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Abstract  

 

 
The discovery of transistor in the 20th century by three great scientists, John 

Bardeen, William Shockley, and Walter Brattain is considered to be one of the most 

important inventions ever in inorganic-electronics world since it is the main building 

block of any modern electronic devices. However, since the inorganic transistors have 

some technological limitations, organic transistors are expected to be the best 

alternative for next generation of electronics. Among different types of organic 

transistors, organic field effect transistor (OFET) is one of the promising one because 

of its low-cost, easy fabrication, mechanical flexibility, biocompatibility and also 

flexibility towards large area applications. Additionally, the electro-optical properties 

of the organic semiconductors used for OFET fabrication can easily be designed or 

tuned due to the versatility of organic synthesis. Due to these reasons, OFET has been 

one of the most popular research topics in recent decades and expected to have wide 

applications in future from flexible displays to high-performance disposable sensors. 

However, to achieve the real applications, especially for the fabrication of OFET based 

sensing devices, more attention has to pay in the reduction of operating voltage of the 

devices. Generally, most of the reported OFETs are found to be operated under large 

operational voltage due to the high band gap of organic semiconductors and low k-

value of gate insulator, which restricted their use towards low cost portable electronic 

applications. Hence, an OFET, which will be applicable for real application, like, 

chemo- and bio-sensor, electro-optical switch, smart card, e-skin etc., should be cost-

effective and have low operational voltage, high stability with long lifetime.  

 

Considering the demand of recent day’s technology, several methods have been 

introduced in this thesis for reducing the operational voltage of OFET. The thesis 

mainly focuses to modify the gate dielectric layer to reduce the operational voltage of 

both p-type and n-type OFETs and used them for various sensing applications. By 

modulating gate dielectric layer with the combinations of one high-k inorganic and two 

low-k organic dielectric materials, the operational voltage of OFET was effectively 

reduced from 50 V to 7 V, which was later used for photo-sensing application. Again, 

by using the combination of two inorganic and one organic dielectric material, the 

operational voltage of OFET further successfully reduced from 7 V to 2 V and the same 

device structure was used for bio-sensing application. This thesis mainly described 
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very simple, unique and robust methodologies for lowering the operational voltage of 

OFETs up to 2 V, which can be further used as very effective and stable platforms in 

the next generation of portable electronics.  
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1 

 
Introduction  
 

 
Organic Electronics is a new division of electronics which have created 

tremendous revolution in the field of traditional electronics for the last two decades after 

the discovery of conducting polymers by Prof. Alan J. Heeger, Prof. Alan G. MacDiarmid 

and Prof. Hideki Shirakawa. The organic polymers,  have a very important role in our 

daily life, due to their low cost and facile manufacturing protocol compared to many of the 

other commonly used materials. In the time of Bakelite, polymers were generally used as 

insulating materials in the fabrication of electronic products. However, this concept was 

absolutely transmuted in 1976, when these three scientists discovered that the 

conductivity of the organic polymer, polyacetylene, can be enhanced by several orders of 

magnitude by exposing it to iodine vapour.1 Due to this outstanding discovery, in the year 

2000, they were jointly awarded Nobel Prize in Chemistry. Since then, progresses have 

been made by developing various novel organic materials and optimizing their physical 

and chemical properties so that they can be extensively used as active layer in various 

electronic components like inorganic semiconductors. Organic semiconductors are 

materials based on molecules containing carbon compounds. They only become 

conductors of electric current when excess charge carriers are present inside them, which 

are either produced by the internal photo effect or are injected by applied voltages. Their 

semiconducting properties are attributed to the conjugated π-electron systems in their 

skeletal structures which is a consequence of sp2 hybridization of the carbon atoms. The 

px and py orbitals form together with the s orbital and the σ bonds which are localized 
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between the carbon bonding atoms. The pz orbitals of adjacent atoms, however, overlap 

perpendicular to the plane of the sp2 orbitals and form an additional bond. Due to the 

weak contribution of the π electrons to bonding of the molecule, the conjugated π-

electron system exhibits electronic excitation energies in the range of only a few electron 

volts (eV) and is therefore responsible for the optoelectronic properties of organic 

semiconductors. In contrast to inorganic semiconductors, where the band gap extends 

between valence and conduction band, the gap in organic semiconductors is determined 

by the difference between the highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO). This band gap can be varied to a certain extent by 

synthesizing derivative molecules which differ in size, atomic arrangement and functional 

groups in order to tune their electronic properties.  

 
Generally, organic semiconducting molecules can be classified into two main 

groups: polymers and oligomers. Polymers are long flexible molecules which are 

characterized by the formation of unbounded repetitive molecular units with molecular 

weight larger than 10,000. Oligomers or small weight organic molecules consist of a finite 

number of monomer units thus leading to a well-defined mass in contrast to polymers. 

Both, polymers and oligomers show similar electronic and optical properties with typical 

energy band gaps nearly a few eV. The major difference is found in the thin film 

deposition techniques and in the resulting structural properties. Polymers can be easily 

processed from solution which decreases the production costs dramatically. Oligomers, 

however, are very often insoluble and technique using ultra high vacuum is required 

which is associated with high costs. Nevertheless, oligomers or small molecule have the 

crucial advantage over polymers that they allow the preparation of very well ordered films 

of high purity and crystalline order, which are the two main fundamental prerequisites to 

enhance charge carrier mobility. Depending upon the chemical, electrical and optical 

properties of organic semiconductors they are widely used as an active material in 

fabrication of various electronic devices including organic light emitting diodes (OLEDs), 

organic solar cells (OSCs) and organic thin film transistors (OTFTs).2-6   

 
It has been found that among various types of OTFTs, organic filed effect 

Transistors (OFETs) have been intensively investigated since they are basic elements of 

electronics, which have many applications like flexible active matrix displays, radio-

frequency identification (RFID) tags, efficient sensors and optoelectronic devices. An 

OFET-based sensor normally has high sensitivity because the device is the combination of 

a sensor and an amplifier, in which a small change of the effective gate voltage induced by 

analyte may lead to a pronounced variation of channel current.7-12 Hence the sensors 
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based on OFET have many advantages, including high sensitivity, feasibility for 

miniaturization, high throughput sensing, etc.13 It has been recognized that OFET-based 

sensors have a broad range of applications, such as light sensing, artificial skin, 

environmental monitoring, food safety detection, drug delivery and medical diagnostics.14-

19 More importantly, OFETs can be used in flexible and disposable sensors. Due to these 

reasons, OFETs have been found to be one of the most popular research topics in recent 

decades and expected to have wide applications in future from flexible displays to high-

performance disposable sensors. Generally, OFETs are operated within large operating 

voltage range due to the high band gap of the organic semiconductors and low k-value of 

gate insulator, which is one of the major limitations in finding their application in 

futuristic electronics.20-22 Hence, an ideal OFET should have low operational voltage, high 

electrical stability and high lifetime for real application. However, to achieve these targets 

practically, more attention has to be devoted in reducing the operating voltage and 

electrical stability of the fabricated OFET device. Therefore, considering the demand of 

present day technology, decreasing the operating voltage and increasing the stability of an 

OFET-based sensing device has become one of the most interesting research topics due to 

their promising application in future as a replacement to their inorganic counter parts. 

 
1.1 Organic Thin Film Transistors (OTFTs) 
 
 OTFTs are three-terminal electrical devices which controls the flow of electrical 

current between two electrodes i.e., source and drain, through the modulation of voltage 

or current by the third gate electrode. The electrical behaviour of OTFT is analogous to 

the behaviour of conventional transistor. The term OTFT can be generically used to refer 

to most types of organic transistors. However, depending on the mechanism used to 

achieve the current modulation, OTFTs can be mainly classified into two types of 

transistors, i.e., organic electro-chemical transistors (OECT) and organic field effect 

transistors (OFET).  

 
1.1.1  Organic Electro-Chemical Transistors (OECTs) 
 

The OECT is one of special type of OTFT in which the channel current can be 

modulated by electrochemical doping or de-doping from the electrolyte when gate 

voltages are applied. In many instances, these devices can resemble the conventional 

three-terminal electro-chemical cells in which the source, drain and gate electrodes play 
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the roles of working, counter and reference electrodes. Depending on the device 

architecture and operational mechanism, OECT is further divided into various sub-

categories, which are- (a) electrolyte-gated organic field effect transistors (EGOFETs), (b) 

ion-sensitive OFETs (ISOFETs) and (c) organic charge-modulated FETs (OCMFETs) 

respectively. The schematic of all these sub-categories of OECT device architecture are 

shown in Figure 1.1 below-   

 

 

 

Figure 1.1 Simplified diagrams of various types of Organic Electro-Chemical Transistors (OECTs): (a) 

electrolyte-gated organic field effect transistor (EGOFET), (b) ion-sensitive OFET (ISOFET) and (e) organic 

charge-modulated FET (OCMFET). 

 
1.1.2  Organic Field Effect Transistors (OFETs) 
 
 On the other hand, an OFET is another branch of OTFT which is composed of an 

organic semiconductor film, a gate dielectric (insulator), and three electrodes (source, 

drain, and gate). When a source-drain voltage is applied, there is a channel current 

flowing through the organic semiconductor layer due to the charge carrier transport. The 

channel current can be modulated by the gate electrode through field effect doping when 

a gate voltage is applied across the gate insulator. Similar like OECT, depending on 

various device architectures, OFET is further divided into four sub-categories which are- 

(a) bottom gate with top contact (BGTC), (b) bottom gate with bottom contact (BGBC), (c) 

top gate with top contact (TGTC) and (d) top gate with bottom contact (TGBC) 

respectively. The schematic of all these sub-categories of OFET device architectures are 

shown in Figure 1.2 below- 
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Figure 1.2 Simplified diagrams of various types of Organic Field Effect Transistors (OFETs) (a) bottom gate 

with top contact (BGTC), (b) bottom gate with bottom contact (BGBC), (c) top gate with top contact (TGTC) 

and (d) top gate with bottom contact (TGBC). 

 
(a) Bottom Gate with Top Contact (BGTC): Usually, the BGTC OFET structure 

exhibits much better performance than the BGBC structure with source and drain 

contacts below the semiconductor layer. The advantage of this structure is low 

contact resistance, due to the large effective area for injecting charge into the 

semiconductor channel and corresponds to the gate/drain and gate/source 

overlap areas. In this structure the induced channel occurs on the opposite side of 

the deposited channel material compared to where the source and drain contacts 

are located. Thus, the main disadvantage of this configuration is that the charges 

have to transport from the source to the channel through an undoped highly 

resistive semiconductor layer. Thus, the experimentally obtained mobility and 

threshold voltage of OFETs can exhibit thickness dependence. On the other hand, 

since photolithographic patterning of the source and drain contacts is not possible 

due to solvents damage of organic layer they should be deposited on top of the 

organic semiconductor typically through a shadow mask, limiting lithographic 

resolution. Schematic diagram of this configuration is shown in Figure 1.2a. 

 
(b) Bottom Gate with Bottom Contact (BGBC): The BGBC OFET structure is 

commonly used for fabricating organic FETs since the organic semiconductor is 

deposited at last. For this reason, photolithographic patterning of gate and 

source/drain electrodes is possible, and the gate insulator can be deposited from a 

wide range of methods (e.g. plasma-enhanced chemical vapor deposition, RF 

magnetron sputtering). One major disadvantage of this structure is the large 

contact resistance due to the very small effective area for charge injection into the 
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channel. Moreover, this configuration has the disadvantage that the organic 

semiconductor is deposited on two different materials simultaneously (i.e., the 

gate dielectric and the source/drain contacts), so that the morphology of the 

organic thin film can be disrupted by the non-uniformity of the substrate. The 

differences in surface energy and surface roughness between the electrodes and 

the dielectric cause the organic film to adapt different microstructures in the two 

regions, resulting in regions of disorder at the source/drain contacts. As a result, 

BGBC structures typically suffer from larger source and drain contact barriers and 

contact resistance. This configuration is shown in Figure 1.2b.  

 
(c) Top Gate with Top Contact (TGTC): The TGTC is rarely used due to the very small 

effective area for charge injection into the channel that determines very large 

contact resistance. In this configuration, since the organic layer should be 

deposited before other processing steps, the gate insulator could not be compatible 

with physical deposition methods such as sputtering, due to the damage to the 

organic material caused by energetic ions during deposition. Moreover, 

photolithographic patterning of the source and drain contacts is not possible. On 

the other hand, gate insulator material can act also as an encapsulation layer 

protecting device from oxygen and air exposure. This configuration is shown in 

Figure 1.2c.  

 
(d) Top Gate with Bottom Contact (TGBC): Also in the case of TGBC structure, the 

gate insulator and gate electrode can act as an encapsulation layer protecting the 

organic material from moisture or oxygen degradation. Nevertheless, there are 

number of process integration challenges associated with this configuration. First, 

the gate dielectric and gate electrode have to be deposited and structured on top of 

the organic semiconductor layer, and this process must preserve the organic 

material. Secondly, vertical interconnections and via between the conductive 

layers have to be built through the organic semiconductor needing the 

development of compatible etching process for the organic layer. In addition, the 

subsequent deposition of the dielectric material can either damage or 

unintentionally dope the underlying organic semiconductor. On the other hand, a 

fundamental advantage of this structure is represented by the low contact 

resistance, due to the large effective area for injecting charge into the 

semiconductor channel, which corresponds to the gate/drain and gate/source 

overlap areas. Since photolithographic patterning of gate and source/drain 
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electrodes is possible, the TGBC structure allows high-resolution and integration 

of OFETs. This configuration is illustrated in Figure 1.2d.  

 
1.2 Working Principle of OFETs 

 
The operating principle of OFETs based on p-type and n-type organic 

semiconductors can be demonstrated by the simplified energy level diagram as shown in 

Figure 1.3. The Figure 1.3 demonstrates the alignment of HOMO, LUMO levels of the 

molecule with Fermi level of the metal contact with the variation of gate voltage (𝑉𝐺𝑆) in 

n/p –type semiconductors. 

 

 

Figure 1.3 Illustration of the working principle of (a-c) p-type and (d-f) n-type OFETs with respect to the 

applied VGS  

 

Figure. 1.3a represents the equilibrium condition of p-type OFETs when VDS= VGS= 0V. At 

this condition, the device is in “OFF” state because no current flows from source to drain 

contacts. When VDS 0V and VGS= 0V (Figure. 1.3b), positively charged holes, initially 

present in the p-type semiconductor, start moving towards the negatively biased drain 

contact. Since there are no mobile charges present at this condition (since VGS= 0V) the 

current between the source to drain is negligible. When the gate voltage is applied, i.e. 

VDS 0V and VGS 0V, (Figure. 1.3c) mobile charges are induced in the semiconductor thin 

film through the dielectric layer and the transistor becomes in its “ON” state. These 
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mobile charges create a large electric field at semiconductor-dielectric interface which 

shifted the HOMO and LUMO levels of the semiconductor upwards to match the HOMO 

to the Fermi level of the drain contact. Since VDS is already less than 0V at this condition, 

more number of positively charged holes will flow through the channel, thereby 

increasing the drain current. Similar phenomena also happen in case of n-type OFET 

(Figure. 1.3d to Figure. 1.3f). When VDS 0V and VGS= 0V (Figure. 1.3e), negatively 

charged electrons, initially present in the n-type semiconductor, start moving towards the 

positively biased drain contact. When the gate voltage is applied, i.e. VDS 0V and VGS 

0V, (Figure. 1.3f) mobile charges are induced in the semiconductor layer through the 

dielectric and the transistor becomes in its “ON” state.  

 
1.3 Parameters of OFETs 

 
In the schematic diagram, an OFET and its characteristics curves are shown in 

Figure 1.4 and Figure 1.5 respectively. 

 

 

Figure 1.4 The schematic diagram an OFET. 

 

In the output characteristics shown for n-type material (see Figure 1.5a), VDS is 

swept while a constant VGS is applied. If a positive VGS is applied to an n-type OFET, IDS 

will increase linearly as VDS increases from 0V to a positive voltage. When VDS is as large 

as VGS, the field at the drain electrode is reduced to 0 and the channel is “pinches off”. As a 

result, IDS saturates. The maximum IDS is therefore defined by VGS. To measure transfer 

characteristics, VGS is swept while a constant VDS is applied (as shown in Figure 1.5b).  
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Figure 1.5 (a) Drain and (b) transfer characteristics of an ideal OFETs. 

 
The drain characteristics can be measured in the linear region for lower VDS and in the 

saturation regime for higher VDS. The device parameters can be extracted from the 

equations derived for the drain current in the linear and saturation region.  

 

𝐼𝐷𝑆 =
𝜇𝑊𝐶𝑖

𝐿
[(𝑉𝐺𝑆 − 𝑉𝑇ℎ)𝑉𝐷𝑆 −  

𝑉𝐷𝑆
2

2
]   (1.1) 

 
This is the general form of the equation for IDS, but we can apply it to the two regimes of 

OFETs, namely, linear and saturation. In the linear regime VGS − VTh >> VDS, the 

accumulation region is uniform along the channel, and hence in linear region at low VDS, 

 

𝐼𝐷𝑆 =  
𝜇𝑖𝑛𝑊𝐶𝑖

𝐿
 [(𝑉𝐺𝑆 −  𝑉𝑇ℎ)𝑉𝐷𝑆]   (1.2) 

In the saturation regime where pinch-off of the accumulation region occurs and VDS = VGS 

− VTh, we have, 

𝐼𝐷𝑆 =  
𝜇𝑠𝑎𝑡 𝑊𝐶𝑖

2𝐿
 (𝑉𝐺𝑆 −  𝑉𝑇ℎ)2     (1.3) 

These two equations are valid under the assumptions, that (a) the field along the channel 

is much lower than across it (gradual channel approximation) and (b) that the mobility is 

constant.23 Here, μ (i.e. μlin and μsat) is the field-effect mobility in two regions for the 

majority charge carriers, Ci is the geometric capacitance of the dielectric and VTh is the 

threshold voltage and k is the dielectric constant of the insulator.  

From these equations, we can therefore calculate the field-effect mobility within the OFET 

as follows, 

𝜇𝑙𝑖𝑛 =  
𝐿

𝑊𝐶𝑖𝑉𝐷𝑆
 (

𝜕𝐼𝐷𝑆𝑙𝑖𝑛

𝜕𝑉𝐺𝑆
)     (1.4) 

𝜇𝑠𝑎𝑡 =  
𝐿

𝑊𝐶𝑖
 (

𝜕𝐼𝐷𝑆𝑠𝑎𝑡

𝜕𝑉𝐺𝑆
) =  

2𝐿

𝑊𝐶𝑖
 (

𝜕√𝐼𝐷𝑆𝑠𝑎𝑡

𝜕𝑉𝐺𝑆
)

2

  (1.5) 
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Where                  𝐶𝑖 =  
𝑘ℇ0𝐴

𝑑
      (1.6) 

 

Fitting a straight line to the square root of the measured IDS yields the band mobility μ 

and the threshold voltage VTh. The number charge carriers (ΔN) generated in the interface 

can be calculated with the change in the threshold voltage (ΔVTh) between two 

measurements using the following relation- 

 

∆𝑁 =  
𝐶𝑖∆𝑉𝑇ℎ

𝑞
        (1.10) 

This ideal behaviour can be observed in organic field-effect transistors with a low trap 

density as shown in Figure 1.5b.   

 
1.4 Charge Transport Mechanism in OFETs 

 
Charge transport in OFETs is currently not fully understood. Thin film organic 

semiconductors are even more difficult to understand since transport, which is taking 

place in the vicinity of the dielectric interface, can be affected by interface defects and trap 

states in the dielectric. The different grain shapes, molecular packing structures, and 

orientations have also complicated charge transport analysis due to their complexity and 

variation by material and deposition technique. Despite these complexities, several 

transport models are proposed to interpret OFET characteristics. Charge transport in 

single crystal organic materials has been widely studied using time of flight 

measurements. Below several possible transport mechanisms are briefly discussed to 

account for the variety in electronic properties observed in active organic semiconductors.  

 
1.4.1. Hopping Model 
 
 In metals and conventional semiconductors, charge transport occurs in 

delocalized states and is limited by the thermally induced lattice scattering (phonon) of 

carriers. However, such a model is no longer valid in low conductivity materials such as 

amorphous or organic semiconductors, where the mean free path of the carriers becomes 

lower than atomic distance. In these materials, hopping is the dominant charge transport 

mechanism between localized states. A main difference between the delocalized and 

localized transport is that, in the former, the transport is limited by phonon scattering 

whereas in the latter, it is phonon assisted. The phonon-assisted charge transport 

TH-2077_136153003



Chapter 1 
 

 

11 
 

overcomes or tunnels the potential barrier separating two adjacent molecular or ionic 

sites. Hopping denotes some localization of charge generally associated with the lack of 

long range order. Mobility is shown to be proportional to the product of two terms and 

given by the following relation;24 

            𝜇 =  𝜇0. exp [(−
𝑇0

𝑇
)

1
𝛼

]    (1.11) 

Where,  is an integer ranging from 1 to 4. The second term also indicates hopping is a 

thermally activated process, and mobility should increase with temperature. Long or 

variable-range hopping consists of non-coherent charge transfer between non-adjacent 

molecular sites. Variable range hopping can occur at temperatures too low for phonon 

assisted hopping. In this case, when T is small, hops between nearest neighbours become 

increasingly unlikely. The boundary between the localized and delocalized processes is 

usually said to occur between mobilities of 0.1 and 1 cm2.V-1.s-1. The mobility in highly 

ordered molecular crystals is close to that limit, so there is still some controversy as to 

whether the conductivity in these materials should be described by localized or 

delocalized transport. 25 

 
1.4.2. Band Theory Model 
 

A useful way to visualize the difference between conductors, insulators and 

semiconductors is to plot the available energies for electrons in the materials. Instead of 

having discrete energies as in the case of free atoms, the available energy states form 

bands. Crucial to the conduction process is whether or not there are electrons in the 

conduction band. In insulators the electrons in the valence band are separated by a large 

gap from the conduction band. In conductors like metals the valence band overlaps the 

conduction band, and in semiconductors there is a small enough gap between the valence 

and conduction bands that thermal or other excitations can bridge the gap. With such a 

small gap, the presence of a small percentage of a doping material can increase 

conductivity dramatically. Analogous to transport of charge carriers in the extended states 

of the conduction and valence bands of single crystal inorganic semiconductors, the 

mechanism of band transport must be modified to include several important distinctions 

for organic semiconductors. Molecular solids can be characterized by strong covalent 

bonds within molecules and weak bonds between molecules which consist mostly of 

dipole-dipole attractions and van der Waals forces. This result in considerably less 

overlap of wave functions giving bandwidths in organic semiconductors that is 

significantly narrower, on the order of 0.1 kT (that is ~10% of the thermal energy). 26 This 
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gives a shorter mean free path (50 - 100 Å) and larger effective mass. In addition, the 

band model used in inorganic semiconductors is a one-electron approximation, whereas 

in organic semiconductors polarization is a many-electron phenomenon. For these 

reasons, the band theory alone cannot fully satisfy the transport mechanism of organic 

semiconductors.  

 
1.4.3. Small Polaron or Energy Transfer Model 
 
 In some organic semiconductors, such as conjugated organic materials, energy 

transfer rather than charge transfer may be more favorable. This is accomplished by 

transferring the energy of a free charge carrier in the form of a polaron. A polaron results 

from the deformation of a conjugated chain under the action of a charge. In a conjugated 

molecule, a charge is self-trapped by the deformation it induces in the chain. The self-

trapping of the charge may induce localized sites in the gap between valance and 

conduction band of the molecule. The creation of such interstates in conjugated organic 

semiconductors has been studied and identified by UV-visible spectroscopy, especially in 

conjugated polymers and oligomers. 27 The small polaron or energy transfer model has 

been one of the useful tools to describe the charge transport mechanism in organic 

semiconductors.28 

From the Holstein model, small polaron, the mobility of organic semiconductor 

can be described as, 

    𝜇 =  √
𝜋

2
.

𝑒𝑎2

ℎ
.

𝐽2

√𝐸𝑏
. (𝑘𝑇)−

3

2. 𝑒𝑥𝑝 (
−𝐸𝑏

2𝑘𝑇
)    (1.12) 

Where 𝐸𝑏 is polaron binding energy, which is defined as energy gain of an infinitely slow 

carrier due to the polarization and deformation of lattice. 𝐽 is electron transfer energy and 

𝑎 is lattice constant. This popular model is also still only based on a one-electron model 

(electron-electron interactions are neglected) and tight-binding approximation.  

 
1.4.4. Multiple Trap and Release Models 
 
 The multiple trapping and release (MTR) model is currently one of the most 

widely used tool to describe charge transport in amorphous silicon.29 In this model, a 

narrow delocalized band is associated with a high concentration of localized states that act 

as charge traps. During their transit through the delocalized states, the charge carriers 

interact with the localized states through trapping and thermal release. This model 

typically has several assumptions. First, the carriers arriving at the localized states are 
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instantaneously trapped with a probability of close to 1. Second, the release of trapped 

carriers is controlled by a thermally activated process. As a result, the effective mobility 

can be related to the delocalized band mobility (𝜇0), trap density (𝐸𝑡), and thermal 

energy(𝛼). 

