
i 

 

ACKNOWLEDGEMENTS 

 

Foremost, I would like to express my sincere gratitude to my advisor Dr. Mongkol 

Ekpanyapong and Dr. Chanchana Thanachayanont for the continuous support of my Master’s 

study and research, for their patience, motivation, enthusiasm, and immense knowledge. 

Their guidance helped me in all my time of research and writing this thesis. Besides my 

advisor, I would like to thank the rest of my thesis committee: Dr. G. L. Hornyak, for his 

encouragement, insightful comments and hard questions. My sincere thanks also go to Mr. 

Kroekchi Inkapoor, Dr. Barlee of MTEC for providing me all the necessary support needed  

during my research work. 

 

I thank my fellow lab mates in Center of Excellence in Nanotechnology, AIT, Prerona 

Majumder, Kunal Sharma, Zinnia Rehmat, Tanmoy Kumar Das and Arnob Sobhan for the 

stimulating discussions, for the sleepless nights we worked together before deadlines, and for 

all the fun we have had in the last one year. Also, I thank our Nano lab secretary Miss 

Jiraporn who helped me in all my paperwork. In particular, I am grateful to Dr. Sunandan 

Baruah for enlightening to me the first glance of the research. 

 

Last but not the least; I would like to thank my family my parents Jyotirmay Goswami and 

Nandita Goswami, for  supporting me spiritually throughout my life. 

 

 

 

 

 

 

 

  

 

 

 

 

 



ii 

 

ABSTRACT 

 

Ammonia is one of the major chemicals used in many industries.  For example, ammonia is 

heavily applied in the pulp and paper, fertilizer and refrigerant industries. These industries are 

known to release significant levels of ammonia gas into the workplace atmosphere and into 

the environment. Prolonged exposure to ammonia can lead to serious health issues and even 

death.  Most ammonia sensors today are derived from metal-oxide technology and are costly 

to manufacture, operate and maintain. Polymer-based sensors available for low parts-per-

million (ppm) sensing applications, on the other hand, are showing promise, however they are 

still in the research phase.  An ammonia sensor with high sensitivity, selectivity and low cost 

is required for environmental real time monitoring. In this work, the development, fabrication 

and testing of an ammonia sensor based on polythiophene polymer thin films is 

demonstrated.  Using an organic field effect transistor electronic (OFET) component layer, 

the polythiophene (P3HT) is spin-coated to give the thin sensing element. Spin coating 

techniques were investigated to obtain optimal layer thickness and quality. The OFET 

consisted of six layers developed during this research: 1. aluminum gate; 2. 

polymethylmethacrylate (PMMA) dielectric layer; 3. the gold electrode; 4. Tween80™ 

surfactant;  and 5 & 6. two layers of P3HT sensing material.  Anisole solvent provided the 

best vehicle for good adhesion of PMMA to the gate layer made of aluminum. This work 

represents the fabrication steps, simulation and preliminary testing in the process of 

developing the operational ammonia gas sensing elements. 

 

 

Keywords:  Ammonia, Gas Sensor, Fabrication, Polythiophene, P3HT, OFET, PMMA 

 

 

 

 

 

 

 

 

  



iii 

 

             TABLE OF CONTENTS 

CHAPTER       TITLE                                                                                                    PAGE 

                          ACKNOWLEDGEMENTS                                                                           i 

                          ABSTRACT                                                                                                   ii 

                          TABLE OF CONTENTS                                                                             iii 

                          LIST OF FIGURES                                                                                      vi 

                          LIST OF TABLES                                                                                        ix 

                          LIST OF ABBREVIATIONS                                                                       x                                                                                                                                   

 1                       INTRODUCTION 1 

                            1.1 Rational of the thesis 1 

                            1.2 Statement of the problem 1 

                            1.3 Objective 2 

                            1.4 Structure of the thesis 2 

 2                       LITERATURE REVIEW 3 

                            2.1 Background information 3 

                            2.2 Types of sensor 4 

                           2.2.1 Polymer based sensor 4 

                           2.2.2 CNT based sensor  6 

                           2.2.3 Metal oxide based sensor  7 

                            2.4 FET technology 10 

                           2.4.1 p-FET working principle 11 

                            2.5 Organic field effect transistor (OFET) technology 13 

                            2.6 C-I-pi OFET based sensor 13 

                           2.6.1 OFET based sensor advantage 14 

                            2.7 Organic polymers 15 

                           2.7.1 Thiophene structure 16 



iv 

 

                           2.7.2 P3HT properties 17 

                           2.7.3 Mechanism of conductivity 18 

                               2.7.4 Model based on the electric field                                                     19 

                            2.8 Dielectric layer 19 

                           2.8.1 PMMA 20 

                           2.8.2 DMF 21 

                           2.8.3 Anisole 21 

                            2.9 Interdigitate electrode 22 

                           2.9.1 Electrode design optimization 24 

                           2.9.2 Material used in gate and electrode 26 

 3                       METHODOLOGY 28 

                             3.1 Sensor fabrication 28 

                                3.1.1 Substrate preparation                                                               29 

                            3.1.2 Conductive gate 30 

                            3.1.3 Dielectric layer 32 

                            3.1.4 Electrode fabrication 41 

                            3.1.5 Sensing layer 46 

                            3.1.6 Aggregation and filtration 50 

                             3.2 The sensor element 51 

                             3.3 Gas testing chamber 52 

                            3.3.1 Chamber design 54 

                            3.3.2 Physical properties of the gas chamber 54 

                             3.4 Testing apparatus 55 

                            3.4.1 Features of test bench 56 

                             3.5 Simulation of gas sensor 57 

                            3.5.1 Temperature simulation 57 

                            3.5.2 Pressure simulation 58 

                            3.5.3 Velocity of gas simulation 59 



v 

 

                            3.5.4 Gas mixture turbulence simulation 59 

                             3.6 Sensor testing 60 

                            3.6.1 Noise reduction 60 

                            3.6.2 Test setup 61 

 4                       RESULTS AND DISCUSSIONS 63 

                            4.1 Results and discussions 63 

                            4.2 Recommendation 69 

                          REFERENCES 70 

                             1 Journals 70 

                             2 Book chapter 74  

                             3 Web reference 75 

                             4  Presentation 75 

APPENDIX 76 

 

 

  



vi 

 

LIST OF FIGURES 

FIGURE     TITLE                                                                                                        PAGE                                                                                           

Figure 2.1    Different types of gas sensors classification based on sensing method 4 

Figure 2.2    Metal Oxide based sensor configuration  8 

Figure 2.3    Basic structure of FET 11 

Figure 2.4    Top gated FET structure 11 

Figure 2.5    Connection diagram for top gated FET 12 

Figure 2.6    Channel of a FET structure 12 

Figure 2.7    Typical drain current vs drain voltage curve of p-type FET 12 

Figure 2.8    Two different configuration of OFET structure 14 

Figure 2.9    Energy diagram of OFET 14 

Figure 2.10   General bottom gated OFET structure and our modified OFET structure 15 

Figure 2.11   Commonly studied conjugated polymers 16 

Figure 2.12   A repeating unit of Polythiophene 16 

Figure 2.13   A repeating unit of Poly (3-hexathiophene) 17 

Figure 2.14   Mechanism of doping for thiophene 18 

Figure 2.15   Change in mobility of P3HT in gate voltage sweep at constant temperature 19 

Figure 2.16   Monomer of PMMA 20 

Figure 2.17   Dimethylformamide structure 21 

Figure 2.18   Chemical structure of anisole 22 

Figure 2.19   Interdigited electrode ; 200um copper interdigitate electrode 23 

Figure 2.20   Ossila Inc. interdigitate electrode 23 

Figure 2.21   Dimension convention of interdigitate electrode for theoretical analysis 24 

Figure 2.22   Thin layer of gold over glass substrate 26 

Figure 2.23   Aluminum coated thin film on glass substrate 27 

Figure 3.1     Different layers of a generic OFET 28 

Figure 3.2     Different layers of the modified OFET 28 

Figure 3.3     Different stages of substrate cleaning, (left to right) glass cleaned with acid 29 

Figure 3.4     Structure of the bottom gate on the substrate 30 

Figure 3.5     A schematic diagram of thermal evaporator machine        31 

Figure 3.6     Dielectric layer of the OFET from the bottom 32 

Figure 3.7     Location of PMMA solution drop on the substrate 32 

Figure 3.8     Spin coater Lurell w400 s 33 



vii 

 

Figure 3.9     Example spin curve for a solution 34 

Figure 3.10   Picture of PMMA solution of different concentration 34 

Figure 3.11   OM image of PMMA solution with DMF and  different parameters 35 

Figure 3.12   Two layer coating of PMMA with DMF on the aluminum substrate 35 

Figure 3.13   OM image of gold surface coated with single layer of PMMA in DMF 36 

Figure 3.14   OM image of gold surface coated with double layer of PMMA in DMF 36 

Figure 3.15   XX' cross-section of OFET 37 

Figure 3.16   Thick layer of PMM on the surface on the substrate 37 

Figure 3.17   High thickness layer of PMMA solution using anisole as a solvent 38 

Figure 3.18   15mg/ml PMMA with anisole as solvent on aluminum surface 38 

Figure 3.19   Stack of different layers with the gold electrode made by thermal evaporation 41 

Figure 3.20   A sample electrode design 41 

Figure 3.21   Negative printed mask for lithography 42 

Figure 3.22   Polishing nickel electro plates 42 

Figure 3.23   Nickel plate showing electrode structure after etching 43 

Figure 3.24   A close view on the electrode after etching is done 43 

Figure 3.25   Nickel electrolyte cleaning with filter paper and vacuum  44 

Figure 3.26   Power supply configuration for the electroplating 44 

Figure 3.27   Electrode templates are ready after electroplating 45 

Figure 3.28   Removal of extra photo resist and broken electrode template 45 

Figure 3.29   The alignment of electrode template 46 

Figure 3.30   Picture of the fabricated electrode structure 46 

Figure 3.31   Sensing layer of P3HT 46 

Figure 3.32   SigmaAdrich P3HT; 1-2 diclorobenzene;  P3HT solution                          47                                 

Figure 3.33   OM picture of electrode, doted particles were found in the surface 48 

Figure 3.34   OM picture of electrode; Dynamic spin coating results 48 

Figure 3.35   Reference photograph of electrode; Single step spin coating 49 

Figure 3.36   P3HT spin coated over PMMA and gold electrode 49 

Figure 3.37   Enlarged portion of a P3HT coated over PMMA 50 

Figure 3.38   Substrate with PMMA; P3HT over PMMA; P3HT with Tween 80 50 

Figure 3.39   Without surface treatment and with surface treatment of Tween 80 51 

Figure 3.40   The sensing element without the sensing layer 51 

Figure 3.41   The chamber is cut from the solid cylinder and the base plate 54 



viii 

 

Figure 3.42   A typical lathe machine 54 

Figure 3.43   Internal dimension of the gas chamber 55 

Figure 3.44   Gas chamber (a) perspective view (b) bottom up view (c) side view 55 

Figure 3.45   Gas flow diagram for the gas testing apparatus 56 

Figure 3.46   Mesh node of gas chamber with heating coil 57 

Figure 3.47   Temperature profile inside the gas chamber 57 

Figure 3.48   Temperature profile of the gas chamber on the surface 58 

Figure 3.49   Pressure profile of the gas chamber 58 

Figure 3.50   Velocity profile of gas mixture inside the chamber 59 

Figure 3.51   Turbulence profile of the gas mixture 59 

Figure 3.52   Gas testing setup piping arrangements 61 

Figure 3.53   Keithly semiconductor characterization unit 62 

Figure 3.54   Probe connection for testing the sensor 62 

Figure 4.1     Drain current vs drain source voltage of p-type OFET 63 

Figure 4.2     Dotted structure on the PMMA 64 

Figure 4.3     PMMA at 30 , 60 rpm and PMMA with bubbles at 200 , 120 rpm 65 

Figure 4.4     Micro bubbles in the PMMA and spreading the solution for spin coating 65 

Figure 4.5     A zoomed portion of P3HT surface 66 

Figure 4.6     Monomer of PMMA with all the chemical bond 66 

Figure 4.7     Contact angle of PMMA with water and P3HT 68 

 

 

 

 

 

 

 

 

 

 

 

 

 

file:///C:/Users/jack/Desktop/final%20folder/Cover_-Tanmoy.docx%23_Toc437559694


ix 

 

LIST OF TABLES 

 

 

 
 

  



x 

 

LIST OF ABBREVIATION 

 

 ppm  Parts Per Million  

 ppb  Parts Per Billion  

 MO     Metal Oxide 

 CNT    Carbon Nano Tube  

 NOX   Oxide of Nitrogen  

 OFET  Organic field effect transistor   

 P3HT   Poly (3-hexathiophene) 

 NH3     Ammonia  

 VOC    Volatile Organic Compound  

 OM      Optical Microscope  

 DMM   Digital Multi Meter  

 PMMA Poly(methyl methacrylate)  

 DMF    Dimethylformamide 

  



xi 

 

 



1 

 

CHAPTER 1 

INTRODUCTION 

1.1 Rational of the thesis 

 

Naturally we are covered with different types of gases viz. oxygen, nitrogen etc. But due to 

rapid industrialization, we are also getting surrounded by different types of toxic gases with 

different concentration level. Some of those gases are so toxic that, few ppm of those gases 

may become lethal. In most of the cases where these kinds of gases are released people take 

utmost caution. But there are different gases like ammonia, formaldehyde which are not so 

toxic but prolonged exposure to those gases might lead to severe health problems. So it has 

become important to constantly monitor different gases around us of very low ppm.    

