corresponds to non-ohmic region and 

indicates existence of deep traps. This region has a trapped charge limited 

current. In region III ( > 30V), the current will follow approximately the square of 

the voltage (n ≈ 2.0). This region indicates that all the traps are being filled and 

behave as the SCLC model. As clearly shown in Figure  6.11, the slope in region 
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II is much greater than region I and region III, demonstrating significant charge 

trapping capability of the nanocomposite layer. 

 

Figure 6.11. The log (I) versus log (V) plot of the P-Si/PMSSQ1 (250 

nm)/nanocomposite (100 nm)/PMSSQ2 (150 nm)/Al structure as NVM 

 

 

Figure  6.12 shows the schematic band diagrams and electronic conduction 

process of the Au nanoparticles embedded in PMSSQ layers in low (region I) and 
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high conductivity (region III) states. Figure  6.12 (a) is the schematic diagram 

when the applied positive voltage to the top Al electrode is < VT1, i.e. when 

limited electrons from the p-silicon are injected through the thick PMSSQ1 layer 

via the thermionic process [20] causing a very small current ( < 1 x 10-7 A) flow. 

When the applied positive voltage is > VT1, the current injection from the p- silicon 

gradually increases with increasing applied voltage, and some injected electrons 

will be trapped in the Au nanoparticles. When the applied voltage is further 

increased towards VT2, the amount of injected electrons will increase 

exponentially and the Au nanoparticles sites started to be filled until the voltage 

reach VT2. At VT2, all electronic sites in the Au nanoparticles are filled and current 

will increase (> 1 x 10-6 A), because the injected electrons can now easily travel 

from p-silicon to the Al electrodes, resulting in a high conductivity state that 

follows the SCLC model. See Figure  6.12 (b). 
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Figure 6.12. Schematic diagrams corresponding to the conduction process in (a) 

region I and (b) region III 

  



Chapter 6: Investigation of the Potential of a PMSSQ Nanocomposite for Nonvolatile Memory 

 

176 

 

A clockwise hysteresis is observed in the forward and reverse sweep of the C-V 

plot of the device in Figure 6.4 is shown in Figure  6.13. A large hysteresis of 

~12V is observed. When a similar C-V sweep was performed on a structure with 

p-silicon/PMSSQ/Al, there is negligible hysteresis indicating insignificant charge 

trapping in the PMSSQ as shown in the insert of Figure  6.13. The possible 

mechanisms causing the hysteresis effects seen in the C-V’s forward and 

reverse sweep can be easily explained by considering the changes in the 

potential distribution in the PMSSQ and nanocomposite layer for different applied 

voltages and polarity of trapped charges based on the concept in ref. [21] as 

shown in Figure  6.14. Initially, it is assumed that the Au nanoparticles in the 

nanocomposite layer are uncharged. Figure  6.14 (a) shows that when a voltages 

is applied, a potential distribution will occur, which is unperturbed by the Au 

nanoparticles until certain critical voltages (-Vc or +Vc) is reached and then 

decreases linearly (dash blue or red lines) from the Al towards the p-silicon 

surface. At a critical voltage of -VC, electrons are started to tunnel through the 

PMSSQ2 layer into Au Nanoparticles in the nanocomposite layer. Similarly, 

during the forward C-V sweep, the voltage is swept starting from a large negative 

voltage (-20 V), which exceeds that required to tunnel the electrons from the 

PMSSQ2 layer; are injected into the Au nanoparticles embedded in the 

nanocomposite from Al electrodes and potential difference between Al electrode 

and Au nanoparticles drops to zero (line 1 in Figure  6.14 (a)). Due to the contact 

barrier between Au and the PMSSQ, electrons remain trapped. These trap 

electrons will later cause the flat-band voltage to shift towards the right hand 

side. As the voltage is increased and crossed the 0 V into a positive value (line 2 

in Figure  6.14 (b)), an electric field reversal occurs in the PMSSQ2. When the 

positive critical voltage (+VC) is reached, holes injection from the Al into the 

nanocomposite occurs and recombines with the trapped electrons and the net 

charge of the Au nanoparticles returns to ground potential (line 3 in Figure  6.14 
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(b)). As the holes begin to accumulate, it will cause a net positive charge in the 

Au nanoparticles and the flat-band voltage will shift to the left during the reverse 

C-V sweep.  

 

Figure 6.13. C-V hysteresis loop of a NVM with p-silicon/PMSSQ1 (250 

nm)/nanocomposite (100 nm)/PMSSQ2 (250 nm)/Al structure. The inset shows 

the C-V scan for p-silicon /PMSSQ/Al structure 
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Figure 6.14. Charge trapping mechanism in a NVM 
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An arbitrary voltage pulse of -10 V for 25 seconds at the Al electrode with respect 

to the p-silicon is used to program the NVM and voltage pulse of +10 V for 25 

seconds is used to erase the NVM. The band diagram during programming and 

erasing are shown in Figure  6.15 (a) and (b) respectively. A qualitative 

explanation for the programming and erasing of the NVM can be made. When a -

10 V is applied to the Al electrode for 25 seconds, the LUMO and HOMO of the 

PMSSQ and the energy bands of the Au nanoparticles bend downward towards 

the right. A -10 V is insufficient to inject holes from the p-silicon into the Au 

nanoparticles but the electrons from Al electrode are injected through the thin 

PMSSQ2 into Au nanoparticles through the FN tunneling process [22] and 

trapped as shown in Figure  6.15 (a), and the NVM is programmed. A 

programmed NVM will cause the flatband voltage in the C-V plot to shift by ~1.5V 

to the right as in Figure  6.15 (c). The I-V plot also shows that the current flowing 

through the NVM will now start to increase at ~1.5 V instead of 0 V (a threshold 

voltage shift of ~1.5 V) due to the trapped electrons as shown in Figure  6.15 (d). 