          𝜇 =  𝜇0. 𝛼. exp [
−𝐸𝑡

𝑘𝑇
]     (1.13) 

 

In the case of a single trapping state, 𝐸𝑡 corresponds to the distance between the trap state 

and delocalized band edge, and 𝛼 is the ratio of the effective density of states between the 

trap level and the delocalized band edge. 29 

 
1.4.5. Grain Boundary Models 
 
 The grain boundary model has been one of the most useful tools to explain charge 

transport in polycrystalline materials. Grain boundaries can have a significant influence 

on the mobility as well as on the subthreshold behavior of TFTs, which is known from 

polysilicon devices. Evaporated pentacene OTFTs have often shown large crystals which 

form grain boundaries in the channel region. Recently, grain size dependent mobility was 

also observed in soluble small molecule organic semiconductors and thieno [3,2-b] 

thiophene.30,31  

Trapping at the grain boundary can generally be described by two different 

methods. In the distributed trap approximation the gap states associated with grain 

boundaries are treated as uniformly distributed over the entire volume. In this model, it 

can be assumed that the grain boundary has a negligible thickness compared to the grain 

size 𝐿 and contains a concentration 𝑛𝑡  of traps at an energy 𝐸𝑡 localized at the grain 

boundary. The barrier height 𝐸𝐵 determined by charges at the grain boundary can be 

important for the charge transport. Therefore, the mobility of the polycrystalline material 

significantly depends on the position of the Fermi energy and therefore on the gate 

voltage. The effective mobility 𝜇𝑒𝑓𝑓 in polycrystalline materials is given by 32,  

             𝜇𝑒𝑓𝑓
−1 =  𝜇0

−1 + 𝜇𝐺𝐵
−1    (1.14) 

Where, 𝜇0 is the bulk mobility inside the grain, and 𝜇𝐺𝐵 is the grain boundary mobility, 

which is generally given by thermal ionic emission over the barrier. In general, in the 

grain boundary model we should consider one more factor, the ratio of free to trapped 

carriers which depends on the gate voltage (𝜑), to determine real field effect mobility of 

the device. Therefore, the field effect mobility 𝜇𝐹𝐸𝑇  can be described as the product of two 

gate voltage dependent factors. 32  
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          𝜇𝐹𝐸𝑇 (𝑉𝑔) =  𝜑(𝑉𝑔). 𝜇𝑒𝑓𝑓(𝑉𝑔)   (1.15) 

 
The barrier height increases with carrier concentration 𝑝 until the critical concentration 

𝑝 =  
𝑛𝑡

𝐿
 is reached. Therefore, in some cases most of traps within the grain and at the 

interface can be filled. However, the barrier height is still increasing with increasing gate 

voltage. As a result, a maximum mobility can be observed at some initial gate voltage and 

decreases with increasing gate voltage until carrier concentration 𝑝 reaches the critical 

concentration. 

 
1.5 Stability of OFETs 
 
  

The stability of the FET devices can be classified into two categories - (1) 

operational stability (2) environmental stability. OFETs are layered structures consisting 

of a semiconductor, a dielectric, a gate electrode, and source/drain electrodes, so each 

layer as well as the interfaces between the layers plays an important role in the stability. 

The electrical performance and operational stability of the OFETs are correlated closely 

with the dielectric surface properties and microstructural order of the organic 

semiconducting layer moreover on the density of interface traps. The semiconductor, 

dielectric, and semiconductor/dielectric interface are the most vulnerable sites for charge 

trapping. The understanding of nature and origin of these traps is critical. The operational 

stability is related to the stability under bias stress. Hysteresis is the main cause for the 

bias stress and device degradation. In the subsequent sections, hysteresis and bias-stress 

of the devices are discussed.  

 
1.5.1. Hysteresis 

 
Organic field effect transistors often exhibit a current hysteresis which is the 

difference between the forward and the reverse sweeps. The hysteresis effects are very 

well observed in OFETs and causes instability in the device operation. Therefore, it is 

important to study and understand the origin of the hysteresis effects in the OFETs. 

Hysteresis indicates the bistability in the OFET drain current (IDS). It is essentially the 

difference in the IDS curves observed during forward and backward sweeping of VGS of 

transfer characteristic curves.  It could be useful in non-volatile memory devices, but it 

has to be avoided in standard integrated circuits particularly for display applications.  
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1.5.2. Bias-stress effect 
 

Bias-stress is the application of a (usually) constant VDS and VGS for an extended 

period of time. Moreover, we often have a persistent shift of the transfer characteristic 

when a gate bias is applied for a prolonged time. These phenomena are known as 

electrical instability or bias-stress effects. Electrical instability is most likely caused by the 

trapping of charge in long-lived trap states in the device layers. The term “long-lived” 

refers to a trapping and release time, which is long compared to the time needed to 

measure a transfer characteristic. Depending on the variation of IDS with time, bias-stress 

effects are classified into two types. They are (1) bias-stress effect and (2) anomalous bias-

stress effect. The bias-stress effect is due to the charge trapping at the interface and 

anomalous bias stress is due to the slow polarization of the gate dielectric or charge 

injection from the gate electrode.  Under bias-stress the direction of the threshold voltage 

shift is such that a fully turned on OFET slowly turns itself off and vice versa under bias-

stress.33 Investigating the bias-stress in an OFET can also cause a change in effective field-

effect mobility, which is attributed to an irreversible structural change in the 

semiconductor due to the electro-strictive effect.34-40 

     
1.6 Sensors 
 

A sensor is an analytical device, which has a response to a physical entity (such as 

a chlorine molecule, a photon or an electron) and converts the response into a signal that 

can be analysed. A sensor is composed by three main components: the detection unit, the 

transducer and the processing unit as shown schematically in Figure 1.6.41 

 

 

 
Figure 1.6 Schematic diagram of a sensor showing the three main components. 

 

The detection unit is part of the sensor which interacts and detects the physical 

entity one desires to measure, which is defined here as analyte. The interaction can be 

either physical, such as photo-excitation in silicon or chemical, such as doping of an 
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organic semiconductor. The transducer is the component that translates the changes in 

the detection unit into measurable signals, usually electric signals. The processing unit is 

the surrounding hardware and software necessary to convert the signal from the 

transducer into an analysable output. The two most important features for any sensor are 

selectivity and sensitivity. Selectivity is the property of a sensor to selectively detect the 

desired analyte without interference from other species present in the system. Sensitivity 

determines the strength of the sensor response when it detects the analyte. OFETs are 

seem ideal for use in sensing applications in which there may be a desire for cheap, single-

use or disposable devices that can deliver accurate results. Since the FET itself will act as a 

transducer, the detection unit will be integrated with the transducer itself, greatly 

simplifying the sensor structure. For example, an array of sensing devices can be printed 

in one device to realize a true lab-on-chip proposition for determining the concentration 

of certain target analyses in a sample. There are different types of OFET based sensor 

already reported in the literature, e.g. light sensor, gas sensor, explosive sensor, chemical 

sensor etc. In addition, organic materials are more likely to be compatible with highly 

selective biological recognition elements for bio-sensor application. 

 
1.7 Thesis Synopsis 
 

Considering the demand of recent days technology, the aim of this thesis is to 

introduce various methods for reducing the operational voltage of both p-channel and n-

channel OFET and used them for different type of sensing applications. The main 

research results are detailed in seven chapters of this thesis, the contents of which can be 

outlined below- 

 
Chapter 2 describes the fabrication and characterisation of a low cost, high 

performance, n-type organic field effect transistor on glass substrate using poly(vinyl 

alcohol) (PVA) as the gate dielectric material. Prior to the device fabrication, initially a 

conjugated molecule, namely N, N′-dioctadecyl-1, 4, 5, 8-naphthalenetetracarboxylic 

diimide (NDI-OD2) was synthesised as the active layer material and characterised 

systematically by different standard characterisation techniques. The OFET consisting of 

NDI-OD2 exhibits excellent output characteristics such as high electron mobility and 

Ion/Ioff ratio with an operational voltage of 50 V. The concept describe in this chapter of 

developing a low cost, biodegradable and high performance OFET with biocompatible 

PVA dielectric with excellent electron mobility is expected to have diverse applications in 

disposable electronic tags, biomedical devices, and food industry packing. 
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After successful standersizatuon of NDI-OD2 based n-type OFET, in Chapter 3, 

we tried to reduced the operational voltage of the device below 10 V. This chapter 

basically  discuss about the the fabrication and characterisation of low operated, 

electrically stable n-type organic field effect transistor using inorganic-organic bi-layer 

dielectric system. In this study two different derivatives NDI, namely NDI-OD2 and newly 

synthesised N, N′-dicyclohexyl-1, 4, 5, 8-naphthalenetetracarboxylic diimide (NDI-CY2) 

were used for device fabrication. Two different bi-layer dielectric configurations namely 

aluminium oxide/ poly (vinyl alcohol) (Al2O3/PVA) and aluminium oxide/poly (methyl 

methacrylate) (Al2O3/PMMA) were used in order to reduce the operating voltage of the 

device. It was observed that the operational voltage of both the devices consisting of NDI-

OD2 and NDI-CY2 with Al2O3/PMMA bilayer dielectric system was reduces from 50 V to 

7 V. Addition to this the devices with top contact aluminium electrodes exhibited excellent 

stable, n-channel behaviour for both the molecule under vacuum condition.  

 
In Chapter 4 we used bi-layer dielectric configuration which is mentioned in 

previous chapter for the fabrication of  photo sensitive-organic field effect transistors (PS-

OFETs). This chapter discuss in detail the basic operation, fabrication and 

characterisation of zinc phthalocyanine (ZnPc) based PS-OFETs which was fabricated on 

glass substrate using the same Al2O3/PMMA bi-layer dielectric configuration.  The device 

with low operational voltage showed remarkable photo-responsivity under various 

incident optical power which are not previously observed. The bias stress effect of the 

device was investigated under both light and dark condition in vacuum. The device with 

high electrical stability and low threshold voltage under constant electrical bias stress is 

expected to have potential applications in optoelectronic devices and energy efficient 

sensors. 

 
In Chapter 5 we discuss about the key impact and the significance of multilayer 

polymer based dielectric system on the remarkable photo response properties of ZnPc 

based PS-OFETs, at various incidents optical powers. The combination of inorganic Al2O3 

and organic non-polar PMMA are used as the bilayer dielectric configuration, whereas, in 

case of tri-layer dielectric system, bilayer polymer dielectrics, consisting of PMMA as a 

low-k dielectric polymer, on top of high-k polar PVA dielectrichave been fabricated along 

with Al2O3 as the third layer. It has been observed that with Al2O3/PVA/PMMA tri-layer 

dielectric configuration the device showed best p-channel behavior with enhanced and 

remarkable photo responsivity compared to Al2O3/PMMA due to the polarization of 

dipoles inside the polar-PVA dielectric which increases the charge transport through 
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channel. To the best of our knowledge, the photoresponsivity (R) reported here with 

Al2O3/PVA/PMMA tri-layer dielectric configuration, is the highest reported value for thin 

film based PS-OFETs with remarkably low operating voltage of -7 V. 

 
The Chapter 6 describe the importance of controlled thickness of Titanium 

dioxide (TiO2) nanoparticle (NPs) thin film in hybrid tri-layer dielectric system, for 

reducing the operational voltage of OFET from 7 V to 2 V. This chapter successfully 

describe the synthetic procedure of TiO2 sol-gel NPs and their used for the fabrication of 

ultra-low operation OFET. The synthesized sol-gel was thoroughly examined by different 

characterisation techniques prior to the device fabrication. It has been observed that at 

4000 r.p.m. (100 nm of TiO2) the devices with N, N′-dioctyl-3, 4, 9, 10-

perylenedicarboximide (PDI-C8) as the active material was showed best n-channel 

behaviour with operating voltage of only 2V, which is due to the better capacitor coupling 

among the tri-layer dielectric materials which further help to accumulate maximum 

numbers charge at the channel at very low gate bias. It has been also demonstrated that 

this optimum low-cost hybrid tri-layer dielectric system showing similar suitable gate 

dielectric property for flexible and transparent organic devices to operate under same 

ultra-low voltage which is expected to have diverse applications in future for portable 

organic electronics application 

 
In Chapter 7, we use the tri-layer dielectric configuration which is mentioned in 

the previous chapter for bio-sensing application.  This chapter successfully demostrated 

the fabrication and rapid detection method of ultra-low operating voltage, highly 

sensitive, n-type OFET based low-cost, disposable biosensor for the detection of gram 

positive and gram negative bacteria. PDI-C8 was used as the active layer material for 

fabrication of the device. For the detection of bacteria it has been found that due to the 

interaction between the surface charges of bacteria cell wall and the charge carriers in the 

channel, in presence of gram positive bacteria the mobility and threshold voltage of the 

device increases significantly whereas the opposite behaviour was observed in present of 

gram negative bacteria. This invention is conceptually very important because to the best 

of our knowledge this is the first report of such rapid method of bacterial detection with 

the help such low cost, disposable OFET device.  

 
The Chapter 8 consists of epilogue of the thesis. This chapter concludes the 

thesis with a summary of our main research results. A brief discussion on the exciting 

future prospects of organic field effect transistor based sensor at the subnanoscale is 

included at the end.  
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2 

 
Low Cost, High Performance n‑type Organic Field Effect 

Transistor  
 

 
Organic Semiconductors have attracted increasing attention because of their 

important roles in electronics, such as display, power, sensor and memory chips.1−9 

Among them, OFETs represent one of the important building blocks for developing 

organic and printed electronics because their transistor performance is comparable 

to that of Si-FETs and they have advantages of light weight, flexibility, 

transparency, facile processing methods, and low manufacturing costs. However, 

the development of n-type OFETs still lags behind that of p-type OFETs because of 

their inferior performance, air instability, and few other issues.10−15 The 

performance of p-type OFETs has recently improved substantially and become 

comparable to that of a Si-FETs: for example, the hole mobilities of pentacene,16 

and a rubrene single crystal,17 have been reported to be as high as 3 and 15 

cm2V−1s−1 respectively. In contrast, progress in n-type OFET materials has been 

inadequate and delayed by several inherent problems.18−21 It is recognized that the 

electron carriers in n-type OFET materials undergo detrimental trapping 

processes, i.e., they show strong instability22 when they are exposed to H2O and O2 

in air.23 As a consequence, in most cases, the electron mobility (𝜇𝑒) of n-type OFET 

materials dramatically decreases when exposed to air. Among the rare building 

blocks useful for producing n-type OSCs, rylene diimides, especially perylene and 

naphthalene derivatives, have so far proved to be the most successful electron-
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transporting units.24−34 Small molecule perylene diimides (PDIs) are good 

candidates for n-type organic semiconductors because they assemble in π-stacks 

that enhance the intermolecular π-orbital overlap and facilitate charge transport. 

Many modifications have been introduced in PDIs that have led to the improved 

solubility in common solvents, in addition to the improvement in electron mobility 

and enlarged electron affinity for operation stability in air. Naphthalene diimide 

(NDI) based molecules have also been intensively investigated as n-type 

semiconductors for OFETs.35,36 This class of material not only demonstrates a 

highly planar conjugated backbone, but also easily tuneable electronic properties 

through modification at the core and/or the imide position with electron-

withdrawing groups or conjugated units.37 On the basis of core expansion or core-

substitution strategies, several NDI derivatives with symmetrical structures have 

been designed and synthesized for n-type OFETs with high electron mobility.38 The 

electron-accepting NDI material is an analogue of PDI, provides a planar 

conjugated bicyclic structure, which leads to strong π−π interactions and offers 

improved charge-transporting properties between the chains. In addition, the 

introduction of alkyl chains at the ‘N’ position of the imide ring allows good control 

over physical properties such as solubility and processability, crystallization, and 

self-assembly capability. Moreover, the presence of strong electron-withdrawing 

groups within the naphthalene moiety also lowers the LUMO level, thereby 

increasing the air stability of the n-type semiconductor.39-43 The performances of 

OFETs are not only dependent on the organic semiconductors and their molecular 

arrangement within the active channel of the device but also on the gate dielectric 

that controls the charge flow. Inorganic oxides such as SiO2, Al2O3, TiO2, etc. are 

frequently utilized for OFET fabrication as gate dielectric materials with higher 

gate dielectric constant. But most of these high dielectric constant materials suffer 

from expensive deposition methods. Therefore, organic dielectric materials which 

can be processed by solution casting methods such as PVA, PMMA etc. are 

frequently utilized in OFET device fabrication as well as for biomedical and 

biodegradable device application.44 

 
In this chapter, we have described the synthesis and characteristics of a new 

n-type organic small molecule namely, NDI-OD2 and its application toward highly 

efficient OFET devices. We have exploited the biocompatibility and low-cost design 

of the devices using pristine PVA as organic dielectric material spin-casted on the 

glass substrate and used it without further treatment. PVA is very economical, has 

high dielectric constant and good surface alignment, and is well known to be 

TH-2077_136153003



Chapter 2 
 

 

27 
 

compatible with electronic devices; because of the US FDA approval, it has also 

been utilized extensively in biomedical devices. Despite these advantages, PVA has 

a fundamental drawback of degrading the devices because of its hygroscopic 

nature. Hence, this material has not been generally preferred as a dielectric for 

OFET or if utilized, it must be cross-linked with a linker such as ammonium 

dichromate or an additional buffer layer is needed to prevent the device 

degradation. We optimized a well-ordered smooth film of NDI-OD2 by thermal 

deposition method directly over the pristine PVA layer, such that the fabricated 

devices demonstrated excellent performances with very low leakage current and 

excellent mobility. However, it was observed that when NDI-OD2 was processed by 

solution method, it forms needle shaped crystalline microstructures, whereas when 

thermally deposited, it assumes the form of smooth 2D film following 

Stranski−Krastanov growth pattern. The NDI-OD2 showed typical n-type OFET 

performance with the maximum electron mobility found to be 1.0 cm2 V−1 s−1 under 

vacuum. Most notably we have been successful in performing experiments which 

demonstrate that the NDI-OD2 devices can work in the presence of spin-casted 

pristine PVA, with a conceptually important feature that these n-type OFETs can 

also be biodegraded when exposed to environment having high moisture content 

because of the presence of this PVA dielectric. We observed that these NDI-OD2 

devices exhibit performance loss in a controlled manner followed by complete 

failure on continuous exposure for few days to high moisture environment. Thus, 

low-cost and environmentally friendly n-type OFETs with high electron mobility 

can be achieved utilizing a combination of conjugated small molecules and 

biodegradable dielectric material such PVA. 

 
2.1 Experiments 
 
2.1.1 Materials 
 
 1, 4, 5, 8-naphthaleneteracarboxylic dianhydride, octadecylamine, quinoline, zinc 

acetate, and aluminum wire (99.999% purity) were used as received from Sigma Aldrich. 

PVA (MW= 1, 15,000 g/mol) was purchased from Loba Chemie (99% purity) and used as 

received. Microscope glass slides (thickness 1-1.2mm) purchased from Jain Scientific 

Glass Works, India, was used as the device substrate without any surface modification. 

NDI-OD2 molecule was synthesized following the procedure reported in literature by the 
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direct condensation of 1, 4, 5, 8-naphthalene dianhydride with octadecylamine reported 

previously.45 

 
2.1.2  Characterization Details 
 

The solution and thin film UV-visible absorption spectra of NDI-OD2 molecule 

were recorded on a Perkin Elmer Lambda 35 spectrophotometer. Emission Spectra were 

measured on a Varian-Cary Eclipse spectrophotometer. Field emission scanning electron 

microscopy (FESEM) images were recorded in a Sigma Carl Zeiss scanning electron 

microscope. Atomic force microscopy (AFM) images were taken by Agilent 5500-STM 

instrument. Transmission electron microscopic (TEM) studies were done using a Tecnai 

G2 F20 S-twin JEOL 2100 transmission electron microscope. Electrochemical 

measurements were done using CH instrument. Thermo gravimetric analysis (TGA) 

measurements were performed on Shimadzu thermo gravimetric analyser (model DTG-

60) under a nitrogen flow at a heating rate of 10 °C min−1. The powder and thin film X-ray 

diffraction (XRD) pattern was recorded by high power (18 kW) X-ray diffractometer 

(Rigaku TTRAX III) with Cu Kα radiation.  

 
2.2 Results and Discussion 

 
2.2.1 Theoretical Study 

 

             

 

Figure 2.1 (a) Optimized structure, (b) HOMO and (c) LUMO energy levels of the NDI-OD2 molecule, 

obtained by DFT calculation. 

 

To predict the minimum-energy confirmation of the monomer backbone and the 

LUMO/HOMO, we performed the DFT calculation (B3LYP/6-31G (d)) on the NDI-OD2 
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molecule. The dihedral angle between the main NDI core and the neighbouring C-18 alkyl 

unit is calculated to be ∼89.76°. The theoretical HOMO-LUMO position of NDI-OD2 was 

found to be (−6.984 eV, −3.365 eV), which reveals that the energy gaps reflect the 

chemical activity of the molecule. LUMO as an electron acceptor represents the ability to 

obtain an electron, HOMO represents the ability to donate an electron. The geometrically 

optimized structures and their corresponding HOMO and LUMO structures are shown in 

Figure 2.1.   

 
2.2.2  Band Gap Analysis 
 

 
 

Figure 2.2 (a) Absorption and emission spectra of NDI-OD2 monomer. (b) Cyclic voltammogram of NDI-

OD2 monomer at a scan rate of 50 mV/s. 

 
The optical, electrochemical and theoretical band gap of the material was 

estimated by UV-Vis absorption and cyclic voltammetry analysis. UV-visible absorption 

and emission spectra of the molecule were measured in a dilute solution of chloroform (1 

× 10−3 M). For solid state study, a thin film of the molecule was thermally deposited on 

glass substrate under 1 × 10−7 mbar pressure. The UV-visible spectrum of NDI-OD2 shows 

absorption peaks at 381, 360, and 341 nm due to characteristic π−π* transitions.46 The 

spectral absorptions of a thin film of NDI-OD2 is red-shifted by about 10 nm as compared 

to the solution (Figure 2.2a). This shift in the film form is due to the additional 

intermolecular interactions leading to conformational adjustments of the molecules that 

impose changes in the conjugation length.47 The absorption pattern similarity between 

the thin film and the solution spectra suggests a structurally well-organized molecular 

system.48 In CHCl3, the emission spectrum shows peaks at 406 and 431 nm, with a weak 

blue emission and displaying almost similar mirror image of the absorption spectrum 

(Figure 2.2a).49  
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The redox properties of the NDI-OD2 were evaluated using cyclic voltammetry. 

NDI-OD2 film was drop-casted from chloroform solution onto a 2 mm diameter Glassy 

carbon electrode. The cyclic voltammogram was recorded against Ag/Ag+ reference 

electrode in anhydrous acetonitrile with 0.1 M tetrabutylammonium perchlorate (TBAP) 

as the supporting electrolyte at a scan rate of 50 mV/s. The electrochemical potentials 

were estimated from the onset of the oxidation and reduction sweeps. The voltammogram 

was calibrated using Fc/Fc+ redox couple. The redox potential thus obtained was 

converted to the corresponding energy levels assuming the absolute HOMO energy level 

of ferrocene to be −4.8 eV. (Equation 2.1 and Equation 2.2).50  

 
𝐸𝐻𝑂𝑀𝑂 =  −(𝐸𝑜𝑥 𝑜𝑛𝑠𝑒𝑡 + 4.8) 𝑒𝑉   (2.1) 

𝐸𝐿𝑈𝑀𝑂 = −(𝐸𝑟𝑒𝑑 𝑜𝑛𝑠𝑒𝑡 + 4.8) 𝑒𝑉   (2.2) 

 
The estimated HOMO and LUMO energy levels and the electrochemical as well as optical 

band gap of the NDI-OD2 is summarized in Table 2.1, whereas the representative scans of 

the NDI-OD2 thin films are shown in Figure 2.2b. 

 
Table 2.1 Summary of Band Gap Calculation Data for NDI-OD2* 

 

EHOMO
(CV)  

(eV) 
ELUMO

(CV) 

(eV) 
Eg

CV 

(eV) 
Eg

UV 

(eV) 
Eg

Th 

(eV) 

-6.414 -3.394 3.02 3.18 3.61 

  
2.2.3 Thermal Studies 

 

 

 

Figure 2.3 (a) TGA plot with heating rate of 10°C min−1 and (b) Thermal deposition curve of NDI-OD2. 

 
For any organic device, especially for n-type OFETs, superior thermal properties 

are very important since they are directly related to practical issues such as device 

fabrication, operation and longevity. The thermal stability of NDI-OD2 was investigated 
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with thermo gravimetric analysis (TGA) at a heating rate of 10 °C min−1 under nitrogen 

atmosphere. The NDI-OD2 was thermally stable up to 391 °C. The degradation begins at 

∼393 °C and complete degradation is observed above 500 °C (Figure 2.3a). Because the 

maximum deposition temperature attained during the device fabrication (room 

temperature to ∼230 °C sublimation) (Figure 2.3b) was much below the degradation 

temperature of the NDI-OD2, its performance remained unaffected as observed from the 

smooth film formation and the OFET device data.  

 
2.2.4 Thin Film Microstructure 

 

 

 

Figure 2.4 (a) Optical microscopy images, (b) FESEM images, and (c) AFM images of (i) spin-cast and (ii) 

thermally deposited films of NDI-OD2. 

 
Different microscopic analysis and XRD studies were utilized to investigate the 

surface morphologies of the fabricated thin films. Figure 2.4 shows the optical 
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microscopic images, FESEM and AFM of spin-cast (∼55 nm, 2000 rpm) and thermally 

deposited (∼60 nm, 1 × 10−7 mbar pressure) NDI-OD2 film at room temperature. In 

polarized optical microscopy (Figure 2.4a, i and ii) and FESEM (Figure 2.4b, i and ii) the 

NDI-OD2 appeared as a sharp single needle-type microstructure when spin-cast by 

solution method, whereas, the thermally deposited films give highly smooth 2D film 

following Stranski-Krastanov growth pattern. The thermally grown thin film of NDI-OD2 

shows a very densely packed smooth film in AFM analysis with RMS roughness of ∼5.64 

nm (Figure 2.4c, ii) which is requisite for efficient FET behaviour, whereas, the spin-cast 

film (Figure 2.4c, i) shows ∼47.90 nm roughness. 