 

Ammonia is one of the most used compounds for large industrial refrigeration. That releases 

lots of ammonia gas to the environment. So it’s the easiest path for ammonia to travel to our 

workspace. Apart from this ammonia is one of most used chemical in most of the chemical 

industries and they release lots of ammonia to environment. So ammonia gas sensor is one of 

the most demanding devices for the environmental protection and monitoring. Significant 

research efforts have been made to develop low-cost, high sensitive and high selective NH3 

gas-sensors.  

 

So we are interested in making an ammonia sensor based on conducting polymer, with an 

expectation of high performance and low manufacturing cost. The gas we are going to use 

will be less toxic in nature, like ammonia (as handling toxic gas itself will be a big problem). 

1.2 Statement of the problem  

 

Gas sensing mechanism is based on two things; one is absorption and the other is redox 

reaction between gas and the metal-oxide.  Most of the gas sensors operating today are based 

on Metal Oxide which is very selective and effective but they are very bulky and power 

consuming, due to the high temperature required for redox reaction to occur. Moreover, they 

take long time to come back to original state after measuring or in some cases they are 

irreversible. Therefore, it is not possible to continuously monitor the changes in the 

environment.   
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Other method for gas sensing is absorption. Absorption can again be classified into two sub 

classes - physisorption and chemisorption. In physisorption, absorbing material absorbs the 

target gas, and it can be sensed by measuring the electrical property of the system [1]. 

Advantage of using polymer is that we can expect absorption at room temperature, so the 

power consumption is very low compared to Metal Oxide based sensors. Another advantage 

of polymer based semiconductor is that, their response time is very low and reversible.  This 

makes polymer based gas sensor perfect for constant monitoring (e-nose type application) 

[5]. As we have mentioned above the importance of constant monitoring of different gases, so 

it has become very important to make sensor low cost, accurate, selective and reversible [2].     

 

1.3 Objective   

 

To develop an ammonia sensor that will be accurate to as low as 1000 ppm, and cost will be 

below 100 baht.   

Specific objectives 

 To develop gas chamber for the gas to test  

 To develop the sensing material  

 To develop electrode for the sensor  

1.4 Structure of the thesis   

 

This thesis is divided in to five major chapters.  First chapter talks about background of the 

thesis and scope of the thesis. Second chapter is about the current works on the technology 

and their results. The third chapter is about the fabrication methodology and different results 

and outcomes in the fabrication. Fourth chapter contains results, dissections and further 

suggestion. Last chapter which is chapter five talks about the different references used in the 

thesis.   
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CHAPTER 2 

LITERATURE REVIEW   

2.1 Background information  

 

Sensing technology has been widely investigated and utilized for gas detection. Due to the 

different applicability and inherent limitations of different gas sensing technologies, 

researchers have been working on different scenarios with enhanced gas sensor calibration.   

Depending on the technology and sensing material we have different kind of sensors. Each of 

them has their own capability and limitations. Different kinds of sensors have different levels 

of performance towards different gases, like polymer based sensors are better in inert gases, 

and Metal Oxide sensors are good in organic gases. But before talking about gas sensor 

performance it is essential to know about the different performance indicator.  Those 

indicators are as follows:   

1. Sensitivity:  The minimum amount of target gas that the sensing element can detect.  

2.  Selectivity: The ability of gas sensors to identify a specific gas among a gas mixture. 

3. Response time: It is the time required to sense the threshold amount of gas in environment 

from the zero time of zero concentration of the gas in the environment.  

4.  Energy consumption: It is the amount of energy that is consumed by the sensor system. 

Mostly this energy is concerned with electrical energy used by the system. Like in Metal 

Oxide sensors it is required to heat up the system, which is done by electrical energy. In most 

of the cases energy input is in the form of electrical energy only.  

5. Reversibility: It is the measure of whether or not the sensing materials could return to its 

original state after removal of the gas.  

 6. Adsorptive capacity (also affects sensitivity and selectivity): It is the amount of target gas 

it can absorb. 

 7. Fabrication cost: Fabrication cost is another important factor for gas sensors to be 

practically viable, they must be low cost. (As much as possible) 

8. Size: Size of sensor should be as small as possible, for convenience of installation 

anywhere.   

 

Along with these all factors we also have to consider the stability of the sensor, so that they 

can work for a long time, without losing the sensitivity.  
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2.2 Types of sensor 

 

Depending on the sensing technology used we can broadly categorize gas sensors into two 

types. 

1. Electrical variation and   

2. Other variation,   

Electrical variation of the gas sensor is different based on the different materials used. There 

are different kinds of materials which are being used. Figure 2.1 is shows the different types 

of sensors [2]. 

1. Metal Oxide   

2. Polymer  

3. Carbon Nano tubes  

4. Moisture Absorbing material 

  

Figure 2.1: Different types of gas sensors classification based on sensing method  

2.2.1 Polymer based sensor  

 

As it has been discussed, Metal Oxide based sensors exhibit good sensitivity towards gases 

like HF, ammonia, etc., and some volatile organic compounds (VOC) like CH4, 

formaldehyde etc.  But there are some VOCs which have adverse toxic effects and therefore, 

prolong inhalation of those gases may cause severe health issues. They have very low 

threshold, which cannot be sensed by Metal Oxide sensors.  Some of those gases get 

vaporized as soon as they heat up.  Therefore, it has become very important to monitor gases 

at room temperature [3] [4]. 

Gas Sensing Methods  

Electrical Variation 
with different material  

Carbon Nanotube 
based  

Metal oxide 
semiconductor     

Polymer based  

Other kinds of variation  Acoustic method  

Optical method  

Gas chromatography  

Calorimetric methods  
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Polymers are inherently p-type, p-type sensors can operate in room temperature, and in most 

of the cases, the sensitivity of p-type sensing materials decrease as temperature increases. 

Researchers have found that polymers can be used as sensing material for VOCs or solvent 

vapor in gas phase. When polymers are exposed to target gases, physical property of the 

polymer such as dielectric constant and mass changes. These changes are due to absorption 

(physisorption) of gas molecules on the surface of the polymer. Due to physisorption, 

polymer based sensors are very fast and reversible. This is because they don’t react with the 

target gas, and as soon as the concentration changes the amount of absorption changes and 

the change can be sensed continuously.  

 

The change can be sensed continuously and fast, because, instead of reacting with the target 

gas they just react with the molecules of the target absorbed by the polymer. As soon as the 

concentration (partial pressure) changes the amount of absorption, there is resulting change in 

electrical property in the electrode. Physisorption is due to the different interaction forces [3] 

[7]. 

1. Induced dipole-induced dipole  

2. Dipole - induced dipole  

3. Dipole - dipole  

4. Hydrogen bonds     

So we can expect the detection at room temperature, which makes the system very less power 

consuming, and opens the possibility of running the system on battery. Depending on the 

conducting property we can classify it into two sub categories:  

1. Conducting polymer  

2. Non-conducting polymer  

In case of the conducting polymer the electrical properties change when it is exposed to 

different organic and inorganic gases. Researchers are investigating different polymers to use 

as a sensing material. There are many different kinds of conducting polymer like PTH3, 

PEDOT. Although conducting polymers are conductive, their conductivity is very low, 

therefore, it is required to dope these polymers by protonation or redox reaction.  This doping 

is reversible and can be changed by changing the concentration of the target gas, which 

makes it practical for gas sensing purposes. Conducting polymers can be directly used as a 

transducer which will give the change in electrical signal as the output.  
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Non-conducting polymers are used in other sensing systems like SAW, QCM STW etc. 

where the change in mass is measured. With these methods the change in mass can be 

measured which is caused by absorption of target gas.  The changes sensed by SAW, QCM 

can be changed to electrical signals as well. But these methods are very expensive and the 

performance is more complicated.  Non-conducting polymers are also used in Metal Oxide 

semiconductors to enhance the performance.   

 

 The gases may react with the oxygen adsorbed on the surface or with the semiconductor 

surface, or with both; for an n-type semiconductor the resistivity increases due to electron 

capture by an oxidizing gas and decreases with the presence of a reducing gas owing to 

electron transfer into the conduction band, while the opposite holds for a p-type 

semiconductor [5]. Discrimination between the many possible processes involved is very 

difficult from the theoretical point of view.  

 

2.2.2 CNT based sensor  

  

Polymers have some added advantage over Metal Oxide sensors, apart from high sensitivity 

and fast response time, sensor based on polymer can operate in room temperature. Low cost 

of production and portability gives polymer based sensors added advantage over Metal Oxide 

based sensor. Considering these entire features, polymer based sensors are much more 

suitable for mobile operation using battery then Metal Oxide based.  

 

Researchers are always fascinated by large surface to volume ratio, and carbon nano tube is 

the perfect material for this purpose. Due to large surface to volume ratio of carbon nano 

tubes, it has become a promising material for the gas sensing. It is found that carbon nano 

tubes are very much sensitive to ammonia, nitrogen oxide, etc. Carbon nanotube based 

systems are very simple, sophisticated and light weight. Heating and pre concentration is not 

required. Due to the large surface to volume ratio carbon nano tube has quick response time 

and large absorption capacity, and outperforms any other organic sensing material [4] [6].  

 

Due to the large surface area provided by the carbon nano tube absorption becomes high and 

can be used for very low gas concentration as low as parts per billion (ppb). Zhang et al, He 

et al has reported that composite of carbon nanotube has detected ammonia. However they 

also reported that synthesis of composite of CNT and conducting polymer is an expensive 

and difficult process.  Another difficulty is the reversibility of the sensor.  All the absorption 



7 

 

process is not reversible. Some absorption goes through both physisorption and 

chemisorption [6]. 

2.2.3 Metal oxide based sensor  

 

Most gas sensors are based on Metal Oxide semiconductor, because of their low cost and 

high sensitivity. Metal Oxide can be classified into broad types.  

1. Transition and  

2. Non-transition type  

 Transition Metal Oxides comprise of a class of materials that contain transition elements and 

oxygen. They include insulators as well as (poor) metals like tin, lead and bismuth. Often the 

same material may display both types of transport properties. Hence, a Metal-Insulator 

transition is obtained by varying either temperature or pressure. Transition metal can form 

various oxidation states in the surface. Thus, a transition material has more oxidation states 

than the non-transition Metal Oxides. This property is used by Metal Oxide semiconductor to 

sense gases. TiO2, V2O5 are transition Metal Oxide with d
0
 configuration and SnO2, ZnO are 

transition Metal Oxide with d
10

 configuration.  Most of the Metal Oxide which are sensitive 

to gases are n-type in nature.  As it has been mentioned above that oxidation states change as 

temperature is changed, therefore, increasing temperature in n-type Metal Oxide increases 

sensitivity towards reducing gas. While for p-type semiconductors sensitivity decreases as the 

temperature increases, so p-type semiconductors are operated in lower temperatures or at 

room temperatures. Figure 2.2 is shows a typical Metal Oxide sensor arrangement [4].   

 

Metal Oxides are used mainly for reducing and oxidizing gases, and are measured in the form 

of change in resistance. SnO2 is one of the most commonly and widely used Metal Oxide. It 

is an n-type Metal Oxide with granular structure which gives more surface area to react. But 

the changes in resistance are not uniform. WO2 is another widely used oxide. 