When a +10 V is applied to the Al electrode, the energy level bends in the 

opposite direction and the trapped electrons in the Au nanoparticles are ejected 

back to the Al through the PMSSQ2 via FN tunneling, as shown in Figure  6.15 

(b) causing the C-V flat-band voltage to return to its initial position (Figure  6.15 

(c)) and the I-V threshold voltage to return to its original value as shown in 

Figure  6.15 (d). 
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Figure 6.15. Band diagrams of a NVM being (a) programmed, (b) erased, (c) the 

C-V plot and (d) the I-V of a programmed and erased NVM 
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6.4. Conclusions 

 

The fabrication of memory devices using a nanocomposite material consisting of 

polymethylsilsesquioxane and gold nanoparticles has been demonstrated. The 

electrical characteristics for PMSSQ and gold nanoparticles embedded PMSSQ 

nanocomposite have also been performed. The charge transport phenomenon in 

PMSSQ and the nanocomposite appeared as space charge limited current. The 

C-V curves taken for the MPS capacitors embedded with gold nanoparticles 

demonstrated good hysteresis window. The large clockwise C-V hysteresis (~12 

V) demonstrated significant charge trapping capability of this nanocomposite 

layer. This approach to create nano-traps with the gold nanoparticles, by virtue of 

its simplicity in design and processing, allowing the realization of memory 

devices for low-cost, large area and mechanically flexible electronics circuits. The 

device can be easily fabricated using a simple solution processing at temperature 

that is compatible with plastics substrates. We believe that the results presented 

here provide a basis for developing a low-cost approach to fabricate the organic 

memory devices. Due to low processing temperature it has potential for use in 

flexible nonvolatile memory applications.  
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7. Summary and Future Work 
 

 

7.1. Summary 

 

The work presented in this dissertation falls primarily into two sections, 

metal/organic contacts and devices. Summary of the research work is given 

below. 

The metal/methyl-red junctions behave like a Schottky diode. The high 

rectification ratio for the Au/methyl-red/Ag diode shows that this junction has the 

potential for a good rectifier. The methyl-red based humidity sensors show short 

response and recovery time, good humidity sensitive property and better 

linearity. The methyl-red capacitive sensor is observed more sensitive and quick 

in response than their counterpart resistive sensor. In short, we can say that the 

methyl-red, a low cost dye, has a great potential for electronic applications. 

The dielectric permittivity and polarization within organic films are the key factors 

in the operation of photo-capacitive sensors. In the present work, it is shown 

using the mathematical model that the change in dielectric permittivity of organic 

films under different ambient conditions is highly dependent upon the thin film’s 

morphology. For the case of 5,10,15,20-Tetrakis(3’,5’-di-tert-butylphenyl) 

porphyrinatocopper(II) (TDTPPCu) based photo-sensors, it is seen that the 

polarization is the main phenomena in the photo-capacitive sensors. Electrical 
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study on TDTPPCu shows its great potential for electronics application. Owing to 

the high sensitivity and good thermal stability, it is proposed that the TDTPPCu 

can be used in multi-meters for environmental monitoring. It is expected from the 

results of the photo FET structure that advancement in the understanding of 

photo-physics and electronic processes can direct to efficient devices modified to 

a specific requirement without the limitations imposed by conventional 

semiconductor technology. 

The fabrication of memory devices using polymethylsilsesquioxane (PMSSQ) 

demonstrated significant charge trapping capability. The charge conduction in 

PMSSQ appeared as space charge-limited-current (SCLC). A memory device 

can be easily fabricated using the simple solution processing technique at a 

temperature that is compatible with plastic substrates. The results presented 

here provide a basis for developing a low-cost organic memory device.  

 

7.2. Future Work 

 

Obviously, there are many points left in this dissertation on which one could 

continue the research. The suggestions here by no means encompass all 

possible research directions. They are simple suggestions for further studies that 

might yield interesting results. 

A further comprehensive study is required, before the proposed devices are 

ready for implementation with other future organic electronics devices, for further 

understanding of transport and charge injection phenomena at metal/organic 
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interfaces. The study is to determine energy band gap, ionization potential, 

surface potential and electron affinity to evaluate the highest occupied molecular 

orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels. Usually, 

ultraviolet photoemission spectroscopy (UPS) and related techniques of inverse 

photoemission spectroscopy (IPES) are considered some of the most reliable 

and comprehensive methods to obtain the useful information required to 

understand electronic structures of materials such as ionization potential (Ip) and 

the energy level of HOMO. However, information on the LUMO level cannot be 

determined from UPS. Therefore, X-ray photoelectron spectroscopy (XPS) is 

employed to determine LUMO level of organic materials. The positions of HOMO 

and LUMO levels relative to the Fermi level of the underlying metal substrate can 

also be measured by scanning probe techniques, either in inelastic tunneling 

mode (orbital modulated tunneling spectroscopy) or by monitoring tip height as a 

function of bias voltage. The Kelvin probe technique can be used to measure the 

surface potential and formation of the dipole layer at the interfaces. 
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