 

 

 

Figure 2.5 (a) XRD patterns, (b) SAED pattern, and (c) HRTEM of NDI-OD2. 

 
The crystalline nature of NDI-OD2 was confirmed by using high power (18 kW) X-ray 

diffractometer. Figure 2.5a displays XRD patterns for both thin film and powder. It is 

evident that the sharp peaks observed in the small-angle regions support the formation of 

molecules that were highly ordered and crystalline in nature. The lamellar d-spacing for 

powder and thin film of around 2θ = 2.4° was found to be 36.93 and 37.75 Å, respectively. 

However, a careful observation of the XRD patterns reveals that (i) majority of the 

diffraction peaks observed in the powder were also obtained in thin films for 2θ ≤ 15° 

confirming that the thin films have the same molecular packing motif as seen in powders. 
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With increasing 2θ > 15°, both powder and thin film exhibit completely different 

properties, i.e., while the powder sample exhibits more number of diffraction lattice 

planes giving rise to different Bragg peaks, the thin film displays a broad peak in the 2θ 

range of 16 to 34°. This could be correlated to the growth nature of the evaporated film on 

the substrate. This is also in excellent agreement with the earlier reports on similar 

system.51 (ii) the XRD peaks of the powder sample exhibits more asymmetry in nature and 

the broadness of the peaks is observed to be larger in the thin films as compared to the 

powders. The average size of the crystallites calculated using the Bragg peak at around 2θ 

= 14° corresponding to 25 and 23 nm for powder and thin film, respectively. To further 

investigate the crystalline nature, we obtained selected area electron diffraction (SAED) 

patterns and high-resolution transmission electron microscope (HRTEM) images as 

shown in Figure 2.5b and Figure 2.5c respectively. Closer observation of the HRTEM 

image reveals the presence of finite dislocations as highlighted by circles causing possible 

strain and resulting in asymmetric XRD peaks (Figure 2.5a). In addition, the interplanar 

spacing determined from HRTEM image is about 6.33 Å, which is in good agreement with 

the value calculated from the XRD peak at around 2θ = 14°. The crystalline nature of NDI-

OD2 is also confirmed from SAED results as shown in Figure 2.5b.  

 
2.2.5 OFET Device Fabrication and Characterization 
 
 

 

 

Figure 2.6 Device structure of the fabricated NDI-OD2 based n-type OFET. 

 
OFETs based on NDI-OD2 were fabricated with a bottom gate top contact 

configuration (Figure 2.6). A simple glass slide was used as a substrate and aluminium 

(Al) (100 nm) gate electrode was thermally deposited above it. A spin-coated film of 

poly(vinyl alcohol) (PVA) thickness ∼1 μm (1000 rpm) was used as a dielectric material 

having capacitance ∼8.854 nF cm−2. A 60 nm thick (±10 nm) NDI-OD2 semiconductor 

film was thermally deposited on the Al coated glass slide (substrate temperature = room 

temperature), at a pressure of 1 × 10−7 mbar. Al source and drain contacts (100 nm) were 
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deposited on the organic layer through a shadow mask with channel length (L) and width 

(W) of 50 μm and 1 mm, respectively. All the electrical properties were measured under 

vacuum using a Keithley 4200-SCS semiconductor parameter analyser. The mobility of 

the saturated region was extracted from the following Equation 2.3- 

 

𝐼𝐷𝑆 =  𝐶𝑖𝜇𝑒 . (
𝑊

2𝐿
) . (𝑉𝐺𝑆 − 𝑉𝑇ℎ)2     (2.3) 

 
Where, 𝐼𝐷𝑆 is the drain current, 𝐶𝑖 is the capacitance per unit area of the gate dielectric 

layer, 𝜇𝑒 is the field effect electron mobility, 𝑊 and 𝐿 are the channel width and length, 

𝑉𝐺𝑆 and 𝑉𝑇ℎ are the gate voltage and threshold voltage, respectively. The output and 

transfer characteristic curves for NDI-OD2 based OFET are shown in Figure 2.7.  

 

 

Figure 2.7 (a) Output and (b) transfer characteristics curves of OFET device based on NDI-OD2 monomer; 

IDS was obtained at drain-source voltage VDS = 40 V. 

 

The NDI-OD2 molecules in OFET devices, sublimed at room temperature over 

pristine PVA dielectric, exhibited excellent electron mobility as high as 1.0 cm2 V-1 s-1 

(average value for 75 devices was ∼0.68 cm2 V-1 s-1) under vacuum with threshold voltage 

of 16.24 V and current on-to-off ratio 1 × 102. Because the XRD pattern of the evaporated 

film of NDI-OD2 reveals very good crystalline nature and AFM analysis confirms that 

these thermally grown thin film shows a very densely packed smooth morphology, such 

densely packed semiconducting layers tend to exhibit larger off-current levels, resulting in 

smaller on-to-off current ratios and is in agreement with a recent report.52 The mobility 

values which we report here are one of the highest in a bottom-gated n-type OFET device 

fabricated on glass substrate using biocompatible PVA dielectric. In addition, the use of 

PVA dielectric further allowed us to degrade the device in a highly controlled manner on 

simple exposure to moisture, thereby, further reducing the recycling cost of the product 

after end use. On exposure of these NDI-OD2 molecule-based devices to an environment 

having >80% moisture, the drastic degradation of the device commences with observation 
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of loss in mobility followed by complete device failure within 10 days and confirms with 

conventional knowledge that pristine PVA dielectrics degrade the OFET devices when 

exposed to moisture containing environment. The thermally evaporated films of NDI-

OD2 molecules on PVA were found to have very good layer structure. PVA is known for its 

high surface energy compared to other organic dielectric materials due to its hydrophilic 

nature.53 Closer inspection revealed that NDI-OD2 forms a very smooth, amorphous-like 

film on PVA surface with surface roughness of less than ∼5.64 nm. Hence, higher mobility 

values are observed with NDI-OD2 active layer and PVA dielectric here. In addition to the 

role of dielectric, it is known that the length of the alkyl chains can also effectively 

improve the OFET device performance. According to Pei et al., organic materials that 

possess longer alkyl chains (branched or linear) exhibited higher carrier mobilities.54 The 

NDI-OD2 molecule based material reported here possesses two symmetrical octadecyl 

chains and demonstrates excellent electron mobility in the presence of low-cost device 

using commercially available materials such as aluminium and PVA on glass substrate, 

which allows to scale up the device fabrication and production on larger substrates and 

quantities.  

 
2.3 Conclusion 
 

The synthesis, fabrication, and characterization of alkyl chain-substituted 

naphthalene diimide molecule was described, which in combination with a biocompatible 

PVA dielectric was utilized to fabricate n-type OFETs with high electron mobility on glass 

substrate. The NDI-OD2 material is obtained in a single step from commercially available 

materials allowing development of these materials up to a large scale. We have also 

avoided the use of Si-substrates and gold electrodes and instead used glass and 

aluminium, in addition to the economical PVA as the dielectric material to keep the 

overall cost of this device very low as well as degradable after use. A combination of 

several thin film characterizations (Optical microscopy, FESEM, AFM, XRD and TEM) 

techniques reveals that the thermally deposited NDI-OD2 has significant influence on 

film morphology and molecular packing which enhanced the charge. 
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3 

 
Effect of Bilayer Dielectric for Low Operated n-type 

Organic Field Effect Transistor  
 

  
OFETs are the basic elements of organic electronic and optoelectronic 

applications. Due to their low-cost, large-area fabrication possibility, in near future OFET 

technologies are expected to build a new alternative market compared to conventional 

inorganic technology. Generally, OFETs are operated within large operating voltage 

range, which is one of the major limitations in finding their application in futuristic 

electronics.1-5 Hence, an ideal OFET should have low operational voltage, high electrical 

stability and lifetime for real-life application, such as radio frequency identification 

(RFID) tag, sensor, electro-optical switch etc. It has already been reported that in order to 

achieve excellent device performance with low operating voltage, high-k inorganic 

dielectrics have been traditionally used.6-10 The popular choice has always been Al2O3 

because of its high insulating property and low-cost deposition technique.11-15 However, 

the single Al2O3 film shows huge leakage current because of the inferior film forming 

quality. In contrast, PVA and PMMA, the polymer dielectric materials, have emerged as 

the viable choice since they can be processed through solution processing methods, 

thereby reducing the overall cost of device fabrication. However, PVA-based OFETs often 

suffer from relatively low stability and large drain current (IDS) hysteresis, which could be 

possibly associated due to the presence of -OH groups on the PVA surface.16-18 On the 

other hand, due to the remarkable film forming ability and non-interacting nature of 

PMMA, it can be used to achieve high quality films in the organic-organic interface. 
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However, these dielectric materials possess very low capacitance value, requiring very 

high threshold and operating voltages for device operation.19-21 Considering the 

advantages of polymer dielectric for better interfacial effect and high k-inorganic 

dielectric for low voltage operation, the concept of inorganic-organic bilayer dielectric was 

proposed.  

 
In this chapter we have discussed the effect of inorganic-organic bilayer dielectric 

system for low operated n-type OFETs. For this analysis, two different derivatives of 

NDI’s were synthesized, namely N, N′-dioctadecyl-1, 4, 5, 8-naphthalenetetracarboxylic 

diimide (NDI-OD2) and N, N′-dicyclohexyl-1, 4, 5, 8-naphthalenetetracarboxylic diimide 

(NDI-CY2) and characterized by different characterization techniques before the device 

fabrication. The bilayer systems contain two different device configurations namely 

Al2O3/PVA and Al2O3/PMMA, where Al2O3 is a high-k inorganic dielectric whereas PVA 

and PMMA are two polymer dielectric materials. As mentioned previously, PVA is a high-

k polar polymer dielectric material whereas the PMMA is a non-polar dielectric. Both this 

bilayer dielectric system is expected to have significant influence on the dielectric-

semiconductor interface. The high capacitance, pinhole-free Al2O3 gate insulator was 

deposited by electrochemical oxidation or anodization method to form a ~13 nm Al2O3 

layer over the aluminium film gate electrode. It has been observed that with top contact 

aluminium electrodes both the molecules exhibit excellent n-channel behaviour under 

vacuum condition with remarkably low operating voltage (~7V). This low operating 

voltage, high performance OFET device with bilayer dielectric system is expected to have 

diverse applications in the next generation of OFET technologies. 

 
3.1 Experiments 
 
3.1.1 Materials 

 
1, 4, 5, 8-naphthaleneteracarboxylic dianhydride, octadecylamine, 

cyclohexylamine, quinoline, zinc acetate, PMMA (MW=550000 g/mol) and aluminium 

wire (99.999% purity) were used as received from Sigma Aldrich.  PVA (MW= 1, 15,000 

g/mol) was purchased from Loba Chemie (99% purity) and used as received.  Microscope 

glass slides (thickness 1-1.2mm) purchased from Jain Scientific Glass Works, India, was 

used as the device substrate without any surface modification. The active layer molecule, 

namely, NDI-OD2 molecule was synthesized following the procedure reported in Chapter 

2 by the direct condensation of 1, 4, 5, 8-naphthalene dianhydride with octadecylamine 
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whereas NDI-CY2 molecule was synthesized following the procedure reported in the 

literature by simple condensation method.22 

 
3.1.2  Characterization Details 
  

The thickness of the thin films of NDI-OD2 and NDI-CY2, thermally evaporated 

by Excel Instrument, were measured by Veeco Dektak 150 Surface Profilometer. All AFM 

images were recorded by Agilent 5500-STM instrument under non-contact mode. 

Gaussian 03 software was used to perform the DFT simulation of the materials. CH 

instrument was used to perform the electrochemical analysis of NDI-OD2. Finally, all the 

electrical properties were recorded by Keithley 2400 and 4200 semiconductor 

characterization system (SCS).  

 
3.2 Results and Discussion 
 
3.2.1 Band Gap Analysis 

 
The optical, electrochemical and theoretical band gap of the active layer materials 

were estimated by UV-Vis absorption cyclic voltammetry and theoretical Gaussian 

simulation considering B3LYP/6-31G (d) basis set using the methods mentioned in the 

literature.23-27 The estimated HOMO and LUMO energy levels and the band gap of the 

materials were summarized in Table 3.1. It has been observed that both the materials 

have almost similar type of HOMO, LUMO position and band gap value. 

 
Table 3.1 Summary of band gap of NDI-OD2 and NDI-CY2 active layer materials. 

 

Molecules 
EHOMO

(CV) 
(eV) 

ELUMO
(CV) 

(eV) 

Eg
CV 

(eV) 

Eg
UV 

(eV) 

Eg
Th 

(eV) 

NDI-OD2 -6.41 -3.39 3.02 3.18 3.61 

NDI-CY2 -6.79 -3.38 3.39 3.16 3.59 

 
3.2.2 Thin Film Microstructure 

 
The thin film growth natures of both the active layer molecules were standardized 

systematically prior to the device fabrication. The morphology of NDI-OD2 was already 

discussed in detail in the chapter 2. Before the device fabrication, the NDI-CY2 molecule 
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was characterized by different characterization techniques which are presented in Figure 

3.1.   

 

 

 
Figure 3.1 (a) Thin film XRD spectra, Inset: thin film UV-Vis absorption spectra of NDI-CY2 molecule. (b) 

FESEM image and (c) AFM image of thin film NDI-CY2 molecule. 

 
From Figure 3.1a, the crystalline nature of NDI-CY2 was confirmed.  It is evident that the 

sharp peaks observed in 2θ≤ 30°C supports the formation of molecules that were highly 

ordered and crystalline in nature. The observed lamellar d-spacing for 2θ = 5°, 10° and 

17° were found to be 17.67 Å, 8.85 Å. and 5.18 Å.respectively. Further the thin film UV-Vis 

absorption spectra of the molecule (in the inset of Figure 3.1a) shows mainly three 

characteristics peak at 381, 360, and 341 nm wavelengths range. These three peaks 

subsequently signify the characteristic π−π* transitions of NDI-CY2 molecule.25,26 Figure 

3.1b  and Figure 3.1c represents the FESEM and AFM image of the thin film NDI-CY2 

molecule respectively. From these images it was observed that at 60°C substrate 

temperature the molecules form densely packed thin film with larger grains (in μm range 

in size) which is highly suitable for OFET fabrication. 

 
3.2.3 Device Fabrication Method 

 
The OFETs based on NDI-OD2 and NDI-CY2 were fabricated with bottom gate top 

contact architecture with inorganic-organic bilayer dielectric configuration (Figure 3.2). 

In this method, the Al2O3, inorganic dielectric layer was deposited by anodic oxidation 

method. Anodization is a very good, effective and solution based technique to grow metal 

oxide films with nanometer control. The high capacitance, pinhole-free Al2O3 gate 

insulators can be fabricated by electrochemical oxidation (or anodization) of the gate 

metal on desired substrates, such as, glass and flexible transparent sheets etc. In addition, 

this process can yield a high-quality metal-oxide insulator at room temperature with very 

low cost and less time. 
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Figure 3.2 Schematic of the fabricated OFETs device structure of NDI-OD2 and NDI-CY2 with (a), (c) 

Al2O3/PVA and (b), (d) Al2O3/PMMA bilayer dielectric system. 

 
Herein, we used cleaned glass slides (size: 15 mm × 25 mm) to serve as a device substrates 

onto which >200 nm thick aluminium gate with dimensions 1 mm × 20 mm, was 

deposited by thermal evaporation method through a shadow mask. The film was then 

anodized with a constant current density of 0.06 mA cm−2 and a voltage of 10 V in a 0.001 

M citric acid monohydrate electrolyte solution at 25°C (room temperature) using a 

square-shaped platinum mesh as counter electrode to form a ~13 nm thick Al2O3 layer 

over the aluminium film gate electrode. The thickness of the Al2O3 was calculated using 

the following Equation 3.1- 

        𝑑 = 𝑐𝑉     (3.1)  

where, 𝑐 is the anodization ratio, 𝑑 is anodized film thickness and 𝑉 is the applied voltage.  

 

 

Figure 3.3 Anodic oxidation setup for aluminium. 

 
Figures 3.3 and Figure 3.4 demonstrate the anodization setup which was used for growing 

Al2O3 film, the typical anodization graph and the AFM images of aluminium film before 

and after anodic oxidation. After iodization, to reduce the surface roughness, ~100 nm 

PVA and PMMA thin film was separately spin coated on the two device configurations, to 

10.0000 V
2400 So urc e  Me t e r
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form Al2O3/PVA and Al2O3/PMMA bilayer dielectric and dried for 1 h at 100 °C under 

nitrogen atmosphere. 

 

 

Figure 3.4 (a) Anodic oxidation curve for aluminium, AFM image of aluminium thin film (b) before and (c) 

after the anodization. 

 
Both the organic dielectric polymer solutions were prepared by dissolving 30 mg/mL of 

PVA in de-ionized water and 30 mg/mL of PMMA in anisole. The capacitance of the 

Al2O3/PVA and Al2O3/PMMA bilayer dielectric systems were observed as ∼6 nF.cm-2 and 

∼27 nF.cm-2 respectively. The AFM images of PVA and PMMA dielectrics on anodized 

Al2O3 inorganic dielectric layer are shown in Figures 3.5. 

 

 

 
Figure 3.5 AFM image of (a) PVA and (b) PMMA polymer dielectric thin film on Al2O3 inorganic dielectric 

layer. 

 

Followed by the spin coating of organic dielectric layer, ~60 nm ( 10 nm) of the active 

materials were deposited by thermal deposition method under a base pressure of 10-6 

mbar. After that, Al source and drain contacts (100 nm) were deposited on the organic 

layers through a shadow mask with channel length (L) and width (W) of 50 μm and 1 mm, 

respectively.  
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3.2.4 Device Characterizations 
 

The OFET mobility value of NDI-OD2 and NDI-CY2 were estimated from the 

saturated region by using the following Equation 3.2- 

 

𝐼𝐷𝑆 =  𝐶𝑖𝜇𝑒 . (
𝑊

2𝐿
) . (𝑉𝐺𝑆 − 𝑉𝑇ℎ)2     (3.2) 

 
where 𝐼𝐷𝑆 is the drain current, 𝐶𝑖 is the capacitance per unit area of the gate dielectric 

layer, 𝜇𝑒 is the field effect electron mobility, 𝑊 and 𝐿 are the channel width and length, 

𝑉𝐺𝑆 and 𝑉𝑇ℎ are the gate voltage and threshold voltage, respectively. Figures 3.6 and 

Figure 3.7 demonstrate the OFET characteristics curve of NDI-OD2 and NDI-CY2 

molecule on bilayer Al2O3/PVA and Al2O3/PMMA dielectric system respectively. The 

calculated OFET parameters of the molecule are listed in Table 3.2.  
 

Table 3.2. Summary of OFETs device performance with Al2O3/PVA and Al2O3/PVA 

bilayer dielectric system. 

 

Bilayer 
Dielectric 

System 

Active 
Layer 

molecule 

Average 
Electron 

Mobility, μ 
(cm2/Vs) 

Threshold 
Voltage, 
VTh (V) 

ION/IOFF Hysteresis Stability 

Al2O3/PVA 
NDI-OD2 0.53 3.8 103 Very High Unstable 

NDI-CY2 0.20 0.5 105 Very Less Less Stable 

Al2O3/PMMA 
NDI-OD2 0.32 0.5 104 No Unstable 

NDI-CY2 0.02 0.5 104 No Stable 

 
It has been observed that with Al2O3/PVA bilayer dielectric, both the molecules show 

hysteresis property whereas with Al2O3/PMMA bilayer dielectric they show much stable 

characteristics. The NDI-OD2 and NDI-CY2 molecules based OFET devices, over bilayer 

Al2O3/PMMA gate dielectric, exhibited excellent average electron mobility as 0.32 cm2/Vs 

and 0.02 cm2/Vs respectively under vacuum with a threshold voltage of 0.5 V. The 

ON/OFF current ratio of the devices were observed to be of the order of 104 up to an 

operating voltage of only 7 V. On the other hand the device with Al2O3/PVA showed high 

electron mobility but less stability likely due to the presence of -OH group in the PVA 

dielectric which creates charge traps at the dielectric-semiconductor interface. These 

traps also reduce the overall stability and degrade the devices very fast (~1 day).   
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Figure 3.6 Drain and Transfer characteristics curves of [(a) and (b)] NDI-OD2 and [(c) and (d)] NDI-CY2 

molecule with Al2O3/PVA bilayer dielectric system. 

 

Figure 3.7. Drain and Transfer characteristics curves of [(a) and (b)] NDI-OD2 and [(c) and (d)] NDI-CY2 

molecule with Al2O3/PMMA bilayer dielectric system. 
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Thus the Al2O3/PMMA bilayer dielectric system demonstrates drastic improvement in the 

device performance due to better capacitive coupling between the gate and the channel 

through the dielectric layer to enhance field-effect carrier mobility and the threshold 

voltage compared to the PVA dielectric system. 

 
3.3 Conclusion 
 

In conclusion, the influence of cost effective inorganic-organic bilayer dielectric 

system for the low operated n-channel organic field effect transistor is demonstrated. For 

this analysis, two different derivatives of naphthalene diimide (NDI) were synthesized, 

namely NDI-OD2 and NDI-CY2 and characterized by different characterization 

techniques. The bilayer systems contain two different device configurations namely 

Al2O3/PVA Al2O3/PMMA, where Al2O3 is a high-k inorganic dielectric whereas PVA and 

PMMA are two polymer dielectric materials. The high capacitance, pinhole-free Al2O3 gate 

insulators was deposited by electrochemical oxidation or anodization method to form a 

~13 nm Al2O3 layer over the aluminum film gate electrode. It has been observed that with 

top contact aluminium electrodes both the molecules exhibited excellent n-channel 

behavior under vacuum condition with remarkable low operating voltage (~7V). This low 

operating voltage, high performance OFET device with bilayer dielectric system is 

expected to have diverse applications in the next generation of OFET technologies. 
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4 

 
Influence of Bilayer Dielectric for Photosensitive Organic 

Field Effect Transistor  
 

  
Optical sensors have a very significant role for the development of various 

electronic equipment such as bar-code scanners, security vision system, HD-cameras, 

etc.1,2 Most of the widely used optical sensors, such as photodiodes, charge-coupled 

devices etc. consist of inorganic semiconductors, which, although show fine 

performances, their higher fabrication cost, higher power consumption and poor 

flexibility reduces the demand for these materials in the new generation of wearable and 

flexible electronics. For an ideal optical sensor it is necessary that the device should be 

cost-effective and versatile to be fabricated on desired substrate. In this regard, organic 𝜋-

conjugated small molecules and polymers based optical sensors have recently been 

developed due to their potential to be fabricated on flexible substrates, textiles, low-cost 

and large-area.3-5 Especially, metal-substituted phthalocyanine (MPcs) based optical 

sensors show remarkable performance due to their superior film forming ability. In 

addition, the physical and optoelectronic properties of these organic semiconductors can 

be tuned by chemical synthesis and controlling their thin film growth structure to 

optimize the device performance. From the device point of view, because of the simplicity 

in fabrication process and device architecture, MPcs based organic photodiodes are one of 

the prime electronic components used in light sensing application.6-8 However, since 

these devices require additional driving circuits for showing this behaviour, Photo-

Sensitive organic field effect transistors (PS-OFETs) have been introduced to 
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simultaneously show better light sensitivity as well as amplify the input signal in single 

device configuration with low noise compared to its analogues organic devices like 

photodiodes.9-18  A major drawback of PS-OFET is its large operating voltage due to the 

use of Si/SiO2 and ITO substrate, which resists their application potential in futuristic 

electronics.19-24 Hence, an ideal PS-OFET should have low operational voltage, high 

optical and electrical stability as well as be highly photo responsive for real-life practical 

application. Though there has been some progress in the development of MPcs based PS-

OFETs, very few reports discuss the combined issues of high performance PS-OFETs that 

are economical and work at low operating voltage, under very less incident light 

illumination with good bias stress stability.25-29 

 
In this chapter we report the fabrication and characterization of ZnPc based PS-

OFETs, on Al2O3/PMMA based bilayer dielectric system to achieve remarkable light 

sensitivity at low operating voltage (0 to -7V) with the illumination of different incident 

optical power. Since the molecular packing of the active layer have a strong influence on 

the mobility of OFETs and also the high mobility of the active layer help to get easy 

transportation of the photo generated charge carrier through the channel, so it is very 

important to clearly understand the growth mechanism of the active layer on the 

dielectric layer to achieve enhanced photo responsivity prior to device fabrication. In this 

study, before fabricating the PS-OFET device, a systematic analysis of the growth nature 

of ZnPc molecule deposited at different substrate temperatures (Ts) were performed viz. 

at room temperature (RT), 60°C, 90°C and 120°C respectively on Al2O3/PMMA bilayer 

gate dielectric surface to optimize the Ts for the best device performance. The responsivity 

of the ZnPc based PS-OFET deposited at Ts= 90°C was observed to be 2679.4 A.W-1 at 

𝑉𝐷𝑆= -7 V; 𝑉𝐺𝑆= -8 V under the illumination of lowest optical power, 𝑃𝑖𝑛= 0.002 Wm-2. 