 

WO2 showed very good response towards H2 and NO but have very poor response towards 

ammonia, due to formation of NOX.  TiO2 is another Metal Oxide which used as a sensitive 

layer in gas sensor. As the reaction temperature of O- is higher, there is no need to preheat the 

sensing layer to an elevated temperature. Preheating the sensing layer will increase the 

probability of absorption of gas molecules. As the n-type ions are being neutralized 

conductivity increases, this change in conductivity is recorded as a change in gas 

concentration. Metal Oxides are also mixed with other material for better performance like 
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SnO-ZnO. Different kinds of composites are made to improve the sensing property. 

Researchers are constantly finding different composites for better sensing. 

 

 

Figure 2.2 Metal Oxide based sensor configuration 

 

Temperature plays a major role in Metal Oxides sensors. Every sensing material has different 

optimal temperature for different gases; therefore, if the temperature deviates by large range 

then selectivity will be very low, resulting in error in the target gas detection.  For example, 

SnO2 can detect CH4 at 400
o
 but the same sensor can also detect HF at 90

o
. Thus, if the 

temperature deviates too much then it will be a bad sensor for CH4 but a good sensor for HF. 

To avoid this kind of problem researchers are using arrays of sensor methods for gas 

detection. In this system each of those sensors are independent but placed in the same 

environment and data are collected. Using statistical methods, amount of gas is found more 

accurately.  

 

Although we have seen that Metal Oxides are performing well with good selectivity and 

sensitivity due to higher temperature requirement it has become very energy consuming, 

bulky and complicated (heater, micro heater etc.). But in recent years researchers started 

using Nano particles with Metal Oxide. It has been found that Metal Oxides with nano 

particles perform much better than traditional Metal Oxide. ZnO, SnO etc. different kinds of 

Nano particles are used for gas sensors. ZnO with Sn used as LPG sensing material, Metal 

Oxide with Nano particle increases response time and selectivity, but it requires temperature. 

[28] 
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Table 2.1: Table of different kind of sensor and their functionality 

Sensor type Sensing 

material 

Sensing gas Sensitivity Advantage Disadvantage 

 

 

 

MOS 

chemiresistor 

 

 

ZnO 

nanorod + 

Zincsannate 

+Pt as 

catalyst 

 

 

 

     LPG 

 

 

 

Min 3000 

ppm @ 270C 

 

 

 

Reliable 

 

 

Complicated 

fabrication, high 

temperature 

operation 

 

OFET 

 

P3HT 

 

Ammonia 

25 ppm 

@room temp 

Room 

temperature 

operation 

 

 

 

OFET 

 

RR-P3HT+ 

SXFA+ 

CuTPP 

 

TNT and 

RDX 

 

500ppt for 

TNT and 

700ppt for 

RDX 

Simple 

fabrication 

and low cost 

High 

selectivity. 

 

 

Sensitive to 

humidity 

Bottom gated 

OTFT 

P3HT +ZnO 

composite 

 

Formaldehyde 

100 ppm@ 

room temp 

Real time 

response 

Sensing property 

depends on the 

thickness of 

mixture 

 

 

OTFT on 

Si/SiO2 wafer 

 

P3HT 

Odor 

2-

mercaptoetha

nol 

 

Concentration 

of 1 mol 

Good 

selectivity 

and response 

 

Response is slow 

and not  real time 

 

Polymer over  

amorphous 

indium gallium 

zinc oxide  

 

 

 

RR- P3HT 

 

 

Ammonia 

and acetone 

 

100 ppb for 

both 

ammonia 

and acetone 

 

 

 

Low power 
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TFT @ room 

temp 

 

Chemiresistor 

 

 

Carbon 

Nano tube 

Nitrogen 

oxide , 

Ammonia 

800ppb for 

NOX and 50 

-5 ppm for 

ammonia 

 

Very good 

selectivity 

 

High temperature 

operation 

OLED based 

gas sensor 

P3HT as 

sensing 

material 

Nitrogen and 

Ammonia 

 

250 ppm 

  

OTFT on 

thermally 

grown SiO2/Si 

 

P3HT 

 

Ammonia 

 

10 -100 ppm 

Good 

selectivity, 

room 

temperature 

 

  

2.4 FET technology  

 

Field Effect Transistors (FET) are one of the time-honored device in the field of electronics.  

In a common language FET are the electronic switch. It controls flow of electron from source 

to drain. The flow of charge in between the drain and source electrode is dependent on the 

conductive channel and the gate voltage applied on the conductive channel.  

 

To detect ammonia, the fact which is used is that if the conductivity of the channel in a 

transistor reduces drain current also reduces significantly. As polymer is used Organic Field 

Effect Transistor (OFET) is used as sensing element. Equation (1) is the governing equation 

of any field effect transistor. Drain current (   ) is proportional to the mobility of the FET. 

Figure 2.3 shows the basic structure of a FET. [10][11] [13] 
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                                           (1) 

In the above mentioned equation; 

W/L is a mechanical design ratio  

Vgs is voltage between gate and source.  

Vth is threshold voltage  

Cox is the capacitance per unit gate area of the oxide layer = Eox/tox 

tox is the thickness of the oxide layer 

εox is the dielectric or permittivity of the dielectric layer  

µ is the mobility of the channel.  

Other parameters in the equation do not change with the environmental factors. 

 

 

Figure 2.3: Basic structure of FET 

 

2.4.1 p-FET working principle   

         

 

Figure 2.4: Top gated FET structure 

 

Drain and source are diffused in between two heavily doped p-region on an n-well. 

Application of a negative gate voltage (w.r.t. source) draws holes into the region below the 

gate; channel changes from n to p-type (source-drain conduction path). Conduction due to 

holes; negative Vd sweeps holes from source (through channel) to drain. Therefore, in a p-

channel OFET, current is switched from source to drain. Figure 2.3 and 2.4 shows top gated 

structure and connection. [12] 
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Figure 2.5: Connection diagram for top gated FET 

 
In the Linear region, Ids depends on the amount of charge in the channel and the speed of the 

charge moving in the direction of electric field. MOS structure looks like a parallel plate 

capacitor while operating in inversion (Gate – Oxide – Channel). Figure 2.6 shows different 

parameters in terms of FET. Charge in the channel (Q channel) = CV.  

 

 

Figure 2.6: Channel of a FET structure 

 

Where,  C = Cg = oxW L/tox = CoxW L (Cox = ox/tox) 

   V = Vgc − Vt = (Vgs − Vds/2) − Vt 

Two conductors separated by an insulator, have capacitance. Gate to channel capacitor is 

very important; it creates channel charge necessary for operation 

 

 

Figure 2.7: Typical drain current vs. drain voltage curve of p-type FET 
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2.5 Organic field effect transistor (OFET) technology   

 

Almost all types of electronic circuits Field Effect Transistors (FET) were the basic building 

blocks. Recent advances and research on OFET (organic field effect transistor) have opened a 

new area of electronic application in the field of sensors mostly in disposable electronics 

[13]. OFETs are three terminal devices where gate potential is used to modulate the current 

flowing between drain and source. The difference between organic and inorganic transistor is 

that, no inversion layer is created in organic transistor; conduction occurs by majority 

carriers. OFETs were mostly based on molecular structure of conductive polymers. The 

molecular orientation of such polymers makes them suitable for manufacturing of low cost 

FET. However, Silicon FET’s performance is superior to OFET but both these FET’s have 

different domain of application and OFET cannot replace Silicon based FET instead it’s 

applied for new emerging field of application such as flexible electronics, sensors etc. Also 

OFET cost of manufacturing is much lower than conventional FETs as we do not need 

expensive tools such as photolithography. 

In this study the organic FET to be fabricated is called C-I-π OFET; Conductor Insulator and 

π delocalized semiconductor based OFET [16]. 

 

2.6 C-I-pi OFET based sensor   

 

In comparison to other chemical sensors, using polymer as a sensing layer has specific 

advantages. The polymer layer will act as the channel in the OFET. One of the major benefits 

of using polymer as the sensitive layer is that the deposition of polymer thin film is much 

easier. All the processes involved are microelectronics compatible and is compatible to batch 

processing. In addition to these, polymers have good response time, selectivity and 

reversibility [10] [11]. 

 

Basic operation of MOSFET (Metal Oxide Field Effect Transistor) and Organic Field Effect 

Transistor (OFET) are same, as both work on the basic principle of electron flow, but are 

structurally different. In OFET there is no P-N junction involved. Instead the source and drain 

electrodes are attached to π-conjugated semiconductor that makes the channel. 
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Figure 2.8: Two different configuration of OFET structure 

 

The structure of OFET is metal-insulator-metal parallel plate capacitor as shown in Figure 

2.8 shows the capacitive structure of an OFET, in which an insulating layer is sandwiched 

between two metallic electrodes. In this case, the entire applied voltage is dropped across the 

resistive oxide layer, giving rise to a uniform bulk field of magnitude Eins = V /dins with no 

penetration of the electric field occurring into either of the electrodes [8] [9] [12]. 

 

 

 Figure 2.9 : Energy diagram of OFET 

  

One of the electrodes  in C-I-π FET is made of semiconductor where mostly the penetration 

of electric field, dependent on charge density that occurs on the interface, and become more 

significant thereby occupying larger area near the interface as shown in figure 2.9. In this 

case, part of the applied voltage is dedicated to the formation of this charged layer (channel 

depth) thus reducing the voltage drop across the insulator and consequently reducing the total 

charge that accumulates at the semiconductor interface ultimately reducing the effective 

capacitance.  

 

2.6.1 OFET based sensor advantage   

 

Organic field effect transistor based sensor system is a promising sensor development 

technology.  Major advantage of OFET based sensor is the low cost. OFETs can be made 

using very simple technology, which makes these sensors low cost. Other advantages of 

using OFET technology is that, it can operate in room temperature, which makes it much 
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more robust and cost effective as heating is not required as in Metal Oxide sensors. Figure 

2.10 shows how bottom gated OFET is used on a glass substrate.  

 

 

 

Figure 2.10: General bottom gated OFET structure and our modified OFET structure 

 

2.7 Organic polymers  

 

It was perceived that most of the organic polymers (i.e. plastics) act as insulators and are 

often used to isolate metallic conductors from other conducting materials. However, studies 

in 1960’s suggest that in case of conjugated polymers the electrical conductivity could be 

controlled or enhanced by means of oxidation and reduction. These initial studies led to the 

discovery of modern class of organic polymer materials with the conductivity of classical 

inorganic systems with many other desirable properties of organic plastics, including 

mechanical flexibility and low production costs. [12] 

 

These organic materials are often called synthetic metals are semiconductors in their neutral 

state and exhibit increased conductivity when oxidized or reduced. This useful property has 

received considerable fundamental and technological interest leading to current use in various 

applications such as sensors, Organic Field Effect Transistors (OFETs), organic photovoltaic 

devices (OPVs), electrochromic devices, and Organic Light Emitting Diodes (OLEDs). Also 

due to the flexible and plastic nature of these organic materials which could be used as active 

layers in electronic devices, they are promising technology for flexible electronics in the near 

future. Figure 2.11 shows few types of synthetic polymer and their band gap [12] [20]. 
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Figure 2.11:Commonly studied conjugated polymers  

 

Such an organic material “Polythiophene” was first discovered in 1980. Polythiophenes are 

Sulphur (S, Atomic Number 16) heterocycle as shown in figure 2.12. In natural state they are 

not conducting but when doped with these organic materials, they become conducting. The 

electrons could be added or could be removed from the conjugated- π-bond. Most notable 

property of Polythiophene is its electrical property by delocalization of electron in the 

polymer backbone. Disrupting the conjugates makes the polymers different electrical 

response [8] [9] [12]. 

 

2.7.1 Thiophene structure   

 

The thiophene polymer is a p-type of conjugated polymer that is able to conduct charge, 

eliminating the need to use expensive Metal Oxide semiconductors. OFET design has also 

improved in the past few decades  

 

 

Figure 2.12: A repeating unit of Polythiophene 

 

Mainly Polythiophene is doped to be p-type; n-type doping is not kinetically efficient due to 

the formation of counter ion. It is found that by changing the functional group we can change 

its property. They are quite stable in both conducting and semi-conducting state [12]. 
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2.7.2 P3HT properties          

 

 P3HT has been of interest because of its high carrier mobility, mechanical strength, thermal 

stability and compatibility with fabrication process. P3HT is a p-type semiconductor. This 

polymer has a higher mobility than most other polymers because it forms a semi crystalline 

lamellar structure during spin-coating. Since the chains in the crystalline regions of the film 

are relatively straight and p-stacked against each other, charge transport can occur both along 

the chains and between the chains, which enables holes to find pathways around defects and 

chain terminations.   