However the photo ON/OFF current ratio of the same device was observed to be 933.6 

with the same biasing condition under the irradiation of highest optical power, 𝑃𝑖𝑛= 

0.2957 Wm-2. The bias stress analysis of the device revealed that the stress effect is 

extremely small in presence of light (decay of 𝐼𝐷𝑆  20% after 30 min) compared to dark, 

with characteristic carrier relaxation time 𝜏′104 sec. This low-cost, low bias stress, 

electrically stable device is expected to have potential applications in optoelectronic 

devices. 
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4.1 Experiments 
 
4.1.1 Materials 

 
Zinc phthalocyanine (99.999% purity), PMMA (MW=120 kg/mol), aluminium wire 

(99.999% purity) and copper wire (99.9% purity) were used as received from Sigma 

Aldrich. Anisole, purchased from Loba Chemie (99% purity) was used as received for 

preparing PMMA dielectric solution without any modification. Microscope glass slides 

(thickness ~1.2 mm) purchased from Jain Scientific Glass Works, India, was used as the 

device substrate without any surface modification. 

 
4.1.2  Characterization Details 
 

The thickness of the thermally deposited ZnPc thin film was measured by Veeco 

Dektak 150 Surface Profilometer. AFM images and XRD pattern of the thin film were 

recorded by Agilent 5500-STM instrument under non-contact mode and Rigaku TTRAX 

III with Cu Kα radiation respectively. Keithley 2400 source meter was used for anodic 

oxidation of aluminium thin film. Light irradiation was performed by Oriel DC regulated 

illuminator connected with Lake Shore fibre optic probes having core diameter ~18μm. 

The optical power of the illuminated light was measure by Tenmars TM-207 power meter. 

All the three terminals opto-electrical properties were characterized by Keithley 4200 

semiconductor characterization system with Lake Shore vacuum probe station (Figure 

4.1).  

             

 
Figure 4.1  Experimental setup for ZnPc based PS-OFET. 
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4.1.3. Device Fabrication 
 

The ZnPc based PS-OFET was fabricated in a bottom gate top contact 

Al2O3/PMMA bilayer gate dielectric configuration (Figure 4.2). To fabricate pinhole-free 

films, Al2O3 gate insulators, >200 nm thick Al-gate was thermally deposited through a 

shadow mask on piranha-cleaned glass substrate (1 mm × 20 mm). The film was then 

electrochemically oxidized by a similar method as explain previously in chapter 2. The 

thickness of the Al2O3 was calculated to be 13 nm by using the Equation (4.1) given 

below- 

        𝑑 = 𝑐𝑉     (4.1) 

where, 𝑐 is the anodization ratio, 𝑑 is anodized film thickness and 𝑉 is the applied voltage. 

          

 

Figure. 4.2 (a) Cross-sectional schematic diagram of a top contact PS-OFET. (b) Illustration of simplified 

energy band diagram of ZnPc PS-OFET under zero bias condition, with barrier height ФB0.37 eV. 

 

Since the grown Al2O3 thin film inherently has very high surface roughness (σrms 11.22 

nm), a ~100 nm PMMA (30 mg.mL-1 in anisole) thin film was spun on top of the Al2O3 

layer and dried for 1 h at 100°C under inert atmosphere to obtain a smooth surface (σrms 

2.34 nm).  

 

Figure. 4.3 (a) Capacitance of Al2O3 /PMMA gate insulators as a function of voltage at 100 kHz and (b) 

Leakage current density, J (A.cm-2) vs. bias voltage (V), characteristics of MIM structures bilayer gate 

dielectric system. 
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The capacitance density (Cox25.8 nF.cm-2) and the leakage current density (J) of this 

Al2O3 /PMMA bilayer gate insulator were calculated separately from metal-insulator-

metal (MIM) structure of parallel plate capacitor using copper as the top electrodes 

(Figure. 4.3). It was observed that under an applied field the leakage current density J 

between the gate to drain contacts through the dielectric layers was very low (10-8 A.cm-

2) compared to the source to drain contacts (10-5 A.cm-2) which confirms that the 

dielectric layers demonstrate excellent capacitive behavior and are suitable for OFETs 

fabrication. After the deposition of bilayer gate dielectric, a 60 nm ( 10 nm) ZnPc active 

material was deposited by thermal deposition method under a base pressure of 10-6 mbar 

at Ts= 90°C. Further, Cu source-drain electrodes were thermally deposited, at RT up to 

~80 nm thickness to calculate three terminal properties of the PS-OFETs. 

 
4.2 Results and Discussion 
 
4.2.1 Morphology and Optical Analysis 

 

 

 
Figure 4.4 (a) AFM topography images (2μm×2μm), (b) FESEM image (Mag. 40.00 KX), (c) XRD spectra 

and (d) Raman spectra of ~60 nm ZnPc thin films deposited on top of PMMA coated glass substrate at Ts= 

90°C. Inset of (c): UV-vis absorbance spectra of ZnPc molecule at Ts= 90°C. 
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The growth structure and thin film morphology of thermally deposited ZnPc 

molecule at Ts = 90°C on PMMA coated glass substrates along with its respective 

root mean square roughness (σrms) is shown in Figure 4.4. At 90°C, the AFM and 

FESEM images of ZnPc thin film (Figure 4.4a and 4.4b) showed continuous and 

uniform fibre like crystallinity, with very less σrms ~3.43 nm compared to the films 

deposited at other temperatures (Figure 4.5 and Figure 4.6).  
  

 

Figure 4.5 AFM topography images (2μm×2μm) of 60nm ZnPc thin films deposited on top of PMMA coated 

glass substrate at Ts= (a) RT, (b) 60oC, (c) 90oC and (d) 120oC respectively. 

 
 

Figure 4.6 FESEM images (Magnification: 40.00 KX ) of 60nm ZnPc thin films deposited on top of PMMA 

coated glass substrate at Ts= (a) RT, (b) 60oC, (c) 90oC and (d) 120oC respectively. 
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This observation was also supported by the XRD and Raman analysis (see Figures 

4.4c and 4.4d). It was observed that the XRD spectra of ZnPc molecule at 90°C 

showed the highest particle size, D= 22.7 nm and d-spacing value of 12.7 Å at 2θ = 

6.9°. The calculated d-spacing of all the thin films deposited at different Ts along 

with their respective peak positions are shown and summarized in Figure 4.7 and 

Table 4.1 respectively. 

 

Figure 4.7 X-ray diffractograms of ZnPc thin films deposited on PMMA coated glass substrate at Ts= (a) RT, 

(b) 60oC, (c) 90oC and (d) 120oC respectively. 

 

Table 4.1. X-ray diffraction analysis of ZnPc films prepared on PMMA coated glass 

substrate at different Ts. 

Ts (°C) 2θ (Degree) d-spacing, d (Å) Particle size, D (nm) 

RT 7.0 12.5 9.5 

22.4 4.0 

42.2 2.1 

60 7.1 12.7 18.4 

22.2 7.0 

90 6.9 12.7 22.7 

24.2 3.7 

41.9 2.2 

120 7.0 12.7 19.2 

22.4 4.0 
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Figure 4.8 Raman spectra of ZnPc thin films deposited on PMMA coated glass substrate at Ts= (a) RT, (b) 

60oC, (c) 90oC and (d) 120oC respectively. 

 
 

Figure 4.9 Graphical representation of the Ts dependencies of the intensity (a), (b) and FWHM (c), (d) of 

1341 and 1512 cm-1 Raman modes of ZnPc molecule on PMMA coated glass substrate at Ts= RT, 60oC, 90oC 

and 120oC respectively. 

 

From Raman spectra (Figure 4.8 and Figure 4.9) it was observed that up to 

Ts= 90°C, the integral intensities of 1341 cm-1 and 1512 cm-1 modes which are 

generally responsible for the stretching and bending vibrations of Zn and N 

interaction, increased systematically and thereafter it started showing anomalous 

behaviour for both 1341 cm-1 and 1512 cm-1 (Figure 4.9a and Figure 4.9b).10,11 
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However, in case of FWHM (Figure 4.9c and Figure 4.9d), a systematic increase in 

behaviour was observed from RT to 120°C. This observed anomaly in the integral 

intensity modes indicates that there is a change in planarity of the thin film growth 

pattern of ZnPc molecule because of the deformation in the symmetry of the molecular 

structure which is initiated at Ts= 90°C due to the interaction of heavy Zn atom with 

nitrogen, indicating that the Ts has a strong influence on the growth structure of ZnPc 

molecule and 90°C is the optimum Ts for ZnPc-OFETs fabrication. The band gap of the 

ZnPc molecule at 90°C estimated from the Q-band first maxima peak (at 624 nm) [Inset-

Figure 4.4c] is ~1.97 eV, whereas, for the second  maxima (699 nm) it is ~1.77 eV, which  

indicated that ZnPc could be easily excited and be responsive to visible light. 

 
4.2.2 Operation Mechanism of PS-OFETs 
 

 

 

Figure 4.10 Schematic representation of the operation mechanism involved in of ZnPc based p-channel 

OFETs (a-c) in dark condition and (d-f) in presence of light illumination respectively. 

 
Figure 4.10(a-c) and Figure 4.10(d-f) represent the operation mechanism of ZnPc 

based PS-OFETs by the simplified energy band diagram under dark and light illumination 

conditions respectively. The voltage applied between the source to drain and gate to 

source are represented by 𝑉𝐷𝑆 and 𝑉𝐺𝑆 respectively. As the devices were fabricated in 
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bottom gate top contact configuration, the amount of current flow from source to drain 

contacts through the ZnPc thin film is strongly dependent on the amount of gate voltage 

𝑉𝐺𝑆, applied through the gate electrode for a particular 𝑉𝐷𝑆. Since the semiconducting 

layer and the gate electrode are capacitive coupled with each other through the bilayer 

dielectric system, the charges induced in the semiconductor thin film are generally mobile 

charges and move with response to the particular𝑉𝐷𝑆. 

Figure 4.10a represents the HOMO (5.17 eV) and LUMO (3.78 eV) of the ZnPc 

semiconductor layer with respect to the relative Fermi levels (4.8 eV) of the Cu source 

and drain contacts when 𝑉𝐷𝑆 =  𝑉𝐺𝑆 = 0𝑉, under dark condition. At this condition, the 

device is in “OFF” state because no current flows from source to drain contacts. When 

𝑉𝐷𝑆 < 0𝑉 and 𝑉𝐺𝑆 = 0𝑉 (Figure 4.10b), positively charged holes, initially present in the p-

type ZnPc semiconductor, start moving towards the negatively biased drain contact. Since 

there are no mobile charges present at this condition (since 𝑉𝐺𝑆 = 0𝑉) the current 

between the source to drain is negligible. When the gate voltage is applied, i.e. 𝑉𝐷𝑆 < 0𝑉 

and 𝑉𝐺𝑆 < 0 𝑉, (Figure 4.10c) mobile charges are induced in the ZnPc semiconductor thin 

film through the bilayer dielectric system and the transistor becomes in its “ON” state. 

These mobile charges create a large electric field at semiconductor-dielectric interface 

which shifted the HOMO and LUMO levels of the semiconductor upwards to match the 

HOMO to the Fermi level of the Cu drain contact. Since 𝑉𝐷𝑆  is already less than 0𝑉 at this 

condition, more number of positively charged holes will flow through the channel, thereby 

increasing the drain current. 

In case of light illumination on the device, [shown in Figure 4.10(d-f)] these same 

three mechanisms are expected to take place. The only difference likely to be observed is 

due to the light illumination when excitons are formed in the semiconductor layer. 

However, at equilibrium condition i.e. 𝑉𝐷𝑆 =  𝑉𝐺𝑆 = 0𝑉, there is no current flow from 

source to drain and only the photo generated charge carriers are present at the 

semiconductor layer (Figure 4.10d). As 𝑉𝐷𝑆 < 0𝑉 and 𝑉𝐺𝑆 = 0𝑉 (Figure 4.10e), excitons 

are separated due to the applied 𝑉𝐷𝑆 and increases the positively charged carrier 

concentration at the channel. However, again due to the absence of mobile charges, the 

drain current is less here but more than the similar situation in the dark condition (Figure 

4.10b). When both the gate and drain terminals are biased i.e. 𝑉𝐷𝑆 < 0𝑉 and 𝑉𝐺𝑆 < 0 𝑉, the 

mobile charges are induced in the channel and the transistor shifted to its “ON” state. The 

drain current is enhanced in this case (Figure 4.10f) because of the additional holes 

present in the channel due to the light illumination, which further enhanced the drain 

current compared to the similar situation in the dark condition (Figure 4.10c). 
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4.2.3 Device Characteristics 

    
 

Figure 4.11 (a) Drain characteristic curves of ZnPc based PS-OFETs under dark and light illumination at 

incident lowest optical power, Pin= 0.002 W/m2. (b) The transfer characteristics of ZnPc based PS-OFETs 

under dark and different incident power illumination. (c) Photo current of ZnPc-PS-OFET at VGS= -8V in 

presence of various optical powers. (d) Responsivity and Photocurrent curves with respect to different 

incident power at VGS= -8 V. 

 

The photo response characteristics of ZnPc based PS-OFETs are shown in Figure 

4.11. The typical channel length (L) and channel width (W) of the devices were kept at 40 

m and 780 m respectively. Figure 4.11a represents the drain characteristics of the 

device under the illumination of lowest optical power (Pin= 0.002 Wm-2) whereas, Figure 

4.11b represents the shift in threshold voltage in the transfer characteristics curve of the 

device under the irradiation of various optical power. From these drain and transfer 

characteristics it could be concluded that the device showed significant increase in drain 

current with low operating voltage, under the illumination of light. The photo-

responsivity (R), of the device was calculated by using the Equation (4.2) given below-  

 

          𝑅 =
𝐼𝑃ℎ

𝐼𝑜𝑝𝑡
=

(𝐼𝐷𝑆,𝑖𝑙𝑙𝑢𝑚−𝐼𝐷𝑆,𝑑𝑎𝑟𝑘).𝑆−1

𝑃𝑖𝑛
    (4.2) 

where, 𝐼𝑃ℎ represents the source-to-drain photocurrent, 𝑃𝑜𝑝𝑡 is the incident light power. 

𝐼𝐷𝑆,𝑑𝑎𝑟𝑘  and 𝐼𝐷𝑆,𝑖𝑙𝑙𝑢𝑚  are the source-drain current under dark and illumination conditions 

and 𝑃𝑖𝑛  represents the power of the incident light per unit area respectively. It was 

observed that the devices showed remarkable photo-responsive behavior, R~ 2679.4 A.W-
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1 at 𝑉𝐷𝑆= -7 V; 𝑉𝐺𝑆= -8 V under the illumination of very low optical power, 𝑃𝑖𝑛= 0.002 Wm-

2 on a small effective sensing area S= 2.54 10-6 cm2. The photo ON/OFF current ratio of 

the same device is observed to be 933.56 under the irradiation of highest optical power, 

𝑃𝑖𝑛= 0.2957 Wm-2 with the same biasing condition. Moreover, the operating voltage of the 

device was also very low (-8V), confirming the consumption of electrical power to be very 

less to operate this device. Figure 4.11c and Figure 4.11d represents the graphical 

representation of 𝐼𝐷𝑆 vs. 𝑉𝐷𝑆 and photocurrent and responsivity curves with respect to 

different incident power at 𝑉𝐺𝑆= -8 V respectively. From Figure 4.11c it was observed that 

the photo current of ZnPc-PS-OFET at 𝑉𝐺𝑆= -8V increases continuously up to the power of 

0.1458 Wm-2 and with further increase in power (𝑃𝑖𝑛= 0.2957 Wm-2), it started 

decreasing, indicating the maximum limitation of the photocurrent generation of ZnPc 

based PS-OFET. All the device parameters of the ZnPc based PS-OFETs under dark and 

various optical power illuminations are summarized in Table 4.2.  

 

 

Figure 4.12 (a) The light on-off effect on ZnPc based PS-OFET and the fitted curves of the decay and growth 

of the IDS under light on-off condition at VDS=-7 V and VGS=-6 V respectively at Pin= 0.002 W/m2. (b) The 

transfer curves of ZnPc based PS-OFET recorded under dark condition after providing the bias stress (at -7 V) 

every 5 min up to 1h and (c) represents the time dependence of the normalized drain current IDS(t)/IDS(0) 

under dark and light illumination gated with Al2O3/PMMA bilayer dielectrics system. 

 

To support the proposed mechanism and the observed experimental data we 

further recorded the rise and decay response of the devices and fitted them by Equation 

(4.3) and Equation (4.4) to estimate the growth and decay processes of IDS of the device 

(Figure 4.12a).30-32 
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                                                           𝐼𝐿𝑖𝑔ℎ𝑡𝐺𝑟𝑜𝑤𝑡ℎ
= 𝐼𝐷𝑆𝐷𝑎𝑟𝑘

+ 𝐴. 𝑒𝑥𝑝 (
𝑡

𝜏1
) + 𝐵. 𝑒𝑥𝑝 (

𝑡

𝜏2
)  (4.3)  

𝐼𝐿𝑖𝑔ℎ𝑡𝐷𝑒𝑐𝑎𝑦
= 𝐼𝐷𝑆𝐷𝑎𝑟𝑘

+ 𝐴. 𝑒𝑥𝑝 (
−𝑡

𝜏1
) + 𝐵. 𝑒𝑥𝑝 (

−𝑡

𝜏2
)  (4.4)  

 
where, 𝐼𝐷𝑆𝐷𝑎𝑟𝑘

is the dark current, 𝐴 and 𝐵 are the scaling constants, 𝑡 is the time when the 

light was turned ON or OFF, and 𝜏1 and 𝜏2 are the time constants. In these ZnPc based 

PS-OFETs, the estimated time constants 𝜏1 and 𝜏2 are observed as 2.55 sec and 1.46 sec 

for decay and 1.36 sec and 0.23 sec for growth process respectively, where, time constant 

𝜏1 represents the carrier generation and recombination processes in the semiconductor 

thin film, and 𝜏2 is related to the hole trapping and release processes at the interface.33,34 

For more detailed analysis, the experimental data (Figure 4.12) of IDS was fitted 

with the stretched-exponential time (t) dependent, Equation 4.5- 

𝐼𝐷𝑆(𝑡) =  𝐼𝐷𝑆(0). 𝑒𝑥𝑝 {−( 𝑡

𝜏′)
𝛽

}    (4.5) 

where,  is the stretching parameter related to the barrier energy height for charge 

trapping (0 < 𝛽 ≤ 1),  𝜏′ is the relaxation time and 𝐼𝐷𝑆(0) is the initial maximum drain-

source current measured at the beginning of the applied stress. 

 

Table 4.2. Summary of ZnPc based PS-OFETs parameters under dark and various 

optical power illumination conditions. 

 

Optical 
Power 

(W/m2) 

VTh 
(V) 

SS 
(V/decade) 

Ntrap 1012 
(eV-1 cm-2 ) 

μ 10-3 
(cm2/V s) 

Responsivity 
(A/W) 

Photo 
ION/IOFF 

Ratio 

Dark -4.0 0.2 0.4 3.9 --- --- 

0.0020 -3.7 1.4 3.6 3.7 2679.4 16.2 

0.0101 -3.2 2.8 7.4 3.7 2089.2 88.4 

0.0587 -2.7 3.0 8.0 4.0 874.2 173.03 

0.1458 -2.1 3.8 10.1 4.2 589.5 502.8 

0.2957 -1.3 4.6 12.3 3.3 285.3 933.6 

 

It was observed that the values of   under dark and light illumination are 0.59 and 0.61 

and the corresponding relaxation time (𝜏′) values are 8.5×103 sec and 1.6×104 sec 

respectively. The larger  and 𝜏′values in presence of light confirms the better stability of 

the device, which is highly desirable for practical applications of these PS-OFETs.  

Generally, an ideal optical sensor device should be cost effective, stable and must 

be versatile to allow fabrication on any desired substrate. It should not degrade in 
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presence of light, ambient conditions and have low operating voltage range so that less 

electrical power is required during device operation. Most of the widely used, stable 

organic optical sensors, reported till date, are generally fabricated on Si/SiO2 or ITO 

based substrate which significantly enhances the overall device cost, and coupled with the 

higher power consumption and poor flexibility reduces their demand further in the new 

generation of wearable and flexible electronics.  

 
Table 4.3. Summary of other small molecule based organic photo sensitive transistor 

with their respective device structure. 

 

Method Organic 
Semiconductor 

Device 
structure 

Mobility 
(cm2 /Vs) 

Responsivity (Light source, 
Intensity) 

Iph / Idark Ref. 

Vapor BPTT BG/TC 
(SiO2) 

0.082 82 A/W (380 nm, 1.55 
mW/cm2) 

2×105 14 

CuPc BG/TC 
(SiO2) 

0.02 0.5–2 A/W (365 nm, 1.55 
mW/ cm2) 

3×103 20 

F16CuPc BG/TC 
(P4PMS) 

5.3×10-4 1.5 mA/W (White light, 
5.66 mW/ cm2 ) 

22 36 

 TG/BC 
(CL-PVP) 

1.05 ×10-4 1.4 mA/W (White light, 
5.98 mW/ cm2) 

79 37 

 TG/BC 
(CL-PVP) 

4.6 ×10-4 2.15 mA/W (White light, 
5.66 mW/ cm2) 

300 38 

Pentacene BG/TC 
(SiO2) 

0.49 10–50 A/W (365 nm, 1.55 
mW/ cm2) 

1.3×105 20 

 BG/TC 
(PMMA) 

0.01 0.015 A/W (365 nm, 7 
mW/ cm2) 

2×104 39 

6T BG/TC 
(SiO2) 

0.09 1.5–2.4 A/W (365 nm, 1.55 
mW/ cm2) 

1.3×103 10 

Tetracene BG/TC 
(SiO2) 

0.003 NA (364 nm, 0.64 mW/ 
cm2) 

3×103 40 

ABT BG/TC 
(SiO2, 
OTS) 

0.4 1000 A/W (White light, 30 
μ W/ cm2) 

800 41 

DPASP BG/BC 
(SiO2, 

HMDS) 

0.67-
6.8×10-7 

0.1 A/W (White light, 0.96 
mW/ cm2) 

100 42 

Spiro-DPSP BG/BC 
(SiO2, 

HMDS) 

1.3×10-6 1 A/W (370 nm, 191 μ W/ 
cm2) 

5×102 12 

Spiro-DPSP 2 BG/BC 
(SiO2, 

HMDS) 

2.7×10-7 0.44 A/W (370 nm, 64 μ 
W/ cm2) 

2.1×103 43 

Spiro-4P-CPDT BG/BC 
(SiO2, 

HMDS) 

1 - 2 ×10-4 25 A/W (370 nm, 2.4 μ W/ 
cm2) 

290 22 

Vapor/ 
Solution 

Pentacene/PC60 

BM 
BG/BC 
(ODPA) 

0.1- 10-3 NA (469 nm, 3.2 mW/ cm2) 103 44 

 
In this regard, ZnPc single crystal nanobelts based efficient light sensing organic 

transistor, grown by physical vapor transport process on octadecyltrichlorosilane (OTS) 

modified Si/SiO2 substrate with gold (Au) as the top source-drain contact showed high 

photo-responsivity.35 Similarly, the light sensing property of CuPc/pentacene based 
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OFETs deposited on Si/SiO2 substrate showed photo-responses of 0.5-2 and 10-50 A/W 

and maximum photo ON/OFF current ratio of 3000 and 1.3×105 respectively, under 365 

nm UV light.20 Fluorinated CuPc (F16CuPc) based n-type light sensing organic transistor 

on patterned ITO coated glass substrates, poly(4-phenoxymethyl styrene) (P4PMS) as the 

polymeric gate dielectric and Au as the top source-drain contacts showed photosensitivity 

of 1.5 mA/W and photo ON/OFF current ratio of 22.36 Table 4.3 provides the summary of 

small molecule based organic photo sensitive transistors with their respective device 

structure.37-43 However, due to the extensive use of either ITO or Si/SiO2 substrates all 

these devices had very high operating voltage that increased the external electrical power 

requirement to operate the device. Hence, in this study we could demonstrate the 

fabrication of ZnPc based PS-OFETs successfully that avoids the use of ITO and Si/SiO2 

which makes the OFETs very cost effective with low bias stress on a glass substrate. This 

low-cost, low bias stress and electrically stable device is expected to have potential 

applications in optoelectronic devices and energy efficient sensors. 

 
4.3 Conclusion 
 

In conclusion, the fabrication and characterization of ZnPc based PS-OFETs, on 

Al2O3/PMMA bilayer dielectric system to achieve remarkable light sensitivity under the 

various power illumination on a small effective sensing area S= 2.54 10-6 cm2 is reported. 

At the same time, the operating voltage of the device was drastically reduced to -8 V 

without sacrificing its optical sensing property confirming that the consumption of 

electrical power to operate the PS-OFET is very less. The bilayer dielectric configuration 

was used to achieve high drain current and low gate voltage operation of the PS-OFETs to 

obtain better capacitor coupling at the dielectric-semiconductor interface. Further, the 

combination of Al2O3 (~10) and PMMA ( ~3.5), bilayer dielectric materials offers 

excellent mechanical and optical properties. Since the aim was to develop low cost and 

low operating voltage, stable devices, a cost-effective anodic oxidation method was used 

for the deposition of Al2O3 on normal microscope glass substrate by avoiding expensive 

Si/SiO2 and ITO substrate. The ZnPc based PS-OFETs having top contact Cu electrode 

exhibits excellent p-channel behaviour with photo responsivity as high as, R~ 2679.4 

A.W-1 at 𝑉𝐷𝑆= -7 V; 𝑉𝐺𝑆= -8 V at 𝑃𝑖𝑛= 0.002 Wm-2 with effective sensing area S= 2.54 10-6 

cm2. The photo ON/OFF current ratio of the same device is observed to be 933.6 at 𝑃𝑖𝑛= 

0.2957 Wm-2 with the same biasing condition. The device showed remarkable light 

sensitivity with characteristics carrier relaxation time,’104 sec., with optical and 
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electrical stability having decay of 𝐼𝐷𝑆 20% after 30 min. under constant electrical dc bias 

stress, 𝑉𝐷𝑆= -7 V and 𝑉𝐺𝑆= -8 V for 30 min. On the other hand, multiple transfer 

characteristic scans and bias stress results indicated that these OFETs exhibit better 

operational stability, indicating potential applications of these transistors in electronic 

devices and sensors. 
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5 

 
Influence of Multilayer Dielectric for Photosensitive 

Organic Field Effect Transistor  
 

  
Development of highly efficient organic optical sensors is one of the most prominent 

research theme due to their potential applications in various optoelectronic devices, as 

low cost active optoelectronic components compared to the conventional inorganic 

counterparts.1-8 The widely used optical sensors, such as photo diode, charge-coupled 

devices etc. consisting of inorganic active materials, although show promising sensitivity, 

their high fabrication cost, high power consumption and poor flexibility has reduced their 

demand in the new generation wearable and flexible electronics.9-15 Thus, for practical 

applications, it is very vital that an ideal optical sensor should have low operating voltage 

as possible, high photo responsivity, high optical and electrical stability as well as it 

should be of low cost and versatile to be fabricated on desired substrate, preferably using 

economical solution based techniques. In this regard, organic π-conjugated 

semiconductor based PS-OFETs offers numerous advantages including its unique ability 

to detect light, low noise, switching capability and signal magnification in a single, low 

cost manufacturing and flexible device configuration.16,17 PS-OFET is a three terminal 

photo sensitive organic electronic component, in which photo generated excitons at the 

active channel can easily be dissociated through the applied gate bias which provides 

highly effective and magnified photo detection. However, for the fabrication of highly 

photo responsive/sensitive OFET several factors have to be considered-(i) the active 

material should have high and broad absorption spectrum so that maximum number of 
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carriers can be generated by the incident light, (ii) the mobility of the active material 

should be superior to obtain easy transportation of the photo generated charge carrier 

through the channel and (iii) the energy barrier between the active material and the 

electrodes should be as low as possible so that the charge carriers can be collected for 

signal efficiently.18-23 Generally point (i) can be improved through different chemical 

synthesis protocol by modulating the chemical structure of the active material. However, 

the low mobility of most organic semiconductors, constrains the development of points 

(ii) and (iii). Herein, by introducing multilayer dielectric systems and tuning the thin film 

morphology of the active layer with respect to different substrate temperature (Ts), the 

process (ii) was modified to realize remarkable improvements in the PS-OFET 

performance. Among organic semiconductors, porphyrins and phthalocynines are two 

representative and important macro cycle systems, used as active materials in PS-OFETs 

due to their wide range of optical absorption spectra and easily tunable electrical and 

optical properties by which one can modify its thin film growth microstructure.24,25 Since 

the dielectric-active material interface and molecular packing of the active layer have a 

strong influence on the mobility of OFETs it is very important to utilize economical and 

sustainable materials such as solution processable polymers and clearly understand the 

growth mechanism of these polymer based dielectric layers in the devices to optimize the 

thin film growth structure of the deposited active layer prior to device fabrication.26-39 

 
Hence, the impact of thin film growth structure and multilayer polymer dielectric 

systems on the photo response properties of ZnPc based PS-OFETs at various incidents 

optical powers have been systematically analysed. The combination of inorganic Al2O3 

and organic non-polar PMMA are used as the bilayer dielectric configuration, whereas in 

the case of tri-layer dielectric system, bilayer polymer dielectrics, consisting of PMMA as a 

low-k dielectric polymer, on the top of high-k polar dielectric, PVA have been used along 

with Al2O3 as the third layer. A systematic analysis of the growth nature of ZnPc molecule, 

deposited on PMMA coated glass substrates at different substrate temperatures (Ts) viz. 

at room temperature (RT), 60 °C, 90 °C and 120 °C respectively were analysed by various 

characterization techniques such as, AFM, FESEM, XRD and Raman analysis to optimize 

the Ts for the best device performance. At 90°C, the fabricated PS-OFET with 

Al2O3/PVA/PMMA tri-layer dielectric configuration showed best p-channel behaviour 

with enhanced and remarkable photo responsivity of R~9689.39 A.W-1 compared to 

Al2O3/PMMA bilayer dielectric system (R~2679.40 A.W-1) because of the superior charge 

transport through the channel by the polarization of dipoles inside the polar-PVA 

dielectric which increased the charge carrier mobility by one order (h~1.310-2 cm2.V-1.s-
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1) compared to the bilayer dielectric configuration (h~3.910-3 cm2.V-1.s-1). The observed 

specific detectivity, D* and noise equivalent power, NEP values of the bi-layer dielectric 

system are 6.01  1013 Jones and 2.655  10-17 W.Hz-1/2 respectively whereas for trilayer 

dielectric system the observed D* and NEP values are 5.13  1014 Jones and 1.043  10-17 

W.Hz-1/2 respectively. Additionally, the operating voltage of each of the fabricated devices 

were observed to be exceedingly low (-10V) due to the influence of inorganic high-k Al2O3 

dielectric layer. The electrical stability of each of the fabricated devices was also 

investigated by bias stress analysis under both the light and dark conditions in vacuum. 

To the best of our knowledge, the photo responsivity (R~2679.40 A.W-1) values, reported 

herein with Al2O3/PVA/ PMMA tri-layer dielectric configuration, is the highest among all 

the thin film based PS-OFETs with remarkably low operating voltage of -10 V. This result 

suggested that the Al2O3/PVA/PMMA configuration along with appropriate Ts for ZnPc 

deposition generates highly efficient devices, (ITO and Si/SiO2 free devices), with a 

benchmark photo responsivity performance of PS-OFETs that are expected to have 

potential applications in futuristic low-cost and wearable optoelectronics devices. 

 
5.1 Experiments 
 
5.1.1 Materials 

 
ZnPc (99.999% purity), PMMA (MW=550000 g/mol), aluminium wire (99.999% 

purity) and copper wire (99.9% purity) were purchased from Sigma Aldrich. Anisole (99% 

purity) and PVA (MW~1, 15,000 g/mol) were purchased from Loba Chemie. All the 

chemicals and materials were used as received, unless otherwise mentioned. Microscope 

glass slides (thickness ~ 1.2mm) purchased from Jain Scientific Glass Works, India, was 

used as the device substrate without any surface modification. 

 
5.1.2  Characterization Details 
  

The thin films of ZnPc were deposited by thermal evaporation technique under 10-6 

mbar of pressure. The thicknesses of the thin films were measured by Veeco Dektak 150 

surface profilometer. A Perkin-Elmer Lambda 25 UV-visible spectrophotometer was used 

to record the UV-visible absorption spectra. AFM images of the thin films were recorded 

by Agilent 5500-STM instrument. Raman spectra were recorded by HR 800 raman 

spectrometer. Electrochemical measurements were performed by CH instrument. The 
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thin film XRD pattern was recorded by a Rigaku TTRAX III with Cu Kα radiation. For PS-

OFET measurement, white light irradiation was performed by Oriel DC regulated 

illuminator connected with Lake Shore fibre optic probes having core diameter ~18µm. 

The optical power of the illuminated light was measure by both the Tenmars TM-207 

power meter and Newport optical power/energy meter (Model 842-PE). All the three 

terminals opto-electrical properties were characterized by Keithley 4200 semiconductor 

characterization system with Lake Shore vacuum probe station and Keithley 2400 source 

meter. 

 
5.1.3. Device Fabrication 

 
The ZnPc based PS-OFETs were fabricated on bi-layer (Al2O3/PMMA) and tri-layer 

(Al2O3/PVA/PMMA) dielectric systems with bottom gate top contact configuration. The 

schematic representations are shown in the next operational mechanism section. For low 

voltage operation and reduced power consumption, generally, high-k dielectrics are often 

used in case of OFETs fabrication.42-47 There are several high-k inorganic dielectric 

materials that are used in OFETs, such as Al2O3, which is one of the most promising 

material because of its excellent insulating properties and low-cost deposition process.48-

52 In this study, Al2O3 is used as high-k inorganic dielectric layer for low voltage operation, 

which is deposited by anodic oxidation method, followed by the procedure mentioned in 

the Chapter 2.53 Since the grown Al2O3 thin film inherently has very high surface 

roughness (σr.m.s. ~11.22 nm), a ~100 nm PMMA (30 mg.mL-1 in anisole) film was spun on 

top of the Al2O3 layer and dried for 1 h at 100 °C under inert atmosphere to obtain a 

smooth surface (σr.m.s. ~1.97 nm) (see Figure 5.1). 

 

 
 

Figure. 5.1 AFM topography images (2μm×2μm) of (a) Bare Al2O3, (b) Al2O3/PMMA and (c) 

Al2O3/PVA/PMMA dielectric layers respectively. 
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However, in case of Al2O3/PMMA bi-layer dielectric system, though the devices were 

highly stable and hysteresis free, the drain current was less and the charge transportation 

through the channel was poor. Hence, high-k polar PVA dielectric was inserted in 

between PMMA and Al2O3 layers so that the polar PVA dielectric could induce more 

charges into the channel and further the nonpolar PMMA dielectric would prevent the 

direct interaction of the OH-groups of polar PVA dielectric layer with the active layer 

molecule. As a result, the enhancement in drain current with superior device stability 

could be achieved simultaneously. The capacitance density (Ci) of this Al2O3/PMMA and 

Al2O3/PVA/PMMA gate insulators were calculated independently from MIM structure of 

parallel plate capacitor using copper as the top electrode (Figure. 5.2). After the 

deposition of gate dielectric layers, a 60 nm (10 nm) ZnPc active material was deposited 

by thermal deposition under a base pressure of 10-6 mbar at Ts = 90°C. Further, Cu 

source-drain electrodes were thermally deposited at RT (~80 nm) to calculate the three 

terminal properties of the PS-OFETs.  

 

Figure. 5.2 Capacitance density curves of Al2O3/PMMA and Al2O3/PVA/PMMA gate insulators as a function 

of voltage at 100 kHz. 

 
5.2 Results and Discussion 
 
5.2.1 Device Characterizations 

 
The photo response characteristics of ZnPc based PS-OFETs with Al2O3/PMMA and 

Al2O3/PVA/PMMA gate dielectric configurations under various incident optical power 

illuminations are shown in Figure 5.3. The typical channel length (L) and channel width 

(W) of the devices were kept at 40 µm and 780 µm respectively. Figure 5.3a and Figure 

5.3c represent the drain characteristics of the devices with bi-layer and tri-layer device 
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configurations under the illumination of lowest optical power (Pin= 0.002 Wm-2) whereas, 

Figure 5.3b and Figure 5.3d represent the shift in threshold voltage in the transfer 

characteristic curve of the devices under the irradiation of various optical power. From 

these drain and transfer characteristics it could be concluded that the device with 

Al2O3/PVA/PMMA configuration showed significant increase in drain current with low 

operating voltage, under the illumination of light compared to the Al2O3/PMMA 

configuration due to the slow polarization of the dipole in vacuum present at the high-k 

PVA dielectric that induced more charges at the semiconducting channel of the PS-

OFETs.  

 

Figure.5.3 Drain characteristic curves of ZnPc based PS-OFETs with (a) Al2O3/PMMA and (c) 

Al2O3/PVA/PMMA configuration under dark and illumination at Pin= 0.002 Wm-2. The transfer 

characteristics of ZnPc based PS-OFETs with (b) Al2O3/PMMA and (d) Al2O3/PVA/PMMA configuration 

under dark and different incident power illumination. 

 
The photo-responsivity (R), of the device was calculated by using the Equation (5.1)-    

     𝑅 =
𝐼𝑃ℎ

𝐼𝑜𝑝𝑡
=

(𝐼𝐷𝑆,𝑖𝑙𝑙𝑢𝑚−𝐼𝐷𝑆,𝑑𝑎𝑟𝑘).𝑆−1

𝑃𝑖𝑛
  (5.1) 

where, 𝐼𝑃ℎ represents the source-to-drain photocurrent, 𝑃𝑜𝑝𝑡is the incident light power. 

𝐼𝐷𝑆,𝑑𝑎𝑟𝑘  and 𝐼𝐷𝑆,𝑖𝑙𝑙𝑢𝑚  are the source-drain current under dark and illumination conditions 
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and 𝑃𝑖𝑛  represents the power of the incident light per unit area respectively. S is signified 

the effective sensing area of the device.  

  
It was observed that the Al2O3/PVA/PMMA devices showed remarkable photo-

responsive behaviour, R~9689.39 A.W-1 at VDS= -7 V; VGS= -8 V under the illumination of 

very low optical power, Pin = 0.002 Wm-2 on a small effective sensing area S = 2.5410-6 

cm2. The photo ON/OFF current ratio of the same device is observed to be 5.8 under the 

irradiation of highest optical power, Pin= 0.2957 Wm-2 with the same biasing condition. 

Moreover, the operating voltage of the device was also incredibly low (-7V), confirming 

the consumption of very less electrical power to operate this device. All the device 

parameters of the ZnPc based PS-OFETs under dark and various optical power 

illuminations with Al2O3/PMMA and Al2O3/PVA/PMMA dielectric configuration are 

summarized in Table 5.1. 

 
Table 5.1. Summary of ZnPc based PS-OFETs parameters under dark and various optical 

power illumination conditions. 

 

Dielectric 
System 

Optical 
Power 

(W/m2) 
VTh (V) 

SS 
(V/decade) 

Ntrap 1012 

(eV-1 cm-2 ) 
μ 10-3 

(cm2/Vs) 

Respons
ivity 

(A/W) 

Photo 
ION/IOFF 

Ratio 

Al2O3/PM
MA 

Dark -4.0 0.2 0.4 3.9 --- --- 

0.0020 -3.7 1.4 3.6 3.7 2679.4 16.2 

0.0101 -3.2 2.8 7.4 3.7 2089.2 88.4 

0.0587 -2.7 3.0 8.0 4.0 874.2 173.0 

0.1458 -2.1 3.8 10.1 4.23 589.5 502.8 

0.2957 -1.3 4.6 12.3 3.3 285.3 933.6 

Al2O3/PV
A/PMMA 

Dark -3.1 3.0 3.2 12.9 --- --- 

0.0020 -3.0 3.5 3.7 14.7 9689.4 1.5 

0.0101 -2.7 3.5 3.7 14.3 3126.9 1.7 

0.0587 -2.4 4.0 4.3 13.8 855.9 2.8 

0.1458 -2.1 4.5 4.8 13.9 465.0 3.6 

0.2957 -2.0 5.0 5.4 15.1 314.4 5.8 

 
5.2.2 Operational Mechanism 
 

Figure 5.4 schematically represents the operation mechanism of ZnPc based PS-

OFETs under dark and light illumination conditions with (Figure 5.4a to Figure 5.4f) 

Al2O3/PMMA bi-layer and (Figure 5.4g to Figure 5.4l) Al2O3/PVA/PMMA tri-layer device 

configurations respectively. The voltage applied between the source to drain and gate to 

source are represented by VDS and VGS respectively. As the devices were fabricated in 

bottom gate top contact configuration, the amount of current flow from source to drain 
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contacts through the ZnPc thin film and is strongly dependent on the amount of gate 

voltage VGS, applied through the gate electrode for a particular VDS. Since the 

semiconducting layer and the gate electrode are capacitive coupled with each other 

through the multi-layer dielectric system, the charges induced in the semiconductor thin 

film are generally mobile charges and move with response to the particular VDS. 

 

Figure.5.4 Schematic representation of the operation mechanism involved in of ZnPc based p-channel 

OFETs (a-f) with Al2O3/PMMA bi-layer and (g-l) Al2O3/PVA/PMMA tri-layer device configurations 

respectively. 
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Figure 5.4a and Figure 5.4g represent the general schematic of the two different 

device configurations namely Al2O3/PMMA and Al2O3/PVA/PMMA respectively. Under 

dark condition, when VDS=VGS=0V (see Figure 5.4b and Figure 5.4h), both the devices are 

in “OFF” state because no current flows from source to drain contacts. At this equilibrium 

condition, when light is illuminated on the channel with a minimum threshold power 

(Figure 5.4c and Figure 5.4i), excitons are formed in the semiconductor layer. However, 

as VDS=VGS=0V, there is no current flow from source to drain and only the photo 

generated charge carriers are present at the semiconductor layer. When VDS<0V; VGS=0V, 

(Figure 5.4d and Figure 5.4j), positively charged holes, initially presence in the p-type 

ZnPc semiconductor, start moving towards the negatively biased drain contact. At the 

same time, the photo generated excitons begin to dissociate due to the applied VDS and 

increase the positive charge carrier concentration at the channel. Since there are no 

mobile charges present at this condition (since VGS=0V) the total current between the 

source to drain is negligible at this stage. 

 

Figure. 5.5 (a, b) and (c, d) Graphical representations of bias stress and hysteresis measurements of ZnPc-

PS-OFETs with Al2O3/PMMA and Al2O3/PVA/PMMA, respectively. 

 
When the gate voltage is applied, i.e. VDS<0V and VGS<0V, in case of Al2O3/PMMA 

device configuration (Figure. 5.4e) mobile charges are induced in the ZnPc semiconductor 

thin film through the bilayer dielectric system and the transistor comes to its “ON” state. 
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These mobile charges create a large electric field at semiconductor-dielectric interface 

which shifted the HOMO and LUMO levels of the semiconductor upwards to match the 

HOMO to the Fermi level of the copper drain contact. Since VDS is already less than 0V at 

this condition, more number of positively charged holes will flow through the channel, 

thereby increasing the drain current. Moreover, because of the additional holes present in 

the channel due to the light illumination, this further enhances the drain current in 

presence of light compared to the similar situation in the dark condition. When gate 

voltage deceases from more negative value to less negative value (i.e., gate voltage swept 

from -10 V to 0 V) with the same condition i.e. VDS<0V and VGS<0V; (Figure. 5.4f) the 

concentration of mobile charges started to decrease immediately in the PMMA-

semiconductor thin film interface which further shifted the HOMO and LUMO levels of 

the semiconductor downwards to the Fermi level of the copper drain contact. As a result 

current started to decrease. Since PMMA is a non-polar polymer dielectric, trapping of 

charges at the semiconductor-dielectric interface becomes less which was also proved by 

hysteresis analysis (Figure. 5.5b). Similar phenomenon also takes place in case of 

Al2O3/PVA/PMMA tri-layer dielectric configuration. The non-polar PMMA dielectric 

layer was used here on the top of polar-PVA dielectric, to prevent direct contact of the 

polar -OH groups in PVA dielectric with the semiconductor thin film so that trapping of 

charges became less at the PMMA-ZnPc interface compared to PVA-ZnPc. PVA is a high-k 

dielectric polymer, containing polar -OH groups, that are randomly distributed when 

VGS= 0V. When the gate voltage is applied i.e., VDS<0V and VGS<0V, (Figure. 5.4k), these 

–OH groups present at the PVA layer start polarizing slowly and at the maximum VGS, 

almost all the groups are fully polarized. These polarized -OH groups generate an 

additional electric field at the PVA and PMMA dielectric interface which can further help 

to induce more mobile charges at the PMMA-semiconductor thin film interface. These 

induced mobile charges along with the photo generated charges increase the 

concentration of holes more at the channel. As a result drain current becomes more at this 

condition compared to bilayer dielectric configuration (Figure 5.4e). When gate voltage 

deceases from more negative value to less negative value as in the bilayer dielectric system 

under the same condition i.e., VDS<0V and VGS<0V; (Figure 5.4l) the same mechanism 

like Figure 5.4f is expected to take place. However, due to the slow polarization of the 

hydroxyl group at the PVA dielectric, the polarity of the electric field at the PVA-PMMA 

changes very slowly. As a result though VGS swept from -10 V to 0 V, at this stage, some 

positively polarized mobile charges remain at the PMMA-semiconductor thin film 

interface which opposes the sudden decay of the drain current, resulting in hysteresis of 

the transfer characteristics (Figure 5.5d). 
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Further in order to study the operational stability of both the fabricated bi-layer 

and tri-layer PS-OFETs, the time-dependent decay of IDS in dark and light conditions 

under a DC bias stress with VDS = -7 V and VGS = -8 V over 1200 sec. (Figure 5.5a and 

Figure 5.5b) were recorded. It was observed that the decay of drain current in 

Al2O3/PMMA device configuration was very slow compared to Al2O3/PVA/PMMA due to 

lesser trapping of charges at the dielectric-semiconductor interface. Additionally, in case 

of Al2O3/PVA/PMMA, anomalous bias-stress effect was observed due to the slow 

polarization of the hydroxyl group. Moreover, in both the dielectric configuration, though 

the charge trap density increases (Table 5.1) in presence of light illumination compared to 

dark, in the bias stress study lesser decay of IDS was obtained in presence of light 

compared to the dark condition due to the higher IDS value in presence of light at VGS = -8 

V and VDS = -7 V. This is because, after the illumination, the electron hole pairs are 

generated in the organic semiconductor. The excited electrons are transferred from 

HOMO to LUMO level. As a result, we observed enhancement in the drain current in 

presence of light illumination.   

 
To analyse the relaxation characteristics of both the fabricated devices, their rise 

and decay response were fitted by Equation (5.2) and Equation (5.3) (see Figure 5.6) to 

estimate the growth and decay processes of IDS. 

 

𝐼𝐿𝑖𝑔ℎ𝑡𝐺𝑟𝑜𝑤𝑡ℎ
= 𝐼𝐷𝑆𝐷𝑎𝑟𝑘

+ 𝐴. 𝑒𝑥𝑝 (
𝑡

𝜏1
) + 𝐵. 𝑒𝑥𝑝 (

𝑡

𝜏2
)   (5.2)  

𝐼𝐿𝑖𝑔ℎ𝑡𝐷𝑒𝑐𝑎𝑦
= 𝐼𝐷𝑆𝐷𝑎𝑟𝑘

+ 𝐴. 𝑒𝑥𝑝 (
−𝑡

𝜏1
) + 𝐵. 𝑒𝑥𝑝 (

−𝑡

𝜏2
)   (5.3)  

 
where, 𝐼𝐷𝑆𝐷𝑎𝑟𝑘

is the dark current, 𝐴 and 𝐵 are the scaling constants, 𝑡 is the time when the 

light was turned ON or OFF, and 𝜏1 and 𝜏2 are the time constants. The time constant τ1 

represents the carrier generation and recombination processes in the semiconductor thin 

film, and τ2 is related to the hole trapping and release processes at the interface. In these 

ZnPc based PS-OFETs, with Al2O3/PMMA bilayer dielectric system, the estimated time 

constants τ1 and τ2 are observed as 0.98 sec and 9.59 sec for decay and 0.43 sec for both τ1 

and τ2 of growth process respectively. For Al2O3/PVA/PMMA tri-layer dielectric system, 

the estimated τ1 and τ2 for decay process are observed as 0.87 sec and 5.95 sec and for 

growth both τ1 and τ2 are obtained as 0.43 sec. From all these experimental data, it is clear 

that the required time for carrier generation and recombination in the semiconductor thin 

film for both the dielectric system is almost similar whereas the time required for hole 

trapping and release processes at the interface is much lower for tri-layer dielectric 

system compared to Al2O3/PMMA.  
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Figure. 5.6 The light on-off effect of ZnPc based PS-OFET and the fitted curves of the decay and growth of 

the IDS under light on-off condition at VDS=-7V and VGS=-4 V for (a) Al2O3/PMMA  and (b) Al2O3/PVA/PMMA  

dielectric system respectively.  

 
Generally for an ideal optical sensor it is necessary that the device should be cost 

effective, stable and be operated under low operating voltage so that less electrical power 

is required during device operation. Most of the remarkable organic optical sensors, 

reported till date, are generally fabricated on Si/SiO2 or ITO based substrate which 

significantly enhances the overall device cost, and coupled with the higher power 

consumption. Table 5.2 provides a summary of recent data on high performance PS-

OFETs having different device architecture modification for getting efficient device 

performance. 

  
In this study, the significant influence of thin film growth structure and tri-layer 

polymer dielectric system on the highest photo response properties with ZnPc based PS-

OFETs, at various incident optical powers is reported. At 90°C, the PS-OFET with 

Al2O3/PVA/PMMA configuration showed best p-channel behaviour with enhanced and 

remarkable photo responsivity of R~9689.39 A.W-1 compared to Al2O3/PMMA bilayer 

dielectric system (R~ 2679.40 A.W-1) due to superior charge transport through the 
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channel by the polarization of dipoles inside the polar-PVA dielectric which increases the 

charge carrier mobility that is one order higher (µh~1.310-2 cm2.V-1.s-1) compared to 

bilayer dielectric configuration (µh~ 3.910-3 cm2.V-1.s-1).  

 
Table 5.2. Summary of recent literature data on high responsive PS-OFETs. 