 

When Thiophene interacts with gas, hole conductivity increases as it donates its electron to 

the reacting gas. It is found that electrical performance strongly depends upon film deposition 

method and molecular weight. Researchers have found that those P3HT films prepared by 

drop casting from a chloroform solution exhibit lamellar structures and mobility is as high as 

0.045 cm
2
V

-1
S

-1
. In contrast, spin-coated films of P3HT with low regioregularity (81% HT 

linkages) consist of lamellae having a face-on orientation (π–π stacking direction 

perpendicular to the substrate) and exhibit low mobility of ∼10
-4

 cm
2
V

-1
S

-1
. Figure 2.13 

shows P3HT with its functional groups [12] [34]. 

 

 

Figure 2.13: A repeating unit of Poly (3-hexathiophene) 

 
Another independent research showed that electrical conductivity depends on the molecular 

weight of the polymer. If the molecular weight is low then Polythiophene become highly 

structured, as a result of which mobility becomes low. But in the case of high molecular 

weight, conductivity increases. In Polythiophene head-to-tail (HT) regioregularity decreases 

band gaps, improves micro structural ordering and crystalline in the solid state and 

substantially improves electrical conductivities. Due to the oxidation it not only changes the 

charged carriers but also change the bulk mobility in the polymer backbone. Due to hysteresis 

effect this property changes in long term, but the time constant is very big.  
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2.7.3 Mechanism of conductivity  

 

The material used for this study is Polythiophene; to make it p-type semiconductor two 

alternating electrons are removed. Doping amount in this substrate is around 30-40%. When 

this conducting polymer is exposed to oxidizing gas then it is a p-type doping whereas when 

exposed to a reducing gas it becomes n-type doping. It has excellent mobility due to high 

polarizability of sulphur. Figure 2.14 shows the dynamic doping mechanism through electron 

delocalization [13]. 

 

 

Figure 2.14: Mechanism of doping for thiophene 

 

Mobility of organic semiconductor is not constant unlike the common semiconductor such as 

silicon, germanium. To find the mobility of an organic semiconductor in a field effect 

transistor, different mobility models are there.  Mobility of organic semiconductor changes 

with different factors like electric field, temperature, mixing material and gate voltage. 

Therefore, a single model cannot be used to characterize the mobility.  [37]  

 

Gate voltage and temperature dependent mobility model  

 

                            =            
        (2) 

 

where, the term    is the mobility at characteristic temperature and   is the temperature 

dependent variable.  

 

Values of     and   can be determined experimentally. Putting the experimental values of  

   and   from previously determined standard data the               curve taking temperature 

constant and at different threshold voltage is plotted.  
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Figure 2.15: Change in mobility of P3HT in gate voltage sweep at constant temperature 

 

2.7.4 Model based on the electric field   

 

Poole-Frenkel mobility was first theorized in 1938 by Frenkel to explain the increase of 

conductivity in insulators and semiconductor when high fields are applied. The mobility 

dependence on the longitudinal electric field (source-drain)   can be described by the Poole-

Frenkel model [37] [39]. 

                                      (3) 

 
Where    is the zero-field mobility and is a prefactor which depends on the material and is 

generally inverse in proportion to the temperature T, at least for T > 50K . Stallinga et al. 

show that Poole-Frenkel mobility can be responsible of the non-linearities often observed in 

the output curves for low drain voltages. Hamadani reported field dependent mobilities in 

OTFTs which are consistent with the Poole-Frenkel model for different temperatures. 

Numerical simulations have been carried on by Bolognesi et al. including Poole Frenkel 

mobility in the drift-diffusion model, showing good agreement with experimental results. 

 

2.8 Dielectric layer   

 

Dielectric layer is one of the most critical layers. This layer will insulate the gate and the 

drain–source electrodes. If the dielectric layer becomes very thick then gate voltage will not 

interact with drain and source electrode. Therefore, it’s very important to have a non-porous 

thin layer above the aluminum electrode for proper insulation and it should also allow gate 

voltage to interact with the FET. Working of a bottom gated OFET largely depends upon the 
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dielectric layer quality. Polymethylmethacrylate (PMMA) was chosen to prepare the 

dielectric layer for its high dielectric strength and easy preparation method [26]. 

2.8.1 PMMA  

 

PMMA is one of the most widely used polymers in dielectric application. Various matrices of 

different materials are used for high dielectric applications such as high voltage transformers. 

Polymethylmethacrylate (PMMA) is a thermoplastic, it’s lighter than glass and has tensile 

strength comparable to glass.  It’s an organic polymer of methyl methacrylate (MMA).  

Figure 2.16 shows the structure of a monomer of PMMA [34] [42]. 

 

Figure 2.16: Monomer of PMMA 

 
PMMA is a cheap alternative to glass and it’s very easy to mold.  PMMA in its unmodified 

form can be brittle with particularly poor impact toughness and has a lower hardness than 

conventional glass rendering it prone to scratches. PMMA can be liquefied with proper 

solvent and this solution can be spin coated.  

 

 General properties of PMMA  

 Dielectric strength; : 25 MV/m 

 Dielectric constant: 2.6   

 Molar mass: 100.12 g/mol. 

 Melting point: 160  

 Density: 1.18.g/cm
3 

 Hydrophobicity = Pretty hydrophobic: contact angle = 72
o
  

 Thermal conductivity : 0.167-0.25 W/m.K  

 

 There are a number of advantages to using PMMA: 

 Transparent 

 High gloss and hardness (when modified) 
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 Good rigidity 

 Dimensionally stable 

 Thin film can be made  

Disadvantages 

 Although not attacked by alcohol alone, alcohol with carbon tetrachloride and 

ether will cause swelling 

 Dissolved by most aromatic and chlorinated hydrocarbons 

Annealing is required for PMMA for certain processes but it’s not necessary for all the 

solvents. The annealing of plastics can be defined as a secondary process wherein the plastic 

is brought to a certain temperature, kept there for a time, and then cooled to room 

temperature. The primary reasons for annealing include the reduction or removal of residual 

stresses and strains, dimensional stabilization, reduction or elimination of defects, and 

improvement of physical properties [34]. 

 

2.8.2 DMF  

 

Dimethylformamide abbreviated as DMF, and it’s an organic compound. It’s a color less 

liquid and miscible with most of the organic liquids. DMF is commonly used as a solvent. 

DMF is a hydrophilic solvent with high boiling point and high vapor pressure 3.5 hPa [42]. 

 

Figure 2.17: Dimethylformamide structure 

Since the density of DMF (0.95 g/cm
3
 at 20 °C) is very similar to that of water, therefore it’s 

very convenient for spin coating.  

 

2.8.3 Anisole   

 

Anisole is an organic compound, is chemical IUPAC name is methoxybenzene, and with 

chemical formula CH3OC6H5 . It’s a colorless liquid with a strong smell. Its relatively non-

toxic but prolong exposer to anisole may cause irritation, but it’s a flammable liquid. Anisole 
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is made synthetically. For the experiment we have used Sigma Aldrich 99.9% pure liquid 

solution. Figure 2.18 shows chemical structure of Anisole. [42][19] 

 

Figure 2.18: Chemical structure of anisole 

2.9 Interdigitate electrode 

 

Interdigitate electrode based sensors are perhaps most promising devices concerning ease of 

integration and fabrication costs in a complimentary of Metal Oxide based sensors. 

Interdigitate electrode coated with polymer is one of the promising sensing devices with 

minimum post processing. Figure 2.19 shows a typical commercial interdigitate electrode by 

MR MicrosensorInc.  

 

The transduction mechanism of interdigitate electrodes mainly depends on the change in 

permittivity of the coating polymer that leads to the change in capacitance, and mobility 

between electrodes. In case of OFET one electrode is drain one is source.  

 

In the recent years, interdigitate electrodes are receiving attention in the field of sensing. 

Interdigitate electrodes offer higher sensitivity then electrode pair system, because of their 

large active area and parallel operation. Due to the large active area molecules can approach 

from all direction to interact. Advantages of IDE are as follows: 

1. Steady-state currents can be achieved in a very short time. 

2. Collection efficiency approaches unity. 

Interdigitate electrode has been used in many different sensing techniques for example 

chemical sensor, surface acoustic wave including biosensor. Depending on the application 

interdigitate electrodes need to optimize. Depending on the application and the output signal 

strength required different parameter such as electrode figure width (E), finger gap (G) and 

number of electrode are determined. For each application, optimized design parameter 

changes [17] [19]. 
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Yuzuru Iwasaki and et.al [19] found that interdigitate electrode has high signal to noise ratio 

in wide dynamic range due to the high collection efficiency. The IDE have high redox 

cycling collection efficiency which allows sensitive electrochemical measurements with a 

high signal-to-noise ratio (SNR) and a wide dynamic range. 

 

 

 

Figure 2.19: Interdigited electrode; 200um copper interdigitate electrode   

                             
Junhong Min et.al found that electrode made of gold are far better than any other material in 

terms of SNR. The effects of gap size, electrode width and number of electrode fingers were 

as expected.  

 

In his experiment Min el.al found a high SNR of 9.7 and lower limit of detection of 

ferrihexacyanide was found to be 0.1 μM . In his research it was found that overall signal is 

directly proportional to the number of fingers in the interdigitate electrode and width of the 

finger. Also, it was found that increasing electrode thickness yielded an increase in current 

and overall signal with small increases in signal noise. This increase in current is thought to 

be due to increased surface area [20].Another example of IDE optimization was performed by 

Radke et al. Through simulations, it was found that the optimal interdigitate electrode finger 

width and spacing were 3 and 4µm respectively [21]. 

 

 

Figure 2.20: Ossila Inc. interdigitate electrode 
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2.9.1 Electrode design optimization 

 

In order to devise efficiency expression that would apply to practically any conceivable 

interdigitate electrode sensor, a generic interdigitate electrode sensor was first designed and 

characterized. The Interdigitate electrode configuration of this generic sensor is shown in 

Figure 2.20. This generic interdigitate electrode design is quite similar to the design of many 

actual interdigitate electrode sensors.  

 

 

 

Figure 2.21: Dimension convention of interdigitate electrode for theoretical analysis 

 

The generic electrode serves as a template for efficiency analysis of these and practically any 

other interdigitated electrode. Variables are assigned to the important dimensions of the 

generic interdigitated electrode as shown in Figure 2.21. These variables are: the overall 

width X and length Y of the device, the electrode width W, and the serpentine gap width G.  

 

The area between the two electrode serpentine gaps is the sensing area of the sensor. While 

deposing the sensing material, it is deposited over entire surface of the interdigitated 

electrodes; the material which is overlapping the sensing area of the interdigitate electrode 

reacts to the analytic. The numerical efficiency of any interdigitate electrode can be measured 

by finding the ratio of total area covered by the interdigitate electrode to the actual area 

covered by the sensor. This numerical value will give a relative measurement of the electrode 

sensing performance [11].  

        

          
  

   
              

  
                                              (4) 
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Equation 4 can be used for any type of interdigitate electrode to find the numerical efficiency 

of the sensor. Efficiency    can be a function defined as the geometrical function of the 

sensor.  

 

This measurement can give quick analytical figure to design an interdigitate electrode. Term 

G is for gap between two electrodes, term W means the width of the electrode, X is the 

electrode total geometrical width and Y is the total geometrical length of the electrode. The 

term   is the efficiency of the sensor. The   can also be defined as the relative effective 

exposed area for sensing for a sensor. This formula is valid only for the traditional 

interdigitate electrode with the effective design.  

    

In the equation the  terms       is almost equivalent to the sensing area of the sensor, the 

trialing term 
  

   
         it is the effective term of  unnecessary area among the 

sensing area. The key to improve the efficiency of a generic interdigitate electrode is to 

increase the surface areas which reacts to the analyte. To increase the surface area further a 

constant gap G between the electrodes is maintained. This constant gap can be managed by 

only rounding off the corners. Figure 18 shows the rounded off corners of the interdigitate 

electrode.  

 

Due to the rounded off corners the standard equation needs some changes. The areas which 

will be reduced by two will be now reduced by only a factor of    
 

 
  ie. by a factor of 0.43.  