References Organic Semi- 
conductor 

Device 
Structure 

Operating 
Voltage 

Responsivity, 
A.W-1/ (Light 

source, 
Intensity) 

Incident 
Power 

Density 
(W/m2) 

Method 

Present 
Work 

ZnPc/  
Thin Film 

BG/TC 
(Glass/Al2O3

/ 
PVA/PMMA) 

-10 V 9689.39/ 
(White light) 

0.0020 Vapor 

       

ACS Appl. 
Mater. 
Interfaces 
2016, 8, 
4894 

In2O3/D102(Dy
e)/ 
Thin Film 

BG/TC 
(Si/SiO2) 

-75 V 2000/ 
(500 nm) 

Not 
mentioned 

Solution 

Adv. Sci. 
2016, 3, 
1500435 

DNTT/PLA/ 
Thin Film 

BG/TC 
(Si/SiO2) 

-60 V Not 
mentioned/ 
(White light) 

0.2 Vapor 

Nano Lett. 
2015, 15, 
3787 

ZnO quantum 
dots/ Thin 
Film 

BG/TC 
(Si/SiO2) 

Not 
mentioned 

108/ 
(335 nm) 

1.38 x 10-6 Mono 
layer 
Deposition 

ACS Appl. 
Mater. 
Interfaces 
2016, 8, 
3744 

C5-BTBT:B-
upe 
blend(1:1)/Thi
n Film 

BG/TC 
(Si/SiO2) 

-60 V 9.7/ 
(365 nm) 

30 Solution 

Nature 
Communic
ations 
2015, 6, 
8238 

CH3NH3PbI3:C
H3NH3PbI3_xCl
x/Thin Film 

BG/TC 
(Si/SiO2) 

±30 V 320/ 
(400–750 nm) 

100 W/m2 vapour-
assisted 
solution 
process 

ACS Appl. 
Mater. 
Interfaces 
2015, 7, 
11083−110
88 

Hybrid 
graphene-
P3HT/Thin 
Film 

BG/BC 
(Si/SiO2) 

120 V 105/ (White) 9.7 CVD-Spin 
 coating 
technique 

Chem. 
Commun., 
2015, 51, 
12182 

Carbazole 
macromolecule
/ nanofibers 

BG/TC 
(OTS- 

Si/SiO2) 

-45 V 12/ 
(White light) 

45.6 Drop-cast 
method 

Adv. Funct. 
Mater. 
2010, 20, 
1019 

Me-ABT/ 
micro ribbon 

BG/TC 
(OTS- 

Si/SiO2) 

-80 V 12 000/ 
(Not 

mentioned) 

300 Drop-cast 
method 

ACS Nano 
2015, 9,  
5264 

DPPBTSPE/ 
Nano wire 

BG/TC 
(OTS- 

Si/SiO2) 

-60 V 1920/ 
(He-Ne laser) 

Not 
mentioned 

Drop-cast 
method 

ACS Nano 
2016, 10, 
3536 

2D 
CH3NH3PbI3/ 
Thin Film 

BG/TC 
(Si/SiO2) 

Not 
mentioned 

22/ (405nm 
laser) 12/(532 

nm laser) 

5 μW 
(Area not 

mentioned
) 

Drop-cast 
method 

J. Mater. 
Chem. C, 
2015,3, 
12083 

CZ-BO8/ Thin 
Film 

BG/TC 
(OTS- 

Si/SiO2) 

-100 V 665/ 
(Not 

mentioned) 

Not 
mentioned 

Spin 
Coating 
method 

TH-2077_136153003



Chapter 5  
 

92 
 

J. Phys. 
Chem. C 
2016, 120, 
23172 

P3HT/ 
Thin Film 

BG/TC 
(ITO/Azo-e 

PMMA/PVA) 

-80 V 0.0063/ 
(365 nm) 

100 Spin 
Coating 
method 

Adv. Funct. 
Mater. 
2016, 26, 
1445 

PQT-12:PEO 
blend/ 
Nanofibers 

BG/BC 
(PDMS/OTS

-Si/SiO2) 

-100 V 0.93/ 
(470 nm) 

60 Electro 
spinning 
Technique 

Adv. 
Mater. 
2016, 28, 
5200 

C8-
TBT/Graphene
/Thin Film 

BG/TC 
(Si/SiO2) 

-40 V 15700/ 
(355 nm) 

1 Epitaxial 
Growth 
Technique 

J. Mater. 
Chem. C, 
2015, 
3,1942 

P(DPP4T-co-
BDT)/ Thin 
Film 

BG/TC 
(OTS- 

Si/SiO2) 

-60 V 4000/ 
(White light) 

97 Spin 
Coating 
method 

Chem. 
Mater. 
2015, 27, 
2218 

PPhTQ/ Thin 
Film 

BG/BC 
(HMDS- 
Si/SiO2) 

-80 V 400/ 
(UV-visible-

infrared) 

Not 
mentioned 

 

Drop-
casting 
method 

Adv. 
Mater. 
2016, 
DOI:10.10
02/adma.2
01603969 

C8-BTBT / 
Thin Film 

BG/TC 
(Si/SiO2) 

35 V 107/ 
(660 nm) 

2 x 10-9 Off-center 
spin-
coating 
method 

J. Mater. 
Chem. C,  
2016, 4, 
5289 

Pentacene/ 
Thin Film 

BG/BC 
(SAM-

Si/SiO2) 

-100 V 400 / 
(365 nm) 

0.074 Vapor 

ACS Appl. 
Mater. 
Interfaces 
2016, 8, 
14665 

ZnON:PBDTT-
PP:PC71BM/ 
Thin Film 

BG/BC 
(Si/SiO2) 

-40 V 170/ 
(380−940 nm) 

0.001 DC  
sputtering 
and  Spin 
Coating 
method 

Macromole
cules 
2012, 45, 
1296 

PBDT−BBT/ 
Thin Film 

BG/TC 
(OTS- 

Si/SiO2) 

-80 V 3.2/ 
(White light) 

55.1 Drop-
casting 
method 

Small 
2016, 12, 
No. 23, 
3106 

HfS2/ 
Thin Film 

BG/BC 
(Si/SiO2) 

3 V 0.045/ 
(473 nm) 

650 scotch-tape 
technique 

ACS Appl. 
Mater. 
Interfaces 
2016, 8, 
7291 

Ru-complex 1-
modified 
BPEPTCDI/Thi
n Film 

BG/TC 
(OTS- 

Si/SiO2) 

100 V 3725/ 
(450 nm) 

0.015 Vapor 
deposition 
with drop-
cast 
method 

Adv. 
Mater. 
2014, 26, 
4683 

PDPPTzBT/ 
Thin Film 

BG/BC 
(OTS- 

Si/SiO2 with 
Ta2O3) 

150 V 1.0106/ 
(650 nm) 

0.075 Inkjet 
Printing 

J. Mater. 
Chem. C, 
2015, 3, 
10734 

PBIBDF-BT/ 
Thin Film 

BG/TC 
(OTS- 

Si/SiO2) 

-80 V 0.10843 for 
the p-type 

0.038 for the 
n-type (650 

nm) 

216.8 Spin 
Coating 
method 

J. Mater. 
Chem., 
2012, 22, 
21673 

P3HT and PbS 
QDs/ Thin 
Film 

BG/TC 
(HMDS- 
Si/SiO2) 

-100 V 20000/ 
(895 nm) 

5.85 x 10-5 Spin 
Coating 
method 

Adv. Funct. 
Mater. 
2013, 23, 
629 

BPE-PTCDI/ 
Nano wire 

BG/BC 
(OTS- 

Si/SiO2) 

100 V 1400/ 
(635 - 680 nm) 

140 Vapor 
Deposition 
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Adv. 
Mater. 
2007, 19, 
2624 

F16CuP/  
single- 
nanoribbons 

BG/TC 
(Si/SiO2) 

10 V Not mentioned 
(White light) 

60 Physical 
vapor 
transport 
process 

J. Mater. 
Chem., 
2012, 22, 
3192 

PTCDI-C8/ 
Single Crystal 

BG/TC 
(ITO/ CL-

PVP) 

50 V 7/ 
(White Light) 

75 Capillary 
tube 
method 

ACS Appl. 
Mater. 
Interfaces 
2010, 2,  
1614 

F16CuPc/Thin 
Film 

BG/TC 
(ITO/ 

P4PMS) 

40 V 0.0015/ 
(White light) 

56.6 Thermal 
vacuum 
deposition 
method 

J. Phys. 
Chem. C 
2009, 113, 
18870 

F16CuPc/Thin 
Film 

BG/TC 
(ITO/ 

P4PMS) 

40 V 0.0015/ 
(White light) 

56.6 Thermal 
vacuum 
deposition 
method 

J. Phys. 
Chem. C 
2008, 112, 
19690 

TA-PPE/Thin 
Film 

BG/TC 
(OTS- 

Si/SiO2) 

60 V 0.036/ 
(White light) 

57.6 Thermal 
vacuum 
deposition 
method 

Adv. 
Optical 
Mater. 
2016, 4, 
264 

Blend of  C8-
BTBT and 
polystyrene 

BG/TC 
(CLPVP-
Si/SiO2) 

-40 V 22000/ 
(Under UV- 
Radiation) 

0.14 Off-center 
spin-
coating 
method 

Adv. 
Optical 
Mater. 
2015, 3, 
1389 

Graphene 
covered 
perovskite/ 
Thin Film 

BG/TC 
(Si/SiO2) 

-60 V 6.0105/ 
(405 nm) 

1.052 nW 
(spot size: 
~500 nm) 

CVD and 
Spin 
coating 
technique 

Adv. 
Electron. 
Mater. 
2016, 2, 
1600264 

P3HT and 
PDPPTTT/ 
Thin Film 

TG/BC 
(Glass/PVA/

PMMA) 

±40 V Not mentioned 
clearly 

(450 to 795 
nm) 

 

Not 
mentioned 

 

Spin 
coating 
technique 

Adv. 
Electron. 
Mater.201
6, 
DOI:10.10
02/aelm.2
01600430 

BODIPY-BF2/ 
Thin Film 

BG/TC 
(Si/SiO2) 

40 V 11400/ 
(405 nm) 

5 W/m2 Spin 
coating 
technique 

Adv. 
Electron. 
Mater. 
2015, 1, 
1500119 

Blend of  
BTBT-C5 and  
L-upe/ Thin 
Film 

BG/TC 
(HMDS- 
Si/SiO2) 

-60 V 11.1/ 
(Under UV 
radiation) 

 

Not 
mentioned 

 

Spin 
coating 
technique 

 
The observed specific detectivity, D* and noise equivalent power, NEP [where, D* = RS1/2 

(2eIDS,Dark)-1/2 and NEP= (2eIDS,Dark)1/2R-1, e is value of electron charge] values of the bi-

layer dielectric system are 6.01  1013 Jones and 2.655  10-17 W.Hz-1/2 respectively 

whereas for trilayer dielectric system the observed D* and NEP values are 5.13  1014 

Jones and 1.043  10-17 W.Hz-1/2 respectively. Additionally, the operating voltage of each of 

the fabricated devices were observed to be very low (-7V) due to the influence of inorganic 

high-k Al2O3 dielectric layer. The electrical stability of each of the fabricated devices was 

also investigated by bias stress analysis under both the light and dark condition in 

vacuum. To the best of our knowledge, the photo responsivity, R, reported here in case of 
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Al2O3/PVA/PMMA tri-layer dielectric configuration, is the highest reported value among 

all the thin film based PS-OFETs with remarkably low operating voltage of -7 V. This 

study confirmed that the Al2O3/PVA/PMMA tri-layer dielectric configuration is a highly 

efficient, ITO and Si/SiO2 free system, which enhances the photo responsivity of PS-

OFETs to considerably high level not observed previously in any thin film based OFETs 

and is expected to have applications in futuristic low-cost and wearable optoelectronics 

devices.  

 
5.3 Conclusion 
 

In conclusion, “thin film based OFET” with highest photo sensitivity values of 

R~2679.40 A.W-1 have been successfully reported using ZnPc based PS-OFETs. This was 

achieved by carefully optimizing the multilayer polymer based dielectric systems and the 

impact of thin film growth structure of the active material to obtain superior photo 

response properties of ZnPc based PS-OFETs at various incident optical powers. It has 

been established that the thermally evaporated ZnPc films at 90 °C on PMMA thin-film 

coated glass substrates at different substrate temperatures exhibited polycrystalline 

nature as evident from AFM, FESEM, XRD and raman analysis. At 90 °C, the fabricated 

PS-OFET with Al2O3/PVA/PMMA tri-layer dielectric configuration showed p-channel 

behaviour with enhanced and remarkable photo responsivity of R~9689.39 A.W-1, 

whereas, the Al2O3/PMMA bilayer dielectric system showed photo responsivity of 

R~2679.40 A.W-1. This was because of the superior charge transport through the channel 

by the polarization of dipoles inside the polar-PVA dielectric. Overall this increased the 

charge carrier mobility by one order (h~1.310-2 cm2.V-1.s-1) compared to the bilayer 

dielectric configuration (h~3.910-3 cm2.V-1.s-1) with very low operating voltage (-7 V) due 

to the influence of inorganic high-k Al2O3 dielectric layer. The electrical stability of each of 

the fabricated devices was also investigated by bias stress analysis under both the light 

and dark condition in vacuum. To the best of our knowledge, the photo responsivity, R, 

reported here in case of Al2O3/PVA/PMMA tri-layer dielectric configuration, are the 

highest among all the thin film based PS-OFETs with remarkably low operating voltage -

10 V. This Al2O3/PVA/PMMA device on economical glass substrates were devoid of ITO 

and Si/SiO2, yet displayed very high photo responsivity in the fabricated PS-OFETs at 

very low operating voltage and are expected to open newer avenues in the field of 

electronic devices, energy efficient sensors and futuristic low-cost wearable 

optoelectronics devices. 
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6 

 
Effect of Hybrid Dielectric System for Ultralow Operated 

n-type Organic Field Effect Transistor  
 

  
Organic field effect transistors are one of the most attractive electronic components 

of organic electronics which are expected to be the best alternative of inorganic transistors 

in near future with its additional qualities like low-cost, easy fabrication, mechanical 

flexibility and biocompatibility under very low voltage of operation.1-4 However, to achieve 

these targets practically, especially for n-channel OFETs, more efforts are needed in 

reducing the operating voltage of the device and on its electrical stability so that it can be 

efficiently used as a stable, low-powered electronic components for the next generation of 

electronics market. Generally, most of the reported OFETs are found to be operated under 

large operating voltage range due to the high band gap of the organic semiconductors and 

low k-value of gate insulator, which restricted there use towards low cost portable 

electronic applications.5-7 Hence, an OFET, which will be applicable for real-life 

application, like radio frequency identification (RFID) tag, display, smart card, chemo- 

and bio-sensor, electro-optical switch, e-skin etc., should have low operational voltage 

with high electrical stability and longer lifetime. To overcome this major problem, high-k 

dielectric materials are one of the popular choices for the researcher to achieve excellent 

OFET performance under low voltage operational range.8-12 Along with the higher k-value, 

the surface morphology, thickness, roughness and crystallinity of dielectric materials also 

show strong influence on device performance.13-15 Generally in OFET, the semiconductor-

dielectric layer interface is responsible to regulate the charge conveyance and the high-k 
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dielectric material is responsible for the operational voltage of the devices.16-18 In this 

regard, highly doped silicon dioxide (SiO2) is traditionally used as dielectric material for 

OFET fabrication because of its stable dielectric strength. But due to the low k-value, the 

operating voltage of SiO2 based OFETs are observed to be higher which further increases 

the consumption of power. Additionally with this, the device having SiO2 as gate 

insulating layer, show poor stability under continuous electrical operation due to the 

trapping of charge carriers from the gate bias-induced conduction channel into localized 

electronic states, which is also known as the bias stress effect.19, 20 Similarly, there are 

several other high-k organic, inorganic and hybrid gate insulating materials that have 

been mentioned in literature to achieve efficient OFET performance. Among them PVA, 

PMMA, Polystyrene (PS), Polyvinyl phenol (PVP), Bis-benzocyclobutene (BCB) etc., are 

widely used organic dielectric materials for OFET fabrication.21-23 Though these materials 

have very good film forming probability, the capacitance value possesses by these are not 

high enough to accumulate large number of charge carriers at the semiconductor-

dielectric interface and therefore does not able to reduce the operating voltage below 3V. 

Furthermore, if the operating voltage is not reduces to 3V, it limited OFETs application 

especially in case of biosensor, display, smart card, etc. There are several other inorganic 

and hybrid dielectrics materials, like Ta2O5, Al2O3, TiO2, ZrO2, HfO2, Gd2O3, 

(HfO2)0.25(SiO2)0.75, Ta2O5+HMDS, HfO2/Si3N4 etc., have been used in OFETs to achieved 

low operating voltage.24-26 Though this material possesses very high dielectric strength, 

but due to the costly deposition techniques and high surface roughness their application 

is restricted for OFET fabrication. 

 
Herein, we reported a very simple, highly stable, cost effective and compatible to 

flexible substrate, inorganic-organic hybrid tri-layer dielectric system for the fabrication 

of ultra-low operating voltage n-channel organic field effect transistor. Two types of 

inorganic dielectric layers, namely Al2O3 (first dielectric layer) and TiO2 nanoparticles 

(NPs) (second dielectric layer) are use in this study. Al2O3 is deposited by low-cost anodic 

oxidation method whereas TiO2 NPs are synthesized by simple sol-gel technique and spin 

coated on the top of Al2O3. PMMA, an organic dielectric material, is chosen as the third 

dielectric layer which is also deposited by spin coating method. In this study, each of the 

dielectric layers has their own significance like Al2O3 is used to make a thin barrier layer 

in between TiO2 and Al gate contact. It is also used to block the gate leakage current up to 

5 μA. TiO2 sol-gel NPs layer is used to accumulate more number of charge carriers in the 

semiconductor-dielectric interface so that it can fill the trap energy level and can reduce 

the threshold voltage, VTh and operating voltage of the device. Further PMMA was used as 
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a buffer layer in between TiO2 and the active semiconducting layer so that it can modify 

the TiO2 surface and prevents the degradation of n-type semiconductor by protecting 

direct contact of it’s with the oxygen molecule of TiO2. Before the device fabrication, the 

synthesized TiO2 sol-gel NPs were systematically examined by various characterization 

techniques like UV-Vis spectroscopy, XRD, FESEM and TEM from which it was observed 

that the average particle size of TiO2 NPs is  15 nm and is highly polycrystalline in nature. 

To check the effect of this ordered, high-k dielectric material on the performance of PDI-

C8 and NDI-CY2 based n-channel OFETs, four different types of OFETs with different 

device architecture were designed where the thickness of Al2O3 and PMMA were kept 

constant for all the devices and only the thickness of TiO2 was modulated very carefully in 

nanoscale range by varying the r.p.m. value viz., 2000, 3000, 4000 and 5000 

respectively. It has been observed that at 4000 r.p.m. (100 nm of TiO2) the devices with 

top contact Ag electrodes exhibit excellent and highest n-channel behaviour with electron 

mobility values with high current on/off ratio 104 and ultra-low operating voltage of 2V. 

The electrical stability of the devices were also analysed by bias stress instability study 

during long term operation under vacuum condition. Moreover it was also observed that 

this tri-dielectric system showing similar suitable gate dielectric property in case of 

flexible and transparent substrate with same ultra-low operational voltage. This high 

performance OFET device having operating voltage 2V, with optimum TiO2 NPs 

dielectric contained hybrid tri-layer dielectric system is expected to have diverse 

applications in next generation of portable electronics. 

 
6.1 Experiments 
 
6.1.1 Materials 

 
For the synthesis of TiO2 sol-gel NPs, titanium (IV) isopropoxide (97% purity), 

glacial acetic acid and isopropanol were purchased from Sigma Aldrich and used without 

further purification. For OFET fabrication, PMMA (MW=550000 g/mol), silver (99.999% 

purity) and aluminium wire (99.999% purity) were purchased from Sigma Aldrich. Citric 

acid monohydrate (99.5% purity) was purchased from Alfa Aesar and used as weak 

electrolyte for Al2O3 deposition by anodization method. Anisole was purchased from Loba 

Chemie (99% purity) and used as received for making PMMA dielectric solution. 

Microscope glass slides (thickness 1-1.2mm) purchased from Jain Scientific Glass Works, 

India, was used as one of the device substrate without any surface modification. 
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Polyethylene terephthalate (PET) flexible substrate were also purchased from Sigma 

Aldrich, India. All the chemical and materials were used as received, unless otherwise 

mentioned. The n-type semiconductors namely, PDI-C8 was purchased from Sigma 

Aldrich and NDI-CY2 molecule was synthesized following the procedure reported in 

Chapter 3. 

 
6.1.2  Characterization Details 
  

The thin film of PDI-C8 and NDI-CY2 were deposited by thermal evaporation 

technique by Excel instrument. Laurell and Spin 150 spin coaters were used for the 

deposition of TiO2 sol-gel and PMMA dielectric thin films. After the deposition the 

thicknesses of all the films were measured by Veeco Dektak 150 surface profilometer. The 

UV-Visible absorption spectra of the synthesized TiO2 sol-gel and PDI-C8 were 

characterized by Jaz UV-Vis spectrophotometer. The TEM image of TiO2 dielectric 

nanoparticles was characterized by Tecnai G2 F20 S-twin JEOL 2100 transmission 

electron microscope. Agilent 5500-STM instrument was used for the AFM analysis. The 

thin film XRD pattern was recorded by a Rigaku TTRAX III with Cu Kα radiation. Finally, 

the electrical properties were characterized by Keithley 4200 semiconductor 

characterization system and 2400 source meter. 

 
6.2 Results and Discussion 
 
6.2.1 Synthesis and Growth Structure of TiO2 Sol-Gel  

 
Colloidal high-k TiO2 dielectric is synthesized by using simple Sol-Gel method. A 

solution of Titanium (IV) isopropoxide in isopropanol was added to a solution of water 

and glacial acetic acid which was placed in an ice bath prior to the addition for about 30 

min. After the addition, the mixture was constantly stirred and a cloudy white precipitate 

was observed. The precipitate was then placed in a water bath at 80°C with constant 

stirring to obtain a gel like entity which became milky on cooling down. This colloidal 

solution obtained was placed in a sealed glass flask and kept in a vacuum oven at 200°C 

for 12 hours and then cooled to the room temperature to obtain white colloidal TiO2 

solution.  
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Figure 6.1 (a) Thin film XRD spectra of TiO2 sol-gel NPs. Inset: thin film UV-Vis absorption spectra. (b) 

TEM image of TiO2. Inset: Synthesizes TiO2 sol-gel NPs. (c) HRTEM spectra of TiO2 NPs. Inset: SAED 

pattern. Showing d-spacing, d= 0.35 nm. (d) FESEM image of TiO2 over anodized Al2O3 dielectric layer. 

 
The solution obtained was stable for a month and could be used after stirring. The end 

product was a white solution of TiO2 with a bluish ting. The synthesized TiO2 sol-gel 

nanoparticle was characterized by various experimental techniques which are 

shown in Figure 6.1. The crystalline nature of TiO2 thin film was confirmed by 

using high power (18 kW) X-ray diffractometer. Figure 6.1(a) displays both the UV-

vis absorption spectra (λmax =306.13 nm) and XRD patterns of TiO2 thin film. It is 

evident that the sharp diffraction peaks observed in the regions from 2θ= 20° to 

80° support the formation of small size, polycrystalline, pure anatase phase of the 

TiO2 (JCPDS card no. 21-1272) nanoparticle. The crystalline size (D) of TiO2 NPs 

was calculated by using the well-known Debye-Scherer formula, for respective 

different diffraction peak positions. The highest particle size at 2θ= 25° is 

calculated as 16.4 nm which also has good agreement with the size observed in 

case of TEM analysis [15 nm, shown in Figure 6.1(b)]. To further investigate the 

crystalline nature, we investigate the HRTEM images and SAED patterns of TiO2 

sol gel which are shown in Figure 6.1(c). Closer observation of the HRTEM image 
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reveals that, the interplanar spacing is about 0.35 nm, which is exactly matching 

with the value calculated from the XRD peak at 2θ = 25°. The polycrystalline 

nature of TiO2 is also confirmed by SAED patterns as shown in the inset of Figure 

6.1(c). Figure 6.1(d) represent the FESEM image of TiO2 thin film deposited on 

anodized Al2O3 layer. As the film is very rough in nature and visible cracks are 

observed, this analysis revels that without any additional buffer layer modification, 

bare TiO2 thin film is not suitable for smoother active layer thin film deposition. 

 

6.2.2 Thin Film Growth Structure of Active Layer Materials 

 

 

Figure 6.2 (a) Thin film UV-Vis absorption spectra of PDI-C8 molecule (b) FESEM image of PDI-C8 

deposited at 90°C substrate temperature on PMMA dielectric layer. (c) Schematic of the fabricated OFETs 

device with PDI-C8 as active layer (d) Illustration of energy level diagram of PDI-C8 molecule with Ag 

electrode under zero bias condition. 

 
The thin film growth natures of both the active layer molecules were standardized 

systematically prior to the device fabrication. The morphology of NDI-CY2 was already 

discussed in detail in the chapter 3. Before the device fabrication, the PDI-C8 molecule is 

characterized by different characterization techniques which are presented in Figure 6.2. 
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From Figure 6.2 (a) it has been observed that when PDI-C8 is deposited upon 

TiO2/PMMA coated glass substrate, the thin film UV-Vis spectra of the molecule shows 

mainly three characteristics peak at 485 nm, 526 nm and 566 nm wavelengths range. 

These three peaks subsequently signify the (S0-S2), (S0-S1) and (S0-S0) transitions of 

PDI-C8 molecule.27 Figure 6.2(b) represents the FESEM image of PDI-C8 on TiO2/PMMA 

dielectric substrate. From this it was observed that at 90°C substrate temperature (Ts) the 

molecule form densely packed thin film with larger grains ( 0.5 μm in size) which is 

highly suitable for OFET fabrication. Figure 6.2(c) and 6.2(d) represent the schematic of 

tri-layer dielectric contained PDI-C8 based OFET device architecture and the illustration 

of energy level diagram of the molecule with Ag electrodes under equilibrium condition. 

 

 

Figure 6.3 Layer-by-layer AFM imagers of (a) anodized Al2O3 (b) Al2O3/TiO2 sol-gel (c) Al2O3/TiO2 sol-

gel/PMMA and (d) Al2O3/TiO2 sol-gel/PMMA/ PDI-C8 at 90°C substrate temperature deposited on glass 

substrate. 