This geometrical collection will increase the total analytical area by a factor of 1.57. This is a 

significant increase in area. Equation (5) is the modified equation of improved interdigitated 

electrode.  

  
  

   
(     

 

 
    )      

  
                                              (5) 

 

Assuming that interdigitate electrode doesn’t have no appreciable resistance current and 

because the current flows uniformly across the gap unlike the 90 degree sharp conventional 

interdigitate electrode.     
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2.9.2 Material used in gate and electrode   
 

Gold  
 
Gold is the material of choice for the majority of the demonstrated p-type semiconductor 

devices. Gold has been used both in gate and electrode fabrication. Its work function (with 

reported values) ranges from 5.0 to 5.3 eV and is a good match for the ionization potential of 

most hole-transporting materials and thus, it serves for efficient injection of charge carriers 

with no or low potential barrier.  

The gold used in this work comes in wire form and was thermally evaporated; a tungsten boat 

was used as its heating element. Misalignment results in an asymmetry in the overlap of the 

source and drain electrodes with the underlying oxide; in this case, considering that the 

parasitic capacitance is a function of the area of this overlap, the electrical properties of the 

source and drain electrodes will differ. More details on gold deposition are given in the 

respective device preparation section of Chapter 3. One of the disadvantages in the use of 

gold is its low adhesion properties which might result in delamination of the deposited gold 

thin films. Figure 2.22 gives the evidence of this fact.  

 

 
 

Figure 2.22: Thin layer of gold over glass substrate 

 

Aluminum   

 

Aluminum was used as the bottom-contact material for the fabrication of polymer-based 

bottom gated OFETs; its work function (4.08eV) is very close to the electron affinity of this 

electron-transporting semiconductor making the injection of electrons very efficient. The 

source material used was in the form of beads and was thermally evaporated using a tungsten 

boat. Shadow masks were used to pattern the deposited features. More details on aluminum 
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deposition for the fabrication of p-type OFETs are given in chapter 3. Figure 2.23 shows 

aluminum thin film is deposited on glass substrate using a template.  

 

 

Figure 2.23:  Aluminum coated thin film on glass substrate 
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CHAPTER 3 

METHODOLOGY 

 

In this section we will discuss about different steps involved in the the fabrication of the 

device. The sensing element is based on the Organic Field Effect Transistor.  It is a bottom 

gated OFET. Scope of this project also includes fabrication of interdigitate electrode and gas 

sensor test bench. Therefore, this section also briefly describe fabrication in this section we 

are describing all the process involved in the preparation of the OFET and results we have got 

in during fabrication process 

 

3.1 Sensor fabrication  

 

 The sensor fabrication is the most critical and most processed involved part, because a small 

error in the process destroys the sensor. Therefore, it’s very important to optimize all the 

steps for fabrication. Figure 3.1 shows five different layers of a bottom gated electrode with 

different layers. Each of these layers has different fabrication process.  

  

 

 

Figure 3.1: Different layers of a generic OFET 

 

Figure 3.2 show another type of bottom gated OFET with six different layers. Functionalities 

and fabrication process were discussed.    

 

 

Figure 3.2: Different layers of the modified OFET 
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3.1.1 Substrate preparation 

 

Here in this project the objective is to make the sensor low cost, therefore the material 

required to choose for the sensor should be low cost. Substrate is the part, above which the 

whole OFET will grow. Substrate should be having very high dielectric strength and good 

binding surface for aluminum and gold. Therefore, we choose Na-glass. Glass is normally 

basic in nature, therefore we need to put it in acidic solution bath it neutral and clean surface. 

Glass substrate preparation process   

1. Glass cutting: Glass need to cut in different sizes according to the electrode design.   

2. Glass cleaning: Glass substrate first need to be cleaned properly.  

Glass substrate is the base of the entire OFET and if we don’t clean the substrate properly, 

then all the layers above will become useless. Utmost care should be taken during this step. 

Figure 3.3 shows different steps involved in the substrate preparation.        

        

 

Figure 3.3: Different stages of substrate cleaning, (left to right) glass cleaned with acid 

 

First, in order to remove its basic nature it was cleaned in            (30%) 1: 4, rinsed in 

deionized water, for at least 7 hours and dried in    atmosphere. Then it was cleaned with 

industrial detergent rigorously for few minutes followed by cleaning with DI water. After 

which this substrate was stored in DI water to prevent any further contamination like dust 

from air. Just before using the substrate it is required to dry it by nitrogen gas at high 
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pressure.  Following this substrate was structured.  Figure 3.3 shows a pictorial overview of 

the glass substrate preparing process.  

 

3.1.2 Conductive gate  

 

The sensor is based on the bottom gated OFET structure.  As glass is used as a substrate a 

layer is made of a conducting material over the glass surface. As the initial plan was to make 

the sensor low cost, aluminum (Au) was used as a sensing material.  Thermal evaporation 

was used to make a thin film of aluminum over the glass substrate. Figure 3.4 shows the 

conductive gate layer above the glass substrate. As mentioned above, glass substrate has to be 

very clean to make the surface smooth. Therefore, the glass substrate is dried with nitrogen 

gas gun with high pressure.  

 

 

Figure 3.4: Structure of the bottom gate on the substrate 

 
The thermal evaporation process is the application of very thin layer of metal on any surface 

under very high vacuum. At very high temperature, metal was heated, and transferred to 

vapor phase, there after the vapor was condensed on the substrate. Thermal evaporation can 

be used for virtually any material which remains stable in vapor phase. The required heat to 

evaporate a metal is provided by Joule heating via a refectory metal element. There are other 

methods of heating of metal, e.g. electron beam, laser beam.       

A high current is passed through a resistive element with a high resistivity, high temperature 

is produced. This temperature is applied on a metal boat where the metal is to be evaporated 

for example aluminum (Al) or Gold (Ag), are placed. The electrical power requirement of 

evaporation filaments typically 50-100A at 6-20V.The amount of material that can be 

evaporated is very small.   

The entire process of evaporation and condensation, takes place in a vacuum, typically at a 

pressure of 10
−4

 Pa. The vacuum removes any other vapors that nay present in the chamber, 

before the process begins. In high vacuum the mean free path becomes large, due to a long 

mean free path; evaporated particles can travel directly to the deposition target without 
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colliding with the background gas. For our purpose of thermal evaporation coating we have 

used BOC EDSON 306 Auto thermal evaporator. Figure 3.5 shows the thermal evaporator 

and different parts. This machine has a capability to coat any material with very high degree 

of precision (+/- 10 nm). This machine uses a quartz micro balance to measure the thickness 

of coating. Aluminum (Al) and gold (Ag) both material was used as our OFET gate. The 

thickness of the gate layer was 100 nm.     

 

 

Figure 3.5: A schematic diagram of thermal evaporator machine 

 
Substrate was also coated with gold (Ag) to make gate of the OFET.  Gold layer is also done 

by thermal evaporation technology. Therefore, we have two different materials as our gate in 

the OFET. But while coating the gate layer by PMMA layer of dielectric, some coating 

problem were found; these will be discussed in the later phase.  
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3.1.3 Dielectric layer  

  

Dielectric layer is second layer from bottom. PMMA was used as a dielectric layer in the 

OFET. PMMA layer is spin coted over the gate layer in    environment. Many different 

combinations of PMMA solution prepared to spin coat over Gate layer. Figure 3.6 shows the 

dielectric layer.  

 

 

 

Figure 3.6: Dielectric layer of the OFET from the bottom  

 
The dielectric layer was coated using spin coating technology. Advantages of using spin 

coating technology are simplicity and the relative ease to coat thin and uniform layer. 

  

 

 

 

Figure 3.7: Location of PMMA solution drop on the substrate 

 

Simplicity and relative ease of use is the major advantage of spin coating. Uniform and thin 

coating can be achieved easily. Due to high spinning speed and high air flow, very fast drying 

time is achievable. The fast drying time leads to high consistency of thin film in both 

macroscopic and nano length scale.  
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Figure 3.8: Spin coater Laurel w400 s 

 
The major disadvantage of spin coating is the inability to process in batch; spin coater can 

handle one substrate at a time. The fast drying time may be a cause of low performance for 

some nano techniques where the time of self-assembly is longer than normal materials. 

Another minor disadvantage is the waste of material, only around 10% of material used while 

spin coating. Figure 3.8 shows the spin coater. 

 

The thickness of a film is dependent on the on the speed of rotation. The film thickness is 

inversely proportional to the square root of angular speed of spin coater. Figure 3.9 showing 

the general thickness of profile with angular speed. The equation 6 shows the relation 

between film thickness and angular speed [42] [47]. 

 

              
 

  
                          (6) 

 

A spin curve can also be calculated from equation 6, shown in the figure 3.9. This means that 

a film that is spun at four times the speed will be half as thick, but in reality the function is 

not simple, factors like material viscosity, vapor pressure, temperature and local humidity are 

also dependent. The equation 6 is uses as rule of thumb, but in reality surface profile is 

determined by experiment and observation rather than theory [47].  
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Figure 3.9: Example spin curve for a solution 

  
Surface thickness is measured by ellipsometry or by surface profilometry. Spin coating 

parameters are empirical and need to be developed by each experimenter with his/her system, 

conditions and apparatus. There are no absolute parameters for any given system.  But our 

eyes also give a very nice idea about the surface profile; we have also taken help of the 

Optical micro scope to see the finer details of the surface. [42] 

 

 

 

Figure 3.10: Picture of PMMA solution of different concentration 

 
Both DMF and Anisole was used as a solvent of PMMA.  As DMF has higher molecular 

weight, and has low vapor pressure, hence it will take longer time to evaporate. Film 

thickness can be adjusted by controlling the speed. For solvent with lower vapor pressure, 

drying time is considerably longer sometime up to 1-10 minutes. Both gold and aluminum 

was used as conducting material for the gate of the OFET. Because we wanted to make the 

system low cost therefor most of the gates were based on aluminum, these layers are spin 

coated at different rpm to find best dielectric layer.  
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PMMA with Dimethylformamide (DMF) 

 

While using DMF is used as a solvent with PMMA, it is found under optical microscope 

(OM) that there is high density of electrode holes in the substrate. Figure 3.11 shows holes in 

the surface.   

 

 

 

Figure 3.11: OM image of PMMA solution with DMF and different parameters 

 

We try to optimize the surface by using multi-layer PMMA [34].  The PMMA layer has been 

optimized in 2 layer using different PMMA concentration.  Figure 3.12 shows that no holes 

are found after 2 layer of PMMA at 40 mg per 1 ml of DFM concentration.  

 

 

 

Figure 3.12: Two layer coating of PMMA with DMF on the aluminum substrate 

  
After optimization the surface with Digital Multi Meter (DMM) and Optical Microscope was 

tested and no short circuit and holes were found on the surface.      

The same experiment is also done with gold layer; it was found that PMMA layer above gold 

shows much better result than aluminum (Al). Figure 3.13 shows defects found on the gold 

surface.  
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Figure 3.13: OM image of gold surface coated with single layer of PMMA in DMF 

 

Same optimization is done using 40 mg of PMMA / 1 ml of DMF with two layers of spin 

coating.  After optimization the surface with Digital Multi Meter (DMM) and Optical 

Microscope was tested and no short circuit and holes were found on the surface. Figure 3.14 

shows the result.  

 

 

Figure 3.14: OM image of gold surface coated with double layer of PMMA in DMF 

 
But while testing the element with OFET effect, the two-layer optimization doesn’t work.  

These layers don’t show any FET characteristics. Therefore, it was necessary to try other 

methods to make the dielectric layer. 

 

 

PMMA with Anisole  
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Then the dielectric layer was made using anisole as a solvent. Different concentrations of 

anisole were used and the surface characteristics were checked.  The testing with both gold 

(Ag) and aluminum (Al) were done.  Different concentration ratios were set to find the 

correct amalgamation of PMMA and anisole. It was found that anisole gives much better 

results than that with DMF. Concentrations were varied from 80 mg, 40 mg, 25 mg, 20 mg, 

and 15 mg in 1 ml of anisole.  We found that of 80 mg to 20 mg of PMMA in 1 ml of anisole 

makes a very thick dielectric layer, which is not desirable. Due to higher thickness the 

element loses its OFET characteristics. Figure 3.15 shows the thickness comparison.  

 

 

Figure 3.15: XX' cross-section of OFET 

 

Higher the concentration greater the viscosity in solution, therefore, the solution doesn’t 

spread on the surface properly and make a very thick layer, which is incomparable to the 

dimension of thin film made by thermal evaporation. Figure 3.16 shows the thick layer 

spreading over the surface of gate.  

 

 

Figure 3.16: Thick layer of PMM on the surface on the substrate 

 

Figure 3.17 also shows thick boundary lines were cratered due to high viscosity solution over 

gold surface.  

 



38 

 

 

 

Figure 3.17: High thickness layer of PMMA solution using anisole as a solvent  

  
To get a thin film of PMMA (dielectric layer) the angular velocity of spin coating was 

increased and the concentration of PMMA solution was reduced from 20 mg/ml of anisole to 

15 mg/ml. Figure 3.18 shows the result of low concentration PMMA over aluminum surface 

at an angular velocity of 4000 rpm. From the optical microscope it can be figured out that the 

surface is very smooth and has a comparable dimension of thin film. The conductivity test of 

the surface using DMM was also done and it was found that the surface is completely 

insulated and can keep both the gate and electrode separated.  

 

 

 

Figure 3.18: 15mg/ml PMMA with anisole as solvent on aluminum surface 

 

 

 

The table 3.1 shows layers that are spin coated at different rpm and combinations to find best 

dielectric layer. 

Table 3.1: Spin coating results of PMMA 
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S.No 

 

Solvent  

Mix 

Ratio 

PMMA:1 

ml of 

solvent  

 

Speed (rpm)@ 

time(minute ) 

 

Electrical  

Properties   

Short 

circuit : Y/N 

 

Remarks 

Thickness properties 

1 DMF  120 mg  4000@ 3 N Very thick surface / Doesn’t 

spread the entire surface  

2   1000@1 

    + 4000@2 

N Very thick surface / spread  

3   1000@3 N Very thick  and doesn’t  spread  

4   500@0.5 + 

3000@1 

N Didn’t spread and formed 2 layers 

5   6000 @2 Y Dual layer formation and a thick 

boundary  

6   1000@1 

+ 3000@1 

N Very thick  and doesn’t  spread 

8   4000@3  Very thick  and doesn’t  spread 

9 DFM 40 mg  500@1+ 

4000@2 

Y Very thick  and doesn’t  spread 

10   1000@3  N Didn’t spread at all  

11   1000@0.5 + 

4000@1 

Y Uneven spreading and thick layer 

12   6000@2 Y Spread up to a extend then it 

accumulated near edges  

13   2000@1 

+ 4000@1 

Y Good spreading but thick layer  

 

14 DMF 20 mg  3000@3 Y Good spread and comparatively 

lower thickness then 80 mg  

15   500@1+ 

3000@2 

N Good spread and comparatively 

lower thickness then 80 mg 

16   1000@3  Y Didn’t spread properly  

17   500@0.5 + 

3000@ 1 

Y Very uneven layer  
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18   4500 @ 2 Y Very thin layer/ holes created  

19        5500 @ 3 Y Very thin layer/ holes created 

20 Anisole  120 mg  3000@ 3 N Very thick layer didn’t spread 

properly.  

21   1000@1+ 

4000@2 

N Very thick layer didn’t spread 

properly. 

22   4500@3  N Very thick layer  

23   5500@ 1 N Very thick layer / spread properly. 

24 Anisole  80 mg  4000 @ 2 N Very thick layer 

25   1000@ 1 

+ 4500 @  

N Very thick layer but spread 

properly.  

26   5000@ 2  N Comparatively thin layer but 

accumulated on the edges.  

27  40 mg  3000@ 3  N Thick layer but good spread  

28   4500 @ 2  N Thick layer but good spread 

29   5000@3  N Didn’t spread well.  

30  20 mg  3000@2 N Thick layer  

31   5000@2 N Thin and good spread  

32   5500@2  N Thin and good spread  

33   6000@2 N Thin and good spread  

34  15 mg  4000@2  N Thin and good spread  

35   6000@2 N Thin and good spread  

36   6500@2  N Thin but not proper binding   
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3.1.4 Electrode fabrication  

 

Electrode fabrication has two different parts. First is to design the electrode and second is to 

make the template for the electrode which can be used in thermal evaporation process as a 

mask. Figure 3.19 shows visualization of the layer over dielectric layer.  

 

 

 

Figure 3.19: Stack of different layers with the gold electrode made by thermal 

evaporation   

 

Electrode design  

 

As mentioned above, in this OFET the electrode is on the top of the surface. Therefore, a 

template was made to make the electrode. This template will be used to make the electrode 

using thermal evaporation technique. To make the template the first step is to design the 

electrode. As mentioned above in the chapter 2 electrode efficiency depends on the surface 

area which is in between the two electrode pair. Larger the area in between better is the 

sensing. Therefore, keeping in mind all the factors that affect the sensor efficiency and using 

equation 4, we have designed many different sensor designs.  Figure 3.20 shows different 

electrode design made. All the electrode designs are given in the appendix section.  

 

Figure 3.20: A sample electrode design 
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The first step starts from the printing the optimized designed in a negative film.  In this thesis 

CorelDraw x4 was used to draw the design and make the 1: 1 file in pdf format. Then it was 

required to print it on a negative film. Figure 3.21 shows the picture of negative film print.  

 

 

Figure 3.21:  Negative printed mask for lithography 

 

Various steps are involved to fabricate the template from the printed negative film. The entire 

steps involved were mentioned below.   

 

Step 1: Sodium bicarbonate solution:  Sodium Bicarbonate was used as to develop the photo 

resist.  We used 2 g of NaCO3 powder in 800 ml of DI water to make 25 mg/mL solution.  

The solution needs to be mixed rigorously.  

Step 2: Making the electro plate:  3"x1.5" nickel plate was taken and the polished the surface 

in precision grinder with diamond solution.  This is one of the most time consuming part of 

the fabrication.  

 

 

Figure 3.22: Polishing nickel electro plates 
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Step 3: Applying the resist on the Nickel plate:  While applying the photo resist on the nickel 

plate, it has to be done in a dark room with red light.  There after it has to be pasted one side 

of the resist on the nickel plate and heated up in a laminator at 90
o
C for 3 min.   

 

 

Figure 3.23: Nickel plate showing electrode structure after etching 

  

Step 4: Activation the photo resist: To activate the photo resist we inserted NaCO3 solution 

for 30 seconds and was cleaned and dried.  

Step 5: Dry etching:  In this step the printed negative film was used to mask the unwanted 

area from UV exposer.  The UV exposer configuration is shown in the figure 3.24.  UV ray 

of 356 nm was used. Then the photoresist was removed by using NaCO3 solution.  

 

 

Figure 3.24:  A close view on the electrode after etching is done 

 

Step 6: Preparation of the Ni electrolyte:  Before we can use the Ni electrolyte the electrolyte 

is to be cleaned using filter paper; the filtration arrangement is shown in the Figure 3.25 

below. To activate the electrolyte, we heat it up to 60
o
C by stirring on a hot plate. This 

process takes about 50-60 minutes depending upon the environment temperature.  
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Figure 3.25: Nickel electrolyte cleaning with filter paper and vacuum 

Step 7:  Electro plating: To start the electro plating first the extra photo resist is removed 

from electroplate, so that there can be better conductivity through the nickel plate. The anode 

and the cathode form the power source should be connected to the nickel bar and the plate 

respectively.  Power supply should be set at constant 1.7V while the current parameter 

remaining free. While electroplating is going on the temperature should be maintained at 

60
o
C and it should be stirred at 70 rpm. Figure 3.26 shows the connection and the 

arrangement for electroplating. 

 

 

Figure 3.26: Power supply configuration for the electroplating 

 
Step 8:  After 40 min the Ni should be coated on the Ni plate making the template on the 

surface of the nickel plate. To remove the unwanted photoresist, NaOH solution is used by 

adding 4000 mg of NaOH in 800 mL of DI water. This process takes about 30 min to remove 

all the resist. Figure 3.27 shows a finished electroplate.   
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Figure 3.27: Electrode templates are ready after electroplating 

 

Step 9:  After the Ni plate is cleaned only the desired template will remain there.  But to 

remove the template care has to be taken because it sticks to the surface very strongly. 

Therefore, it is required to place the plate in ultra-sonic bath for 20 minutes. The electroplate 

should not be in a vertical position for a longer time, because the template breaks down due 

to the gravitational effects and all effort will be in vain. Figure 3.28 shows how the templates 

break. Thereafter, bio Knife was used to take out template. Then it was dried and stored for 

the thermal evaporation.  

 

 

 

Figure 3.28: Removal of extra photo resist and broken electrode template  

  

Step 9:  After the PMMA layer was used on the surface of the gate of the element, this 

template was put over the PMMA layer properly for thermal evaporation.  
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Figure 3.29: The alignment of electrode template 

The arrangement was placed in the sample holder of thermal evaporation. Thermal 

evaporation is done using gold (Au) as the coating material.  The layer thickness was 

controlled at 100 nm.  Figure 3.29 shows how a template is added to the surface of the 

substrate. 

 

Figure 3.30: Picture of the fabricated electrode structure 

3.1.5 Sensing layer   

 

Poly -3 hexathiophene (P3HT) is used as p-well in the OFET. The Figure 3.31 shows the 

layer in the OFET. This layer is on the top of the OFET, and it will interact with the gas. This 

sensing layer can be prepared using two different solvents; one is chloroform and the other is 

1-2 dichlorobenzene. Here, 1-2 dichlorobenzene was used as a solvent. Poly (3-

hexylthiophene) (P3HT) (MW=37 000 g.mol-1, 98% regioregular) was purchased from 

Sigma-Aldrich and used without further purification. [15] 

 

 

 

Figure 3.31: Sensing layer of P3HT  
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Step 1: 2 mg of P3HT @ 99.9% purity was taken. 

Step 2: 10 ml of chloroform or 7 ml of 1-2 dichlorobenzene was mixed [23]. 

Step 3: The container was sealed with paraffin film. 

Step 4: The solution was put on a heating plate and stirred at 15 rpm for 1 day.   

Step 5: The solution inside the glove box was spin coated (to keep it safe from dust other 

contamination). Before spin coating it should be ensured that the P3HT solution doesn’t have 

any lump on it, otherwise it will destroy the coating. Figure 3.32 shows different steps of 

preparation of P3HT. 

 

 

Figure 3.32: SigmaAdrich P3HT; 1-2 diclorobenzene;  P3HT solution  

 

While putting the thin layer of P3HT over the electrode the variable was angular speed (in 

terms of RPM) of the spin coater. Testing was done with different combinations of spinning 

speed for proper coating of P3HT on the gold electrode.  

 

All the spin coatings were done in two steps of speed, first step was very slow speed below 

500 rpm to spread the solution, and then the second step was above 3500 rpm, to make thin 

layer. Figure 3.33 below shows a set of experiment of P3HT coating over the electrodes. In 

this first set, coating was done at 500 rpm @ 1 min, then 3500@ 4 min. Under the optical 

microscope it was found that dotted structures are due to the dust particle.   
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Figure 3.33: OM picture of the electrode, doted particles were found in the surface 

 

Figure 3.33 below shows a set of experiment of P3HT coating over the electrodes. Another 

set of experiment was done by coating P3HT at 500 rpm @ 30 seconds, then 6000 rpm @ 3 

min. It was observed that at higher speed of spinning, the layer was relatively smooth and 

was thinner under optical microscope. The long stripe structures are due to the dust particles 

or aggregation.  

 

A different set of experiment was done on electrode for spin coating P3HT with the same 

concentration. In this set of experiment, the P3HT solution was heated to 120
o
C and then spin 

coated in 2 steps. This time spin coating was done using dynamic spin coating technique. In 

this technique, the solution is gently dropped over the element after it reaches the desired 

speed. The solution is dropped using a pipette when the rpm reached 4000. After dispensing, 

3 minutes of spinning was calculated.  Figure 3.34 shows results of the dynamic spin coating.  

It is found that with dynamic spin coating results were better in terms of surface smoothness 

and surface thickness. It was also found in all cases that surface profile has uniform gradient 

from center to the edges of the element.  

 

 

Figure 3.34: OM picture of electrode; Dynamic spin coating results 
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Then another set of experiments has done spin coating P3HT over the electrode in one step. 

The electrode was coated with P3HT at 6000 rpm for 2 minutes. Figure 3.35 shows the 

results. It is found that in a single step the spread was very uneven.   