 
The layer-by layer AFM images of the PDI-C8 based OFET are shown in Figure 6.3. It has 

been observed that the r.m.s. surface roughness of bare Al2O3 [3.04 nm, Figure 6.3(a)] 

and Al2O3/TiO2 [4.11 nm, Figure 6.3(b)] are quite high but after PMMA coating it 

reduces to 1.39 nm [Figure 6.3(c)]. Further, after the deposition of PDI-C8 it again 
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slightly increases to 2.34 nm due to the micro fibred film formation of PDI-C8 [Figure 

6.3(d)].  

 
6.2.3 Device Fabrication and Characterization 

 
The n-type OFETs were fabricated with bottom gate top contact configuration on 

tri-layer (Al2O3/TiO2/PMMA) dielectric systems. In this study, two types of substrates 

were used-(a) Microscope glass substrate and (b) PET substrate to check the 

compatibility of the inorganic-organic hybrid dielectric layers. All the substrates 

are initially cut into 1 cm × 2.5 cm dimension and then clean by the following 

methods, mentioned below- 

1) The glass substrates were cleaned by dipping in acidic piranha solution (3:1 

ratio of H2SO4: H2O2) for 1 hour. After that they are vigorously washed by 

de-ionized water for 8-10 times to remove the acidic layer on the substrate 

surface and then dried at 100°C on hot plate.  

2) The PET substrates are first clean with detergent for 2-3 times and then 

washed by de-ionized water for several times. Followed by this all the 

flexible substrates are dried separately by N2 air flash under room 

temperature.  

After cleaning the glass and PET substrates, >200 nm Al-gate was thermally deposited 

through the shadow mask. Nearly 13 nm of the upper surface of these thermally deposited 

Al films were then electrochemically oxidized to grow the first barrier type inorganic Al2O3 

dielectric layer followed by our previously reported anodic oxidation method.28 

Anodization is a very good, effective and solution based technique to grow metal oxide 

films with nanometer control. In addition, this process can yield a high-quality metal-

oxide insulator at room temperature with very low cost and less time. The function of this 

barrier type Al2O3 dielectric layer [σrms 3.04 nm, Figure 6.3(a)] is to reduce the gate 

leakage up to 5 A and to prevent the direct contact of the second inorganic dielectric 

layer to the gate electrode. 

 
The second inorganic dielectric layer, i.e., the sol-gel solution of TiO2 was then spin 

coated on the Al2O3 coated substrate with different r.p.m. (i.e., 2000, 3000, 4000 and 

5000) for 1 min and baked at 110°C on the hot plate. Note that before the spin coating, the 

sol was vigorously stirred overnight in a hot plate to get uniform thin film. As the 

roughness of these crystalline TiO2 films are observed very high [σrms4.11 nm, see Figure 

6.3(b)], to reduce it, a very thin, PMMA polymer dielectric layer, i.e., the third dielectric 
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layer, were coated [3% (w/v) in anisole at 3000 rpm] on the top of these TiO2 layers which 

further reduces the surface roughness of the TiO2 layers reduced very significantly (σrms 

1.39 nm) which were also confirmed in layer-by-layer AFM analysis (Figure 6.3). After 

the deposition of the inorganic-organic tri-layer dielectric layers, the PDI-C8 and 

NDI-CY2 small molecule (~70 nm) were deposited on the top of the dielectric 

layers by thermal evaporation technique under 10-6 mbar of pressure at 90°C and 60°C 

substrate temperatures respectively. Finally, 80 nm of the source-drain 

silver/aluminium contacts were deposited at RT above the semiconductor layer through 

the shadow mask in order to calculate the three terminal properties of the devices.  

 

Figure 6.4 Graphical presentation of (a) capacitance density at 100 kHz and variation of (b) VTh (c) SS and 

(d) trapped charge density with respect to TiO2 deposition speed (r.p.m) of PDI-C8 based Al2O3/TiO2/PMMA 

contained organic field effect transistors. 

 

From Figure 6.4 (a) it was observed that the overall capacitance density (Cox) of the tri-

layer dielectric layer increases systematically on increasing the r.p.m value. Though the 

VTh values also show systematic decrement with the decrease in TiO2 thickness [Figure 

6.4(b)], at 5000 r.p.m. it increased again. Similar anomalous behaviour was also observed 
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in the drain and transfer characteristics (Figure 6.5 and Figure 6.6). From Figure 6.5, it 

was observed that the drain current increases up to 3000 r.p.m. and reached maximum at 

4000 r.p.m and then started to decrease at 5000 rpm. This is because, at 2000 and 3000 

r.p.m., due to the high thickness of the second dielectric layer, less numbers of charges 

were able to accumulate at the channel. At 4000 r.p.m. the thickness of TiO2 and PMMA 

becomes almost equal ( 100 nm) and since TiO2 is a high-k dielectric material compared 

to PMMA, the dominancy of TiO2 becomes more in this case. As a result IDS increases. 

Further decreasing the thickness of TiO2 (50 nm at 5000 r.p.m.), the dominancy of 

PMMA becomes more since all the dielectrics are connected with each other with a series 

combination. As a result due to very less influence of TiO2, the OFETs in this case are 

exhibiting higher operating voltages and VTh values, which further decrease the charge 

carrier mobility. 

 

 

Figure 6.5 Drain Characteristics of PDI-C8 (a-d) and NDI-CY2 (e-h) based OFET with respect to different 

TiO2 deposition speed (r.p.m). 
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Figure 6.6 Transfer Characteristics of PDI-C8 (a-d) and NDI-CY2 (e-h) based OFET with respect to different 

TiO2 deposition speed (r.p.m). 

 
These results are also supported by Figure 6.4(c) and Figure 6.4(d). As the influence of 

TiO2 decreases the trap density increases in case of 5000 r.p.m. The detail OFETs 

performances of the fabricated devices on all different r.p.m. of TiO2 are summarized in 

Table 6.1. 

 
Table 6.1. Summary of the device performance of hybrid tri-layer dielectrics contained 

PDI-C8 and NDI-CY2 based ultra-low operating voltage n-channel organic field effect 

transistors. 

 

Substra

te 
Molecule r.p.m. 

Cox 

(nF/cm2) 

VTh 

(V) 

μ  

(cm2/V 

s) 

ION/IOFF 

Ratio 

Ntrap  

1010 

(eV-1 

cm-2 ) 

SS 

(V/ 

decade

) 

Glass 

PDI-C8 

2000 17.3 0.5 0.20 103   4.8 0.1 

3000 21.9 0.4 0.25 103   2.3 0.05 

4000 22.9 0.2 0.30 104   2.2 0.05 

5000 24.2 3.0 0.03 103   7.2 0.25 

NDI-CY2 

2000 17.3 0.2 0.02 103 1.7 0.05 

3000 21.9 0.7 0.07 103 2.3 0.05 

4000 22.9 0.7 0.10 104 2.2 0.05 

5000 24.2 0.8 0.01 102 2.4 0.05 

PET 
PDI-C8 4000 21.1 0.2 0.27 103  2.0 0.05 

NDI-CY2 4000 21.1 0.7 0.09       10
4
  2.1 0.05 
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Further in order to check the electrical stability of the devices under tri-layer dielectric 

system, the time-dependent decay of IDS under a DC bias stress with VDS= VGS= 2 for PDI-

C8 and VDS= VGS= 3 for NDI-CY2 over 1200 sec [Figure 6.7] are recorded. It was observed 

that the decay of drain current, IDS at 2000, 3000 and 4000 r.p.m. are very less (5-10%). 

But at 5000 r.p.m. decay of IDS is more (30%).  

 

 

Figure 6.7 Graphical representations of the time dependence of the normalized drain current IDS (t)/IDS (0) 

of (a) PDI-C8 and (b) NDI-CY2 with Al2O3/TiO2/PMMA tri-layer dielectrics system with respect to different 

TiO2 deposition speed.  

 

Figure 6.8 (a, c) Drain and (b, d) transfer characteristic of the fabricated OFET devices gated with 

Al2O3/TiO2/PMMA tri-layer dielectrics system on flexible PET substrate. 
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This is because of higher trapping of charges at the dielectric-semiconductor interface. 

Again in order to check the compatibility of this dielectric material in flexible substrate we 

fabricated the same devices on PET substrate followed by the procedure mentioned in the 

device fabrication method. It has been observed that this device configuration is also 

compatible with flexible substrate showing the same performance as observed in case of 

glass substrate [Figure 6.8]. From the overall performances of the device it can be 

strongly concluded that this device with the new dielectrics architecture is one of the best 

and stable device configuration for ultra-low operating voltage, n-type organic field effect 

transistor. 

 
Generally for real-life application, the main criteria of an OFET are that it should be 

cost effective, stable and must be operated under low operating voltage so that less 

electrical power is required during device operation. Most of the remarkable low-operated 

organic FETs, reported till date, have generally used very costly dielectric materials or 

very expensive techniques for the deposition of the dielectric layer. Further, in most of the 

cases p-type semiconductors are chosen for the demonstration since it is very challenging 

to get highly stable OFET device containing n-type material under low-voltage operation 

compared to p-types. In this regard, pentacene and CuPc based p-type OFETs based on 

amorphous film of strontium titanate (STO) perovskite material, show a much better gate 

dielectric property with operating voltage -6V on Si-substrate.29 Similarly, Pentacene 

based p-type OFET with hybrid bilayer dielectric system containing zirconium dioxide 

(high-k dielectric) and amorphous fluoropolymer, CYTOP (low-k dielectric) also showed 

very low operating voltage (-3V).30 Very low operational voltage (-4V) was also achieved 

for same pentacene-OFET by using two layers of cross-linked PVP dielectric.31 

Researchers also synthesized new cross-linkable random copolymers of PMMA (PAZ 12) 

and used them to fabricated low-voltage pentacene-OFET.32 Recently, cross-linked 

PMMA was further used for the fabrication of TIPS-TPDO-tetraCN-Based n-type OFET 

with operating voltage of 5V.33 

 
In this study, the significant influence of low-cost Al2O3/TiO2/PMMA tri-layer 

hybrid dielectric system for the ultra-low operation of electrically stable n-channel OFETs 

is demonstrated. Two types of inorganic dielectrics, namely Al2O3 and TiO2 are use in this 

study. Al2O3 is deposited by low-cost anodic oxidation method whereas TiO2 is 

synthesized by simple sol-gel technique and spin coated on the top of Al2O3 first dielectric 

layer. PMMA, an organic dielectric material, is chosen as the third dielectric layer which is 

also deposited by spin coating method. By keeping the thickness of Al2O3 and PMMA 
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constant, the thickness of TiO2 is varied and their effects on the performance of n-type 

small molecule based OFETs are systematically analysed. It has been observed that 100 

nm thickness of TiO2 layer is the optimum thickness and along with top contact Ag 

electrode the device exhibited the best n-channel behaviour with very low operating 

voltage of 2V. With this optimum condition, the device showed the highest electron 

mobility value (μe= 0.3 cm2.V-1.s-1 for PDI-C8 and μe= 0.1 cm2.V-1.s-1 for NDI-CY2), 

compared to other thickness of TiO2, with threshold voltages VTh= 0.2 V (PDI-C8), VTh= 

0.7 V (NDI-CY2) and current on/off ratio 104. The electric stability of all the devices were 

analysed by bias stress instability study by applying constant VGS=VDS=2V (PDI-C8) and 

VGS=VDS=3V (NDI-CY2) for half an hour under vacuum condition. Only ~10% decrements 

of IDS were observed in this stress experiment which denotes the high stability of the 

device. Furthermore, this low-cost dielectric architecture was found compatible with 

flexible PET substrate and shows ultra-low operating voltage. This high performance, 

electrically stable, n-channel OFET device having ultra-low operating voltage, with tri-

layer dielectric system is expected to have diverse applications in next generation of 

portable electronics.  

 
6.3 Conclusion 
 

In conclusion, the influence of cost effective inorganic-organic tri-layer hybrid 

dielectric system for the ultra-low operation of n-channel organic field effect transistors 

are demonstrated. Al2O3 and TiO2 were used as two inorganic dielectrics and PMMA was 

used as organic dielectric material. By keeping the thickness of Al2O3 and PMMA as 

constant, the thickness of synthesized sol-gel TiO2 was varied and their effects on the 

performance of n-channel PDI-C8 and NDI-CY2 based OFETs were systematically 

analysed. It has been observed that at 100 nm thickness of TiO2 the device showed its 

best n-channel behaviour with remarkable low operating voltage of 2V (PDI-C8) and 3V 

(NDI-CY2) due to the better capacitor coupling which results in maximum number of 

accumulating charge at the channel. The n-type based OFETs with top contact Ag/Al 

electrode at this optimum condition shows the highest electron mobility value (μe= 0.3 

cm2.V-1.s-1 for PDI-C8 and μe= 0.1 cm2.V-1.s-1 for NDI-CY2), compared to other thickness of 

TiO2, with threshold voltages VTh= 0.2 V (PDI-C8), VTh= 0.7 V (NDI-CY2) and current 

on/off ratio 104. The electrical stability of the devices are analysed by applying constant 

VGS=VDS=2V (PDI-C8) and VGS=VDS=3V (NDI-CY2) for half an hour under vacuum 

condition which shows only ~10% decrements of IDS. These tri-layer dielectrics are also 
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found compatible with flexible PET substrate and show almost same device performance 

like in glass substrate with ultra-low operating voltage. This ultra-low operating voltage n-

channel OFET device with Al2O3/TiO2/PMMA tri-layer dielectric system is expected to 

have diverse applications in the future for portable organic electronics application. 
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7 

 
Rapid Detection of Gram Positive and Gram Negative 

Bacteria using n-Type Organic Field Effect Transistor  
 

  
Organic Field Effect Transistors have received great deal of attention since the past 

few decades because of their potential use in various chemical and biological sensing 

applications.1-4 A transistor-based biosensor normally has high demand because of its 

high sensitivity since the single device can sense the analyte as well as can amplify its 

response.5-7 In addition, organic materials are more compatible with biological elements, 

which is very essential for an effective sensor device. Compared to other inorganic 

biosensor, the low cost, flexible and easy to fabricate OFET seems to be one of the ideal 

disposable sensing devices which can deliver accurate results in the new generation of 

flexible electronics. 8-11 Among the biosensors, bacteria sensor is one of the most 

challenging since bacterial contamination is a major health hazard especially in the 

context of food safety, environmental monitoring, and pharmaceutical industry. It 

assumes even greater significance in case of pathogens as the presence of even a single 

cell may lead to serious health risk. Thus, rapid quantification of bacteria is imperative for 

clinical diagnosis, food safety, therapeutic strategies, and for reducing potential 

infections.12-14 But the sensing of bacteria or other living cells are generally detected by 

organic electro-chemical transistors (OECTs) in literature since it can be easily fabricated 

and mainly operated under low operating voltage. On the other hand the main 

disadvantage of OECT is slower response time compared to OFETs and it cannot be easily 

handled since it contains electrolytic solution.15 This study successfully overcomes the 
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disadvantages of OFET over OECT, by reducing the operating voltage toward very low 

(~2V) with the help of hybrid tri-layer dielectrics system.  

 
Here, two different inorganic dielectrics namely Al2O3 and TiO2 and one polymer 

dielectric, namely, PMMA were used to form hybrid tri-layer dielectric system. Each of 

the individual dielectric layer of this system has significant contribution for reducing the 

operational voltage of PDI-C8 based n-type OFET used for bacteria detection. The first 

low-k inorganic dielectric layer (Al2O3) was used to prevent the gate leakage up to 5 A 

whereas the second high-k inorganic dielectric TiO2 was synthesized by low cost sol-gel 

method and used to reduce the operating voltage of the OFET and simultaneously help to 

improve the sensitivity of the device by improving its mobility by the induction of more 

charges in the active channel through the entire dielectric layer. Since mobility depends 

upon the active layer surface morphology, smoothness of the second dielectric surface was 

vital, together with a biocompatible, low-k PMMA dielectric that was used as a third 

dielectric layer, before the active layer deposition. This dielectric material was also chosen 

in such a way in combination of these three dielectrics, that the second dielectric TiO2 

becomes more dominant layer compared to the other two. The structure of this n-type 

OFET was standardized step-by-step prior to the bacteria detection as mentioned in 

Chapter 6. The average electron mobility (μe) and threshold voltage (VTh) of the PDI-C8 

based OFET was observed to be 0.3 cm2V-1s-1 and 0.2 V respectively without bacteria. The 

electrical stability of the bare device was also investigated at VGS=VDS=2V under vacuum, 

from which it was found that the device showed high electrical stability with a decay of IDS 

10% after 30 min. Further it was observed that this low cost, solution processable, 

dielectric system is compatible with any desired substrate like glass, PET/OHP plastic 

sheet etc. For sensing bacteria, it has been found that due to the interaction between the 

surface charges of bacteria cell wall and the charge carriers in the channel, the device is 

successfully able to detect and distinguish the gram positive and gram negative bacteria. 

In presence of gram positive bacteria the average μe increases with reduced VTh whereas in 

the presence of gram negative bacteria the average μe decreases with increased VTh. This 

study is the first report of OFET based bacteria sensor having detection limit 103 cfu/mL 

for both the types of bacteria, with remarkably ultra-low operating voltage of 2 V, on low-

cost glass substrates without indium tin oxide or/and Si/SiO2. 
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7.1 Experiments 
 
7.1.1 Materials 

 
Titanium (IV) isopropoxide (97% purity), glacial acetic acid, isopropanol and 

polyethylene terephthalate (PET) were purchased from Sigma Aldrich and used without 

further purification for the preparation of TiO2 sol-gel. For device fabrication, N, N′-

dioctyl-3, 4, 9, 10-perylenedicarboximide (PDI-C8), PMMA (MW=550000 g/mol), silver 

(99.999% purity) and auminium wire (99.999% purity) were also purchased from Sigma 

Aldrich and used as received, unless otherwise mentioned. Citric acid monohydrate 

(99.5% purity), purchased from Alfa Aesar was used as weak electrolyte in Al anodization 

method. Anisole (99% purity) was purchased from Loba Chemie. Glass microscopic slides 

(thickness 1-1.2mm) were used as one of the device substrate without any surface 

modification, purchased from Jain Scientific Glass Works, India. 

 
7.1.2  Characterization Details 
  

The semiconducting active layer of PDI-C8 was deposited by thermal evaporation 

method using Excel instrument. TiO2 sol-gel and PMMA dielectric thin films were 

deposited by spin coating method using Laurell and Spin 150 spin coaters. Veeco Dektak 

150 surface profilometer were used to measure the thicknesses of all the after the 

deposition. For characterizing the synthesized TiO2 sol-gel, Jaz UV-Vis 

spectrophotometer, Tecnai G2 F20 S-twin JEOL 2100 transmission electron microscope 

and Agilent 5500-STM instrument were used for recording UV-Visible absorption 

spectra, TEM image and AFM analysis respectively. The thin film XRD pattern of TiO2 

was recorded by a Rigaku TTRAX III with Cu Kα radiation. Keithley 2400 source meter 

was for anodic oxidation of Al. Finally, all the electrical properties and sensing study were 

done by using Keithley 4200 semiconductor characterization system.  

 
7.1.3 Device Fabrication Method 
  

The bacteria sensing PDI-C8 based ultra-low operated OFETs were fabricated with 

bottom gate top contact configuration with hybrid tri-layer (Al2O3/TiO2/PMMA) dielectric 

systems [Figure 7.1]. For fabricating the devices, at the very beginning microscope glass 

substrates were cut into 1 cm × 2.5 cm dimension and then cleaned by dipping in 

acidic piranha solution (1:3 ratio of H2O2:H2SO4) for 1 h. After 1 h all the substrates 
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were vigorously washed by de-ionized water 8-10 times to remove the acidic layer 

and dried at 100°C on hot plate. After cleaning, >200 nm Al-gate was thermally 

deposited through the shadow mask. Nearly 13 nm of the upper surface of these thermally 

deposited Al films were then electrochemically oxidized to grow the first barrier type 

inorganic Al2O3 dielectric layer followed by our previously mentioned anodic oxidation 

method.16-18  

 

 

Figure 7.1 Schematic representation of the ultra-low operated n-type OFETs (a) Bare Device and (b) Device 

with bacteria at the channel. 

 
The function of this barrier type Al2O3 dielectric layer is to reduce the gate leakage up to 5 

A  and to prevent the direct contact of the second inorganic high-k TiO2 dielectric layer 

to the gate electrode. Next the second inorganic dielectric, colloidal solution of high-k 

TiO2 was synthesised one night before to the device fabrication by using simple sol-gel 

method as mentioned in Chapter 6. The solution was then spun on Al2O3 coated glass 

substrate at 4000 r.p.m. for 1 min and then baked at 110°C on the hot plate. To reduce 

roughness of the TiO2 sol-gel layer, a very thin, PMMA polymer dielectric layer, i.e., the 

third dielectric layer, was coated [3% (w/v) in anisole, 3000 r.p.m.]. Due to this polymer 

dielectric layer the roughness of the top surface of TiO2 layers reduced very significantly. 

Following this, a 70 nm (±10 nm) of PDI-C8 were deposited on the top of the hybrid 

tri-layer dielectric layers by thermal evaporation technique at 90°C substrate 

temperature with a base pressure of 10−6 mbar. Finally, 80 nm of the source-drain 

silver contacts were deposited at RT above the semiconductor layer through the shadow 

mask in order to calculate the three terminal properties of the devices. After these steps 

all the bare device properties of the OFET device was recorded and analysed which are 

systematically explained in the “Results and Discussion” section.  
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7.1.4 Bacterial Culture 
  

In this study for bacteria sensing two different types of gram positive bacteria, 

namely, enterococcus faecalis (439+) and bacillus cereus (1305+) and gram negative 

bacteria, namely, escherichia coli (DH5-) and pseudomonas aeruginosa (2488-) were 

taken. The gram positive bacteria were grown in BHI (brain heart infusion) media at 37°C 

at 180 r.p.m. for 12 h. The gram negative pseudomonas aeruginosa (2488-) was grown in 

NB (nutrient broth) medium whereas the escherichia coli (DH5-) cells were grown in LB 

(Luria-Bertani) medium under same conditions. Following this the bacteria were serially 

diluted (10-1, 10-2, 10-3 and 10-4) and 100 μL of each sample was spread on agar plates and 

incubated at 37 °C overnight to obtain colonies.  

 
7.1.5 Bacterial Cell Wall Lysis 
  

For removing the bacterial cell wall, 1 mg/mL solution of chicken egg white 

lysozyme was prepared and out of this solution 50 μg/mL working solution was made. A 

50 μL of this was added to 1 mL of each of both gram positive and gram negative bacteria 

culture and incubated for 30 min at 37 °C. Then the suspension was centrifuged at 10000 

r.p.m. for 1 min and supernatant was removed. The pellet was then re-dispersed for 

further measurements.  

 
7.2 Results and Discussion 
 
7.2.1 Operation Mechanism 

 
Figure 7.2a-c and Figure 7.2d-i represent the operation mechanism of PDI-C8 based 

ultra-low operated n-type OFETs by the simplified energy band diagram in absence and 

presence of bacteria in the channel of the device respectively. VDS and VGS represent the 

voltage applied between source-to-drain and gate-to-source respectively. Since the 

fabricated OFETs have top contact bottom gate architecture, the flow of current from 

source-to-drain through the PDI-C8 active layer is directly dependent on the applied 

voltage between gate-to-source VGS, for a constant value of VDS. As the PDI-C8 active layer 

and the Al-gate contact are capacitive coupled with each other with the help of hybrid tri-

layer dielectric system, the externally injected charges in the active layer thin film are 
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generally mobile charges which moves with respect to the particular value of VDS. Figure 

7. 2a-c represent the operation mechanism of bare PDI-C8 based OFET device in which  

 

Figure 7.2 Schematic representation of the operation mechanism involved in ultra-low operated PDI-C8 

based n-type OFETs. (a–c) represent the bare device operational mechanism whereas (d-f) and (g-i) 

represents the operational mechanism of the same device in presence of Gram positive and Gram negative 

bacteria in the channel respectively. 

 

Figure 7.2a represents the equilibrium condition of the device when VDS= VGS= 0V. At 

this condition, the device is in its “OFF” condition since at this stage no current is flowing 

from source-to-drain. In Figure 7.2b, i.e., when VDS 0V and VGS= 0V, negatively charged 

electrons which are initially present in PDI-C8 active layer, started to move towards 

positively biased drain electrode. Since VGS= 0V, at this stage no channel is able to formed 
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due to the absence of mobile charges, as a result the source-to-drain current becomes 

negligible. When the gate-to-source voltage is applied along with the applied source-to-

drain voltage, i.e. VDS 0V and VGS 0V as shown in Figure 7.2c, the channel is formed in 

the PDI-C8 active layer due to the induction of mobile charges with the help of the hybrid 

tri-layer dielectric system and the transistor becomes in its “ON” state. These induced 

mobile charges generate an enormous electric field at semiconductor-dielectric interface 

which shifted the HOMO and LUMO levels of PDI-C8 downwards to match the LUMO to 

the Fermi level of Ag drain contact. Since VDS is already greater than 0V at this stage, 

more number of electrons will flow through the channel, as a result of which drain current 

increases. In presence of gram positive bacteria, the negatively charged wall teichoic acid 

creates an additional channel on the top of the semiconducting active layer [Figure 7.2d-

f]. As a result, higher drain current is obtained even in absence of the external gate bias 

compared to the bare device [Figure 7.2e]. With the same condition, in presence of gate 

bias [Figure 7.2f], the drain current further increases due to the collective effect of both 

the channels created by the negatively charged gram positive bacteria and the external 

gate bias, which is much higher compared to the similar situation in absence of gram 

positive bacteria [Figure 7.2f and Figure 7.2c].   