 

 

 

Figure 3.35: Reference photograph of electrode; Single step spin coating 

 

In the above set of experiments, the optimum speed for spin coating P3HT was found. Then, 

P3HT over PMMA and Gold electrode was coated.  

P3HT is spin coated over the electrode at 500 rpm for 30 seconds and then at 4000 rpm for 2 

minutes. Figure 3.36 shows this P3HT coating. It is seen that the coating was uneven and has 

porous holes on the surface.  

 

Figure 3.36: P3HT spin coated over PMMA and gold electrode 

                 
In another set of experiment P3HT was coated with high speed in two steps.  First one is 500 

rpm for 30 seconds then at 5000 rpm for 3 minutes. Figure 3.37 shows the results of spin 

coating P3HT at higher speed for longer time. Results were exactly the same as spinning the 

element at lower speed. Therefore, it can be said that the unevenness of the surface is not due 

to the spin coating speed but due to the surface properties of the surface below the coated 

layer.  
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Figure 3.37: Enlarged portion of a P3HT coated over PMMA 

 
In the above experiments, it was seen that P3HT was not sticking to the surface. This may be 

due to the high surface tension of the surface below. To reduce the surface energy, a diluted 

layer of scientific level surfactant Tween 80
TM

 was spin coated.  Figure 3.38 shows these 

results. From the figures the clear distinction between the one with the surfactant and the one 

without can be seen. The extreme right in the figure 3.38 (c) shows the result [43] [49] [51]. 

 

 

 

Figure 3.38: Substrate with PMMA; P3HT over PMMA; P3HT with Tween 80 

 

3.1.6 Aggregation and filtration 

 

During spin coating we have also found that large lumps of aggregation have formed on the 

surface. 1-2 Dichlorobenzene was used as the solvent for P3HT, as 1-2 Dichlorobenzene is an 

aromatic solvent, therefore it has lower vapor pressure and hence the drying time during spin 

coating is also high. There is a possibility of aggregates or crystallites forming in solution 

during the spin coating process. 
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Figure 3.39: Without surface treatment and with surface treatment of Tween 80  

 

This can lead to comet streaks or large lumps of aggregation left on the surface. Figure 

3.39(a) shows the lumps on the surface. Aggregates and undissolved material can often have 

significant effects on device performance. It was found that the surface was short. Therefore, 

the solution was heated just before the spin coating and it was found that aggregation on the 

surface didn’t occur. The P3HT solution was heated at 90
o
C with stirring. The surface tension 

of a liquid solution is greatly dependent upon the temperature; surface tension decrease with 

change in temperature, which in turn helps the surface adhesion. [43][47]  

 

3.2 The sensor element   

 

The sensor has been fabricated by taking all the best processes from the above mentioned 

steps. Figure 3.40 shows the final sensing element.   

 

 

Figure 3.40: The sensing element without the sensing layer 

 

The sensor element was fabricated using following parameters: 

1. Substrate : Sodium glass of 30mm x 40mm, cleaned with diluted acid and DI water 

for 24 hours  

2. Gate :  100 nm aluminum was coated using thermal evaporation  
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3. Dielectric layer: PMMA solution was prepared by using 15 mg of PMMA in 1 ml of 

anisole.  Then, the solution was stirred for another 15 hours at 70 rpm at 120  .  

After that the solution was spin coated on the aluminum at 6500 rpm for 1.5 minutes. 

Finally the surface was tested using Digital Multi Meter to find the surface 

consistency of di electric layer. It was also tested under optical microscope for any 

holes in the surface.  

4. Interdigitate electrode: The electrode template was used make the 100 nm thick 

electrode using thermal evaporation.  

5. Sensing layer:  P3HT was the sensing layer in the OFET. As mentioned above, due to 

surface aggregation and high surface energy of PMMA surfactant was used to reduce 

the surface energy.  Therefore, Tween 80
TM

 was diluted to 1 ml/10 ml of DI water and 

spin coated at 4000 rpm for 3 minutes. Longer spin coating time was used to 

evaporate the water from the surface. Then it was dried in glove box for another 5 

hours to remove the remaining water particles. Then the P3TH was spin coated at 

4000 rpm for 3 minutes and kept it for 16 hours before testing.  

 

3.3 Gas testing chamber    

 

The test bench has 4 major components and sections as follows: 

1. Gas chamber   

2. Gas flow tube systems  

3. Sensors and data acquisition system  

4. Gas flow control system  

 

The gas chamber is one of the core parts of the test bench. The gas chamber is made to follow 

the protection standard IP-66 and at par with IS) 16000:2008 gas handling lab equipment 

standards. Metal used for the gas chamber is stainless steel 17-4PH, (material datasheet 

attached) which uses about 17% chromium and 4% nickel. This is highly resistant to 

oxidation; therefore, we can use the chamber for a wide range of gases.  

 

17-4 PH Stainless Steel provides excellent corrosion resistance. It withstands corrosive attack 

better than any of the standard hard stainless steels and is comparable to Type 304 in most 

media. But it is to be mentioned that prolong exposure to very highly corrosive gas may 

damage the inner wall of the chamber so it is advisable to clean the chamber as soon as 

possible to keep the chamber safe for future use. Fabrication of the gas chamber is done by 
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cutting a solid stainless steel cylinder of 200 mm diameter and 400 mm high. To fabricate the 

chamber, cutting procedure has been chosen because it gives higher strength and reduces the 

chances of cracking.  

 

                               Table 3.2: Lathe Machine Cutting Specification 

 

 

 

 

 

 

 

 

 

 

 

 

Cutting is a material removal process, by turning the job by a machine, which uses a cutting 

tool to cut away unwanted material. The turning process requires a lathe, workpiece, fixture, 

and cutting tool. The workpiece is a piece of pre-shaped material that is secured to the fixture, 

which itself is attached to the turning machine, and is allowed to rotate at high speeds.  

 

The cutter is typically a single-point cutting tool that is also secured in the machine, although 

some operations make use of multi-point tools. The cutting tool feeds into the rotating 

workpiece and cuts away material in the form of small chips to create the desired shape. 

Table 3.2 shows the cutting specifications. Disadvantage of cutting is that it is time 

consuming and a lot of materials are wasted. Figure 3.41 shows the CNC cutting diagram of 

the gas chamber.  

Parameters Value 

Shapes Solid: Cylindrical 

Materials Stainless Steel 

Shapes Solid: Cylindrical 

Surface finish - Ra 16 - 125 μin 

Tolerance ± 0.001 in. 

Surface finish - Ra 16 - 125 μin 

Quantity 1  

Lead time 60days  

Advantages Accurate , higher strength  

Disadvantages Wastage of material 

Applications Gas chamber  

Cutting feed 0.00393701 IPR  (inch per 

revolution)  
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.  

 

Figure 3.41: The chamber is cut from the solid cylinder and the base plate 

 

The cylinder is cut in two pieces; one part is about 40 mm high and another part is 160mm 

high. Then the larger part is put into the lathe machine for cutting.  Figure 4.42 shows how 

the lathe machine is cutting the cylinder 

 

 

Figure 3.42: A typical lathe machine          

      

3.3.1 Chamber design 

 

Design of the chamber is done on Dassault System Corporations’ SolidWorks2014 (Lic no 

234990084948X). Figure 3.42 shows the 3D snap shot of the design. CAD design file is on 

the CD attached for reference.  

 

3.3.2 Physical properties of the gas chamber  

 

Internal volume is the amount of gas we can fill inside the chamber. This volume has been 

calculated using basic geometry and mathematics. Figure 3.43 shows the internal dimensions 

of the gas chamber. 
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.  

Figure 3.43: Internal dimension of the gas chamber 

 

Volume of a cone is given by: 

   ∫ ∫          
 

 

 

 

 

where, a = radius of the base  

           b = radius of the top surface   

           h = height of the cone   

Putting the values in the equation:         ∫ ∫          
  

  

   

 
 

                                                     V= 1.92 liters  

Weight of the chamber: Weight of the chamber will be 7.4 kg without any equipment inside. 

 

3.4 Testing apparatus 

 

 

Figure 3.44: Gas chamber (a) perspective view (b) bottom up view (c) side view  
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Gas flow piping diagram  

 

 

 

Figure 3.45: Gas flow diagram for the gas testing apparatus 

 

3.4.1 Features of test bench 

 

The gas sensor test bench has capability to change different parameters to see the effect on 

the sensor.  

The parameters that can be changed in the chamber are as follows: 

1. Test gas  

2. ppm of the test gas 

3. Humidity   

4. Temperature  

5. Lighting conditions  

6. Test voltage  

Parameters that can be monitored are as follows:  

1. Temperature in the chamber with high accuracy (+/- 0.1 ) 

2. Humidity in the chamber (RH 0.1% accuracy) 

3. Pressure in the chamber (1 mBar) 

4. Low level current measurement (+/- 1 nAmp) 

5. We can add light sensor 
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3.5 Simulation of gas sensor   

 

An extensive simulation on Ansys 15 has done to find the different parameters. The design of 

the gas chamber imported from Solid Works 15. Solid mesh was created from the Solid 

works model. Parameters are set to simulate temperature, pressure, velocity, and turbulence 

distribution inside the gas chamber.  More than twenty five thousand iteration has been done 

to converse the result.   Figure 3.46 shows the mesh of the gas chamber design with 0.001mm 

node resolution.  

 

 

Figure 3.46:  Mesh node of gas chamber with heating coil 

3.5.1 Temperature simulation  

 

Temperature simulation shows high temperature in the upper section on the gas chamber, 

Figure 3.47 and 3.48 shows cross-section and perspective view of the temperature simulation.  

 

 

 

 
Figure 3.47: Temperature profile inside the gas chamber 
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Figure 3.48:  Temperature profile of the gas chamber on the surface 

 

3.5.2 Pressure simulation   

 

Pressure simulation shows higher temperature in the upper section of the chamber, which 

shows one to one correspondence of the gas chamber temperature profile. Figure 3.49 shows 

the pressure distribution in the chamber.  

 

 

 

Figure 3.49:  Pressure profile of the gas chamber 
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3.5.3 Velocity of gas simulation  

 

Velocity of gas mixture is showing higher velocity near the thermal heater of the gas chamber 

which is connected on the wall. This is due to the thermal activity near the surface. Figure 

3.50 shows the gas mixture velocity due to thermal pressure distribution on the chamber.  

 

 

 

Figure 3.50: Velocity profile of gas mixture inside the chamber 

 

3.5.4 Gas mixture turbulence simulation  

 

Gas mixture turbulence profile inside the gas chamber, higher turbulence is observed in the 

middle of the gas chamber. Figure 3.51 shows the turbulence distribution in the chamber.  

 

 

Figure 3.51: Turbulence profile of the gas mixture 
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3.6 Sensor testing    

 

Testing is performed using an electronic device test system with measurement sensitivity 

sufficient to give an accuracy of at least ±0.1% (minimum sensitivity at or better than three 

orders of magnitude below expected signal level). For example, the smallest current through 

an organic transistor is often the gate leakage current. If gate leakage is approximately 1 pA 

(10−12A), the instrument shall have a resolution of 1 fA (10−15A) or smaller. Additionally, 

due to the large (>1 GΩ) impedances encountered in organic devices, the input impedance of 

all elements of the test system shall be at least three orders of magnitude greater than the 

highest impedance in the device. Commercial semiconductor systems with the capability to 

characterize organic devices typically have input impedance values of 1016Ω, which is a 

recommended minimum value. [12] 

 

Required measurements  

Characterization of the organic transistor requires at minimum the following two primary sets 

of measurements:  

 

⎯The transfer (IDS vs. VGS) curves, which allow for preliminary determination of field-

effect mobility, μ, and threshold voltage, VT.  

 

⎯The I versus V output (IDS vs. V DS) curves that provide saturation and general electrical 

performance information. This curve is used to determine whether the device exhibits FET-

like behavior.  

 

3.6.1 Noise reduction  

 

Generally, lower absolute gate bias voltages cause smaller stress effects, such as shifts in the 

threshold voltage, than higher absolute gate biases. Depending on the device structure, this 

shifting may be reduced by ensuring that the device under test is properly grounded. This 

issue may be further improved if this grounding is through a low-impedance path to system 

ground. In order for comparability between different device structures and eventual 

compatibility to nano electronics, voltages should be referenced to the corresponding film 

thickness (VGS) and channel length (VDS). Sufficient information is to be given so that 

electrical fields (V/cm) may be determined. Preferably, electrical field values are specified.  