  
Further, in case of gram negative bacteria, though the surface of the bacteria is also 

negatively charged like the gram positive one, decrement in drain current was observed in 

the output of the n-type OFETs [Figure 7. 2g-i]. This may be due to the difference in the 

outer cell wall of both the bacteria. As it is already known that, the outer cell wall of gram 

negative bacteria contained several biological entities like lipid, proteins, 

lipopolysaccharides etc. compared to the gram positive bacteria which mainly contained 

the teichoic acid. Therefore, the outer layer of the cell wall of gram positive bacteria are 

much well-arranged compared to the gram negative one. Hence, when gram negative 

bacteria are present in the channel of n-type OFETs, instead of increasing the output 

current, it decreases the drain current by creating some obstacles in the channel which 

further forms some resistive path to the flow of electrons from source-to-drain, as a result 

of which drain current decreases at this stage compared to the bare device [Figure 7.2i 

and Figure 7.2c].  

 
7.2.2 Device Characterizations 

 
Before bacteria sensing, the bare device properties of hybrid tri-layer dielectric 

contained PDI-C8 based OFET was analysed systematically. It has been observed that at 
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4000 r.p.m. the devices with top contact Ag electrodes exhibit excellent n-channel 

behaviour electron mobility, μe= 0.3 cm2.V-1.s-1, threshold voltages Vth= 0.2 V and current 

on/off ratio 104 with an operating voltage of only 2V, which is due to the better capacitor 

coupling among the tri-layer dielectric materials at the optimum thickness of TiO2 which 

further helps to accumulate maximum number of charge at the channel at very low gate 

bias. The electrical stability of the bare device was also investigated at VGS=VDS=2V under 

vacuum, from which it was found that the device shows high electrical stability with a 

decay of IDS 10% after 30 min. From the overall performances of the device it can be 

strongly concluded that this ultra-low operated, highly stable n-type OFET can be easily 

used for bio sensing application. 

 
After completing the systematic analysis of the bare device, for the immobilization 

of the gram positive and gram negative bacteria in the channel, both the analyte were 

taken in de-ionized water media and 1 µL of each of the solution was drop cast on the 

effective channel and vacuum dried under dark to evaporate the water. For the 

confirmation of the presence of bacteria on the channel, FESEM image was taken after 

the immobilization [Figure 7.3]. The devices were again characterized by Keithley 4200-

SCS semiconductor parameter analyser under dark and vacuum condition in presence of 

the bacteria.  

 

 
Figure 7.3 FESEM images of the Bacteria layers (with 10-3 dilution) on 40 μm channels of n-type OFETs.   
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Figure 7.4 Drain Characteristics of the fabricated n-type OFET based Bacteria sensors. 

 

Figure 7.4 described the drain characteristics of the fabricated devices. The black line 

signifies the characteristics of the bare device, whereas the coloured line signifies the 

device properties in presence of bacteria. From Figure 7.4a and Figure 7.4b it was 

observed that drain current of the OFETs increased in the presence of gram positive 

bacteria possibly due to the presence of negatively charged teichoic acid in bacterial cell 

wall, which may further create an additional channel along with the original channel of 

the OFETs and helps to increase the flow rate of charge carrier in the channel. As a result, 

drain current increases. Further, though the gram negative bacteria are also negatively 

charged, we observed completely opposite behaviour from Figure 7.4c and Figure 7.4d. 

The may be due to unsymmetrical cell wall structure of gram negative bacteria compared 

to gram positive, which is expected to create more resistive path along the channel as a 

result of which drain current decreases. Figure 7.5 described the transfer characteristics of 

the fabricated devices. Similar to Figure 7.4, in the Figure 7.5  also the black line signifies 

the characteristics of the device without the bacteria whereas the coloured line signifies 

the device properties in the presence of bacteria.  
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Figure 7.5 Transfer Characteristics of the fabricated n-type OFET based Bacteria sensors. 

 

     

 

Figure 7.6 Transfer Characteristics of the fabricated n-type OFET based Bacteria sensors with and without 

bacteria cell wall. 
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Figure 7.7 (a) Threshold voltage shift of the fabricated n-type OFET based Bacteria sensors with different 

concentration of bacteria solution. (b) Graphical representation of standard deviations of mobility and 

threshold voltage of all the fabricated devices. 

 

Figure 7.4 and Figure 7.5 actually supported the assumptions which already explain in 

Figure 7.3. Due to the symmetrical structure of the gram positive bacteria and the 

presence of negatively charged teichoic acid in the cell wall, the overall charge density 

increases at the channel of the OFETs. As a result The VTh values of Figure 7.5a and Figure 

7.5b shifted towards more negative, whereas due to the decrement of charge density at the 

channel in presence of gram negative bacteria, the VTh values of Figure 7.5c and Figure 

7.5d shifted towards more positive. 

 
To prove this assumption, the cell walls of both bacteria were removed according to 

the method described in the experimental section and then immobilised in the channel 

following the same method as mentioned above. It has been found that without the cell 

wall the device showed no output properties [Figure 7.6]. This experiment strongly 

reveals that the deflections in the OFETs properties in presence of bacteria were obtained 

only due to the interaction of the cell wall of the bacteria. Further to determine the 

sensitivity of the device, 1 µL of bacteria solution with different concentrations (viz., serial 

dilutions of 10-1, 10-2, 10-3 and 10-4) were immobilised in the channel. It has been found 

that the device is able to detect both the types of the bacteria up to 103 cfu/mL [Figure 

7.7a]. Fig. 7b graphically represents the standard deviation curve of the mobility and 

threshold voltage of all the fabricated devices (25 devices). Table 7.1 describes all the 

results obtained in the whole process which also implies that the limit of detection 

through this method is quite compatible compared to some other available costly 

techniques.   
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Table 7.1 Device parameters of OFETs based bacteria sensor. 

Molecule 
With/without 

Bacteria 

Theoretic

al 

Capacita

nce per 

unit area 

(nF/cm
2

) 

Experim

ental 

Capacita

nce per 

unit area 

(nF/cm
2

) 

Vth 

(V) 

μ 

(cm
2

/Vs) 

I
ON

/I
OFF

 

Ratio 

Limit of 

Detectio

n 

(LOD) 

cfu.mL
-1

 

PDI-C8 

 

Bare 23.09 22.93 0.20 

( 0.03) 

0.30 

( 0.02) 

10
4
 ---- 

With 

gram 

positive 

bacteria 

439 23.09 22.93 -0.50 

( 0.04) 

0.50 

( 0.03) 

10
5
 2.3  10

3
 

1305 23.09 22.93 -0.47 

( 0.03) 

0.52 

( 0.04) 

10
5
 2.7  10

3
 

With 

gram 

negative 

bacteria 

2488 23.09 22.93 0.49 

( 0.02) 

0.21 

( 0.03) 

10
3
 2.4  10

3
 

DH5

 
23.09 22.93 0.52 

( 0.03) 

0.22 

( 0.02) 

10
3
 2.8  10

3
 

 

There are various types of biosensors like optical, mechanical, electrochemical, 

potentiometric, amperometric and impedimetric which are widely mentioned in literature 

for bacterial detection. In this regard, escherichia coli was detected using surface-

enhanced Raman scattering in buffer medium with LOD 103 cfu/mL.19-32 Further, the 

same escherichia coli bacteria was detected mechanically using quartz crystal 

microbalance in buffer medium with LOD 106 cells/mL.23 Again by using potentiometric 

stripping analysis with the help of Glassy carbon electrode, sulfate-reducing bacteria was 

detected with a LOD 107 cfu/mL. Using impedimetric biosensor26 escherichia coli was 

detected using biotinyl antibody bio receptor with LOD 108 cfu/mL.30 Table 7.2 provides 

a summary of some of these methods which were successfully able to detect different 

types of bacteria. But these methods are either time-consuming, expensive or require 

specialist equipment and proficient operators. In this study, we have reported ultra-low 

operated OFET based biosensor which is one of the simple, facile and low-cost biosensor 

which is successfully used for the label-free detection of gram positive and gram negative 

bacteria.  
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Table 7.2 Summary of recent literature data on OFETs based bacteria sensor. 

Method Target analyte(s) 
Transducer 

Signal 
Sensor 

assembly 
Bioreceptor(s

) 
LOD Analyte(s) 

Ref. 
 

Optical 
Biosensor 

Salmonella 

enterica, Listeria 

monocytogenes, 

Escherichia coli 

O157:H7 

Fluorescence 

Antibodies 
linked via 

biotin/avidin 
to optical 

fibers 

Polyclonal 
antibody for 

capture, 
fluorescent 
monoclonal 
antibody or 

aptamer 
against  
surface 

protein InlA 
as reporter 

103 

cfu/ml 

Artificially 
contamin
ated meat 
samples 

19, 20 

Escherichia coli 
Surface 

plasmon 
resonance 

Bacteriophage 
covalently 

bound to SiO2 
optical fibers 

T4 
bacteriophage 

103 

cfu/ml 
Bacteria 
in buffer 

21 

Shewanella 
oneidensis 

 
Surface-

enhanced 
Raman 

scattering 
 

Silver 
nanoparticles 
sandwiched 
by analyte 
binding on 

optical fiber 
tip 

NA 
106 

cells/ml 
Bacteria 
in buffer 

22 

 

Method Target analyte(s) 
Transducer 

Signal 
Sensor 

assembly 
Bioreceptor(s

) 
LOD Analyte(s) 

Ref. 
 

Mechanic
al 

biosensor
s 

E. coli O157:H7 
Quartz crystal 
microbalance 

Antibody for 
capture and 

antibodyfunct
ionalized 

nanoparticles 
for signal 

enhancement 

Anti-E. coli 
antibody 

106 
cells/ml 

Bacteria 
in buffer 

23 

Bacillus anthracis 
Quartz crystal 
microbalance 

Protein 
A/antibody-

functionalized 
SAM on gold 

Anti-B. 
anthracis 
antibody 

1103 
cfu or 

spores/
ml 

Vegetative 
cells and 

spores 
24 

Vibrio cholerae 
O1 

Microcantilever 

Microcantilever
/ Dynamic 

Force 
Microscopy 

Antibody-
functionalized 
SAM on gold 

Anti-V. 
cholera 

antibody 
(monoclonal) 

1103 
cfu/ml 

Bacteria 
in buffer 

25 

 

Method Bacterium Transducer Technique Bioreceptor LOD 
Comment

s 
Ref. 

 

Potentiom
etric 

Biosensor 

Sulfate-reducing 
bacteria  

Glassy carbon 
electrode 

Potentiometri
c stripping 

analysis 
None 

2.3  10 

to 2.3  
107 

cfu/ml 

Need 
bacterial 
processin

g 

26 

Staphylococcus 
aureus 

Single-walled 
carbon 

nanotubes 

electron 
motive force 

Aptamer 
8102 
cfu/ml 

Bacterium
-spiked 
pig skin 

27 

 

Method Bacterium Transducer Technique Bioreceptor LOD 
Comment

s 
Ref. 

 

Amperom
etric 

Biosensor 

E. coli 
Photolithograp

hic gold 

Immunomagn
etic/amperom

etric in flow 
cells 

Antibody 

55 
cells/ml 
in PBS, 

100 
cells/ml 
in milk 

No 
contact of 
biocompo
nent with 

sensor 

28 

Heat-killed E. coli 
Saturated 
calomel 

electrode 

Amperometri
c detection of 

secondary 
antibody with 

glucose 
oxidase 

Biotinyl 
antibody 

3 101 to 

3.2 106 
cfu/ml, 
down to 

15 
cfu/ml 

Labeling 
needed 

but tested 
in 

synthetic 
stool 

29 

 
Method Bacterium Transducer Chemistry Bioreceptor LOD Ref. 
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Impedime
tric 

electroche
mical 

biosensor
s 

E. coli 
7% gold-

tungsten plate 
wire 

Polyethylenea
mine-

streptavidin 

Biotinyl 
antibody 

103–108 
cfu/ml 

30 

E. coli 
Screen-printed 

carbon 
microarrays 

ethyl(dimethy
laminopropyl) 
carbodiimide/ 

N-
hydroxysucci

nimide 

Bacteriophage 

104 
cfu/ml 

for 50μl 
samples 

31 

Sulfate-reducing 
bacteria 

ITO 

Chitosan-
reduced 

grapheme 
sheet 

Bioimprint of 
bacteria 

1.0  104 
to 1.0  

108 
cfu/ml 

32 

 

A combination of inorganic-organic hybrid tri-layer dielectric system was introduced in 

the study to reduce the operating voltage of the device 2V. To achieve this, two different 

inorganic dielectrics namely Al2O3 and TiO2 and one polymer dielectric, namely, 

PMMAwere used to form hybrid tri-layer dielectric system. Each of the individual 

dielectric layer of this system has significant contribution for reducing the operational 

voltage of PDI-C8 based n-type OFET used for bacteria detection. The structure of this n-

type OFET was standardized step-by-step prior to the bacteria detection. The average 

electron mobility (μe) and threshold voltage (VTh) of the PDI-C8 based OFET was 

observed to be 0.3 cm2V-1s-1 and 0.2 V respectively without bacteria. The electrical 

stability of the bare device was also investigated at VGS=VDS=2V under vacuum, from 

which it was found that the device is showing high electrical stability with a decay of IDS 

10% after 30 min. For sensing bacteria, it has been found that due to the interaction 

between the surface charges of bacteria cell wall and the charge carriers in the channel, 

the device could successfully detect and distinguish the gram positive and gram negative 

bacteria. In presence of gram positive bacteria the average μe increases from 0.3 cm2V-1s-1 

to 0.5 cm2V-1s-1 with reduced VTh (0.2 V to -0.5 V) whereas in the presence of gram 

negative bacteria the average μe decreases from 0.3 cm2V-1s-1 to 0.2 cm2V-1s-1 with 

increased VTh from 0.2 V to 0.5 V. This study is the first report of OFET based bacteria 

sensor having detection limit 103 cfu/mL for both the types of bacteria, with remarkably 

ultra-low operating voltage of 2 V, on low-cost glass substrates without using ITO or/and 

Si/SiO2. 

 
7.3 Conclusion 
 

In conclusion, a simple, facile and low-cost ultra-low operated n-type OFET based 

biosensor which successfully detects gram positive and gram negative bacteria has been 

demonstrated. A combination of two different inorganic dielectrics namely Al2O3 and TiO2 

and one polymer dielectric, namely, PMMA were used to form hybrid tri-layer dielectric 
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system, the function of which was to reduce the operating voltage of the fabricated OFET 

device 2V. Each of the individual dielectric layers of this system has significant effect on 

reducing the operational voltage of n-type PDI-C8 based OFET for bacteria detection. A 

step-by-step structural standardization of the device was performed prior to the sensing 

application. The average electron mobility (μe) and threshold voltage (VTh) of the bare 

PDI-C8-OFET was observed to be 0.3 cm2V-1s-1 and 0.2 V respectively. The electrical 

stability of the bare device was also investigated by bias stress analysis at VGS=VDS=2V 

under vacuum. For bacterial sensing, initially the bacteria was grown and diluted by 

following standard protocol and then immobilized on the channel of the OFETs followed 

by vacuum drying under dark conditions. It has been observed that due to the interaction 

between the surface charge of bacteria cell wall and the charge carriers in the channel, the 

device is successfully able to detect and distinguish the gram positive and gram negative 

bacteria. In presence of gram positive bacteria the average μe increases from 0.3 cm2V-1s-1 

to 0.5 cm2V-1s-1 with reduced VTh (0.2 V to -0.5 V) whereas in presence of gram negative 

bacteria the average μe decreases from 0.3 cm2V-1s-1 to 0.2 cm2V-1s-1 with increased VTh 

from 0.2 V to 0.5 V. The sensing mechanism was confirmed by repeating the same study 

by removing the bacterial cell wall. To the best of our knowledge, this study is the first 

report of OFET based bacteria sensor having detection limit 103 cfu/mL for both the types 

of bacteria, with remarkably ultra-low operating voltage of 2 V, on low-cost glass 

substrates without using ITO or/and Si/SiO2. 
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8 

 
Epilogue  
 

 
Due to the influential motivation and demand of recent day technology for highly 

efficient sensor device, this thesis mainly focusses to introduce different methods to 

reduce the operational voltage of both p-channel and n-channel OFET and use them for 

different types of sensor applications. The entire thesis essentially paves attention in 

device engineering of OFETs by modulating the gate dielectric layers with combination of 

inorganic and organic dielectric materials. 

 
At the very beginning, the thesis discussed the fabrication and characterization of a 

low cost, n-type OFET on glass substrate using PVA gate dielectric material. Here, a 

conjugated molecule NDI-OD2 has been synthesized in a single step from commercial 

materials and then characterized by different standard characterization techniques. It has 

been observed that this NDI-OD2 molecule when processed by solution method, forms 

rod-shaped crystalline microstructures, whereas, when thermally deposited, it assumes 

the formation of smooth 2D films. The chemical as well as physical properties and 

theoretical calculations of this molecule have been studied and the effect of the C-18 alkyl 

chain unit has been discussed. The OFET consisting of NDI-OD2 exhibits excellent 

performance parameters such as high electron mobility (μe =∼1.0 cm2V−1s−1) and Ion/Ioff 

ratio. After demonstrating the high performance of NDI-OD2-based OFET devices 

fabricated with biocompatible PVA dielectric, it has also been demonstrated that these 

devices can be degraded because of the presence of this PVA dielectric when exposed to a 
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high-moisture environment. In this study, a conceptually important feature and futuristic 

aspect that the n-channel OFET devices can also be biodegraded irreversibly is 

demonstrated. This concept of developing a low cost and biodegradable OFET device with 

biocompatible PVA dielectric with excellent electron mobility is expected to have diverse 

applications in disposable electronic tags, biomedical devices, and food industry packing. 

 

In the next step, another new concept was demonstrated where the fabrication and 

characterization of low operating voltage, electrically stable n-type OFET using inorganic-

organic bilayer dielectric system is discussed. In this study two different derivatives of 

NDI were synthesized, namely NDIOD2 and NDI-CY2 in a single step and characterized 

by different characterization techniques before the device fabrication. The bilayer systems 

contain two different device configurations namely Al2O3/PVA and Al2O3/PMMA in order 

to reduce the operating voltage and improve the device performance. The high 

capacitance, pinhole-free Al2O3 gate insulator was deposited by electrochemical oxidation 

or anodization method with a constant current density of 0.06 mA cm−2 and a voltage of 

10 V in a 0.001 M citric acid monohydrate electrolyte solution at room temperature using 

a square-shaped platinum mesh as counter electrode to form a ~13 nm thick Al2O3 layer 

over the aluminum film gate electrode. It was observed that the devices with 

Al2O3/PMMA bilayer dielectric system and top contact aluminum electrodes exhibit 

excellent n-channel behavior for both the molecule under vacuum compared to the other 

structures and operating under a very low voltage (7V). All these devices demonstrate 

highly stable electrical behavior under multiple scans and low threshold voltage instability 

in vacuum condition even after 7 days. This low operating voltage, high performance 

OFET device with bilayer dielectric system is expected to have diverse applications in the 

next generation of OFET technologies. 

 
In the next step the application of inorganic-organic bilayer dielectric contained low 

operating voltage OFETs were demonstrated.  This inorganic-organic bilayerdielectric 

concept was successfully used to fabricate highly efficient photo sensitive organic field 

effect transistors (PS-OFETs). PS-OFETs based on morphology controlled ZnPc layer, 

with inorganic-organic bilayer gate dielectrics system, fabricated on glass substrate 

showed remarkable efficiency as light sensors at various incident optical powers. The ITO 

as well as Si/SiO2 free low cost PS-OFET devices, show low bias stress, reduced operating 

voltage device with Al2O3/PMMA as bilayer gate dielectrics and Cu as top contacts exhibit 

excellent p-channel behavior with a remarkable photo responsivity of 2679.40 A.W-1 and 

photo ON/OFF current ratio 933.56 with a very low operating voltage (0 to -7 V) that are 

not observed previously. The bias stress effect of the device was investigated under both 
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light and dark condition in vacuum. It was observed that the effect of the stress is 

extremely small in presence of light (decay of IDS 20% after 30 min) compared to the 

dark, with characteristic carrier relaxation time ′104 sec. This device with high electrical 

stability at ambient conditions and low threshold voltage under constant electrical bias 

stress is expected to have potential applications in optoelectronic devices and energy 

efficient sensors. 

 
Furthermore, in the next chapter the key impact and the significance of multilayer 

polymer based dielectric system on the remarkable photo response properties of ZnPc 

based PS-OFETs, at various incidents optical powers is discussed. The combination of 

inorganic Al2O3 and organic non-polar PMMA are used as the bilayer dielectric 

configuration, whereas, in case of tri-layer dielectric system, bilayer polymer dielectrics, 

consisting of PMMA as a low-k dielectric polymer, on top of high-k polar dielectric, PVA) 

have been fabricated along with Al2O3 as the third layer. At 90°C, the fabricated PS-OFET 

with Al2O3/PVA/PMMA tri-layer dielectric configuration showed best p-channel behavior 

with enhanced and remarkable photo responsivity of R~9689.39 A.W-1 compared to 

Al2O3/PMMA bilayer dielectric system (R~2679.40 A.W-1) due to the polarization of 

dipoles inside the polar-PVA dielectric which increases the charge transport through 

channel. The charge carrier mobility of the device also improved by one order (h~1.310-

2 cm2.V-1.s-1) compared to bilayer dielectric configuration (h~ 3.510-3 cm2.V-1.s-1). The 

observed specific detectivity, D* and noise equivalent power, NEP values of the bilayer 

dielectric system are 6.01  1013 Jones and 2.655  10-17 W.Hz-1/2 respectively whereas for 

tri-layer dielectric system the observed D* and NEP values are 5.13  1014 Jones and 1.043 

 10-17 W.Hz-1/2 respectively.  Additionally, the operating voltage of each of the fabricated 

devices were also very low (-7V) due to the influence of inorganic high-k Al2O3 dielectric 

layer. The electrical stability of all the fabricated devices was also investigated by bias 

stress analysis under both light and dark condition in vacuum. To the best of our 

knowledge, the photo responsivity (R) reported here with Al2O3/PVA/PMMA tri-layer 

dielectric configuration, is the highest reported value for thin film based PS-OFETs with 

remarkably low operating voltage of -7 V, on low-cost glass substrates avoiding ITO 

or/and Si/SiO2.   

 
In the next step again the operating voltage of OFET was successfully reduced by a 

novel combination of hybrid tri-layer dielectric system. Additionally this study further 

described the importance of controlled thickness of Titanium dioxide (TiO2) nanoparticle 

(NPs) thin film in hybrid tri-layer dielectric system, for the performance of ultra-low 
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operating voltage, PDI-C8 and NDI-CY2 molecules based n-type OFETs. The TiO2 NPs 

dielectric was synthesized by inexpensive sol-gel method and then thoroughly examined 

by different characterization techniques. To check the influence of thickness of this TiO2 

NPs dielectric material in nanoscale range, the thickness of TiO2 was varied with different 

r.p.m. viz., 2000, 3000, 4000 and 5000 respectively.  It has been observed that at 4000 

r.p.m. (100 nm of TiO2) the devices with top contact Ag/Al electrodes exhibit excellent n-

channel behavior compared to other r.p.m., with highest electron mobility values with an 

operating voltage of only 2V, which is due to the better capacitor coupling among the tri-

layer dielectric materials at this optimum thickness of TiO2 which further helps to 

accumulate maximum number of charge at the channel at very low gate bias. The bias 

stress instability effects of the devices at all r.p.m. were also investigated by applying 

constant voltage for half an hour under vacuum condition, where only ~10% decrements 

of source-drain current, IDS was observed at 4000 r.p.m. It has also been demonstrated 

that this optimum low-cost hybrid tri-layer dielectric system showed similar suitable gate 

dielectric property for flexible and transparent organic devices to operate under same 

ultra-low voltage which is expected to have diverse applications in future for portable 

organic electronics application. 

 
Finally, in the next steps the application of hybrid tri-layer dielectric contained 

ultra-low operating voltage OFETs were demonstrated in the thesis. The last chapter 

reports the fabrication and rapid detection method of gram positive and gram negative 

bacteria by using ultra-low operating voltage, highly sensitive, n-type Organic Field Effect 

Transistor. PDI-C8 was chosen as the active layer material for the detection of gram 

positive and gram negative bacteria with the sensing area of ~S= 3.12 10-4 cm2. Due to 

the electrostatic interaction between the differentiable surface charge density of the 

bacteria and the majority carrier flowing through the channel, the device is successfully 

able to distinguish the gram positive and gram negative bacteria. The minimum detection 

limits for the type of bacteria were observed to be ~103 cfu/mL. This chapter relates to the 

fabrication of ultra-low operating voltage organic thin film transistors comprising of 

hybrid organic tri-layer dielectrics system which are compatible with any desire substrate 

on simple glass slide or OHP plastic substrate which can be used for the detection of gram 

positive and gram negative with n-type organic semiconductor as the active layer under 

room temperature. 

 
Thus, by step wise standardization this thesis successfully explained some facile 

methods with sensor applications by which the operating voltage of OFET was reduced 

from 50V to 2V. The methods which are described herein can be further used in future for 
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highly efficient application of other chemical, optical and biosensor applications. A 

schematic representation of the overall thesis overview is shown in Figure. 8.1 below- 

 

 

Figure 8.1 Schematic of the Thesis overview. 
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