Due to optical sensitivity of some organic semiconducting materials, all measurements should 

be conducted inside a light-insulating enclosure that is preferably earth (safety) grounded. 
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Optical isolation is recommended if exposure to ambient light causes a change of more than 

1% from values obtained in the dark. Due to the high impedances and extremely low current 

values being measured, proximity of personnel, heavy machinery, or other potential 

electromagnetic/radio frequency interference (EMI/RFI) sources should be maintained as far 

away from the measurement system while in operation. This is of particular concern when 

measured voltages are below 1 mV or when current values are less than 1 μA. 

 

3.6.2 Test setup    

 

The gas chamber can the gas controlling unit has been designed to be modular and can be 

connected using prefabricated pipes.  Gas flow control can be done using manual gas 

controller and mixing unit.  Figure 3.52 shows the gas mixing and piping of the test bench. 

To test a sensor, the set up need to assemble together in a same place, near the source meter. 

Depending on the type of gas flow pipes can be changed. Modifications have been made on 

the sensor connector design from the chamber to prevent leak of gas even at high pressure.   

 

                      
 

Figure 3.52: Gas testing setup piping arrangements  

 

To test the OFET sensor characteristics, three probe measurement system was used.  Keithly 

2612 SMU dual channel source meter was used for testing purpose.  It has the capability to 

sweep both gate voltage and drain voltage for OFET characterization. The Model 2612B 

Source Meter® SMU instrument, part of the Series 2600B Source Meter SMU Instruments 

family, is a new and improved two-channel SMU instrument with a tightly integrated four-

quadrant design that allows it to simultaneously source and measure both voltage and current 

to boost productivity in OFET production test. 
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Figure 3.53: Keithly semiconductor characterization unit 

 

To reduce the noise in the system , all the probes are placed inside a metal box and box is 

properly grounded, This reduce the noise coming from the high electric fields of the 

measuring device. We need to connect those probes very carefully otherwise, the platinum 

wire scratches the surface of the sensor. Figure 3.54 shows the test probe connection to the 

drain source and gate.  

 

  

 

Figure 3.54: Probe connection for testing the sensor 

 

Before testing the device in the test bench, to check the conductivity Digital multi mere was 

used. DMM gives a fair idea about whether the sensor system is short or not.  If we can detect 

that the sensor is short, then there is no need of further complex testing by the Source Meter.  
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CHAPTER 4 

RESULTS AND DISCUSSIONS  

4.1 Results and discussions   

 

The work presented in the previous chapters covers a wide range of experimental work which 

was conducted following three major objectives, i.e. the optimization of the fabrication 

process of organic semiconductor devices with an emphasis on the field of bottom gated 

organic field-effect transistor (OFETs), the novel methods for the efficient electrical 

characterization of OFETs used as gas sensing transducers and finally, the use of the 

fabricated semiconductor devices as sensing transducers in real vapors exposure experiments 

with the aid of the characterization methods developed.  

  

Figure 4.1: Drain current vs drain source voltage of p-type OFET 

 

To test the electrode fabricated we have tasted the electrodes using water gated OFET 

structure.  Different sizes of electrode were fabricated to test the OFET characteristics. We 

have found that only few of those OFET worked. Figure 4.1 shows one of the worked OFET 

result.  It’s found that electrodes become short due to impurities and improper spin coating.   

Regarding device fabrication, organic thin-film devices with several material combinations 

and various architectures were developed and characterized. Devices were built on glass 

substrates. P3HT were used for the development of the sensors. We have used PMMA as a 

dielectric layer in the system; PMMA layer has been optimized and successfully employed 

for the fabrication of OFETs in a single layer that have not been demonstrated in literatures.  

Regarding device characterization, the corner stone of this work was the development of a 

sensor with low cost material, specially using organic polymers and design a test bench for 

OFET testing. Most of the ammonia sensing sensors are fabricated using expensive 

fabrication process. In the entire chapter 2 we have discussed fabrication methods and 
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different combinations we have used to optimize the sensor. In this fabrication process we 

haven’t use any expensive testing procedures, thus reducing the cost of production. 

 

It was found that the traditional method for PMMA solvent with DMF is not suitable OFET. 

While testing it was found that after annealing the PMMA surface the DMF evaporates from 

the surface and it make holes in the surface and it became porous and short circuited with 

electrode and gate.  Multi-layer of PMMA is used to optimize the dielectric layer. Dielectric 

strength was in the comparable range of normal dielectric layer which was               But 

the FET characteristics on that dielectric layers, may be due to the thickness of the dielectric 

layer which is not in a comparable dimension of OFET.  

 

 

 Figure 4.2: Dotted structure on the PMMA  

 
Figure 4.2 shows the holes created over the surface and how the electrode over it became 

short circuited with the drain and source terminals.  

 

Anisole was used as a second dissolving agent for PMMA. Anisole has lower vapor pressure 

hence the time to evaporate is very low. Typically, anisole takes about 30 second to evaporate 

while spin coating at more than 1000 rpm. Therefor annealing shouldn’t be done like DMF. 

We have used different concentration solution to test the surface smoothness and proper 

dielectric property, without shorting the metal gate. Test has also been conducted to see 

surface smoothness of coating with two different materials, aluminum (Au) and gold (Ag).  It 

is found that the surface smoothness in gold much greater than aluminum [42]. 

 

Another reason for surface irregularity is the bubbles created in the PMMA solution while 

preparing the solution. While preparing the PMMA solution, the solution is stirred and heated 

at 100 rpm at 150
o
C for a prolonged period of time.  In this process, it was observed that 

when the PMMA solution heats up the viscosity of the solution decreases, as the viscosity 

decreases the rotational speed of the stirrer also increases. Anisole reaches its boiling point at 

about 150  and boiling point of PMMA is about 200  in Standard Temperature and 

Pressure (STP).  In a PMMA-Anisole based liquid, boiling occurs at around 160  at STP 
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and the stirring also gives extra energy to the system. When the mixture of PMMA and 

anisole undergoes phase conversion from liquid to gas, little bubbles of vapor nuclease in the 

liquid. But due to the high viscosity of the liquid those bubbles remains in the solution. 

Figure 4.3 and 4.4 shows the bubble formation inside the PMMA solution prepared for spin 

coating  

 

(a)                           (b) 

Figure 4.3: (a) PMMA solution maintained at 30 , 60 rpm (b) PMMA solution with 

bubbles maintained at 200 , 120 rpm 

 

While spin coating these micro bubbles spread over the substrate and are exposed to air. As 

soon as they come in to contact with air, they burst due to the pressure difference. This 

phenomenon creates holes in the surface of the substrate.  

 

 

Figure 4.4: Micro bubbles in the PMMA and spreading the solution for spin coating 

 

Electrode were created before and added to the over layer using thermal evaporation.  Then 

we have coated it with the sensing layer of P3HT. In the chapter 3 the different conditions of 

coating P3HT on PMMA was discussed. Experiments show that initially P3HT does not stick 

to the PMMA surface. Figure 4.5 shows that P3HT creates a moon surface type pattern on the 

PMMA and gold surface.  
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Figure 4.5: A zoomed portion of P3HT surface 

 

The figure 4.5 shows the P3HT does not stick to the surface. This may be due to the high 

surface energy of PMMA. Surface energy of solid polymer can be calculated using the 

equation7 [46] 

  (
  

 
)                                             (7) 

 

where  Ps is the molecular  parachor.  

V is the molar volume  

   is the surface energy  

 

 

   
 

 
Figure 4.6: Monomer of PMMA with all the chemical bond 

 

For PMMA    can be calculated as 

 

Ps = 8xH + 5xC + 2xO + 1xDouble Bond  

            = 8x17.1 + 5x4.8 +2x20 + 1x23.2  

 = 220.8         ) x          
 

  

 

Density of PMMA ( ) = 1.17 g/       Molar mass of PMMA (M)= 100.1 g/mol  
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Molar volume (V)                              V= 
 

 
                                                        (8) 

                                      = 86.5          
 

Therefore surface energy of PMMA ( ) =  (
  

 
) 

                  

                                                                = 42.5 erg/     

                               

          = 42.5 mJ/    

 

According to the calculation free surface energy of PMMA is about 42mJ/  , which is very 

high among other polymers. From this value we can calculate the contact angle of PMMA 

and P3HT.  

 

If we consider    as the contact angle then contact angle can be calculated from  

 

  =      [  (
  

  
)

 

 
  ]                                         (9) 

 

Where   is a constant and depends on molar volume,   can be mathematically represented as  

 

   
       

 
 

(  
 
    

 
 )

                                      (10) 

 

Where    and    molar volume of PMMA and P3HT.Calculating the value of     and    using 

the equation 8 and putting it on the equation 10 se get value of  .    

 

Now     and    is calculated using equation 7 and putting those values back in equation 9 the 

contact angle is calculated. The contact angle found to be 88 . It is in the category of non-

wetting solution for that particular solid surface. Figure 4.7 shows the effect of large contact 

angle [46]. 
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Figure 4.7: Contact angle of PMMA with water and P3HT 

 

It can be seen that the contact angle is very high. The contact angle between PMMA and 

P3HT gives explanation why P3HT does not stick to the surface. Surfactants are absorbed 

onto the liquid–vapor, solid–liquid, and solid–vapor interfaces, which modify the wetting 

behavior of hydrophobic materials to reduce the free energy. When surfactants are absorbed 

onto a hydrophobic surface, the polar head groups face into the solution with the tail pointing 

outward. In more hydrophobic surfaces, surfactants may form a bilayer on the solid, causing 

it to become more hydrophilic.  

 

The dynamic drop radius can be characterized as the drop begins to spread  Therefore, to 

reduce the surface energy we have applied surfactant (Tween 80
TM

) to the surface in a very 

diluted from. Surfactant solution was spin coated over PMMA at 2000 rpm for 1 minute [43]. 

While preparing the template for the electrode, electroplating is done using nickel. It was 

found that if the voltage is increased by 0.2 volt and the electroplating time to 70 minutes 

then the templates formed are much better, in terms of the shape.  At this condition template 

thick and little curve from sideways. This curved shape helps to stick the template to 

substrate for thermal evaporation.  

 

For the electrical testing of the electrical property digital multi meter was used for 

preliminary testing for every stage. Therefore, any abnormalities found in the layer at any 

stages can be redone by repeating the process.  

 

The test bench is design to meet the real time environmental simulation for a sensor testing. 

The gas test chamber is equipped with connectors and sensors. The chamber has provision to 

add new sensor and actuators according to the need. The gas controlling unit is connected 

with precise manual gas mixing and in flow control.   
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  4.2 Recommendation  

 

Considering the results mentioned above it have observed that fabrication of OFET on a glass 

substrate is possible at a very low cost. As the experiments shows no expensive testing was 

used and all the materials used were low cost. Therefore, further development work needs to 

be done in fabrication of the sensor element. It is found that mobility of the organic polymer 

is not constant, like inorganic compounds. Therefore, further work can be done in the field of 

finding the proper mobility dependency on various factors like temperature and gate voltage 

threshold etc. and modeling of mobility considering all the parameters.      

 

From the experimental result it is found that spin coating P3HT over PMMA is not very easy. 

Therefore, we can consider other organic polymer like pentacene as a sensing layer. This 

might have better adhesion to PMMA.  

 

Interdigitate electrodes are very error prone. Therefore, while electrode a sensor holder 

should be designed for the sensor testing.     

 

It is found that there is no need for SEM imaging of the surface of the sensor as the electron 

beam burns the surface of observation. Cross sectional SEM can be done to measure the 

thickness. Surface profile meter can be used to measure surface thickness. But surface 

thickness can be easily observed by unaided eyes and optical microscope (OM) can be used 

for surface profile investigation.  OFET sensor on glass substrate for low cost sensing 

element has potential and further work needs to be done on the sensing layer coating, testing 

and calibration .                                                                                                                                                                                                                                                                                                                                                                          
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APPENDIX  

Various electrode designs tested.  

1.  200 um finger gap   

                     

 

2. 300 um finger gap   

                           

3. 100 um finger gap   
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4. 70um finger gap   

                              

 

5. 85um finger gap    

                                  

 

 

6. 80um finger gap    

                                

 

 

                                  

 

 

 

 

 

 



78 

 

 

 

 

 

 

 

 

 

 

 


