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ABSTRACT 

 
Polymer-based Capacitive Gas Sensor for Machine Olfaction  

by 

Mohamed Fathy Hassan 

Major Advisor: Michael Freund, Ph.D. 

 

 

 

Transferring human abilities and knowledge to machines has been the focus of 

decades of work by scientists and engineers. With the progress in computation power and 

algorithms such as artificial neural networks, machines have surpassed humans in 

complicated games like chess and the Chinese game Go. Some senses can be mimicked 

including touch, with pressure sensors, hearing, with microphones, and vision with 

charged couple device (CCD) imaging chips. Yet, relatively little progress has been made 

with the senses of smell and taste. Machine olfaction, the ability to detect and quantify 

vapors in the environment, poses a range of challenges, which if overcome, could enable 

machines and robots to perform a vast range of tasks.  In this work capacitive 

measurements are used to mimic olfactory receptor responses as a promising mechanism 

for machine olfaction. 

In the first chapter, the current understanding of how the human olfaction system 

work is described, followed by how capacitive senor technology can be employed in 

machine olfaction systems. After that, the current advances in different sensors 

technologies including their advantages and limitations will be reviewed. The 

technologies will be classified according to their transduction mechanism, how physical 

changes are converted into electrical signals that can be processed by machines. A special 
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emphasis will be given to sensor technologies that use polymers as sensing layers. Next, 

the possible vapor/polymer interactions (solubility interactions) will be discussed and the 

models that describe the mechanism of interaction and quantify them will be reviewed. 

These mechanisms will be the basis of the materials chosen such that the full range of 

interactions are explored in the experimental results presented later. 

Between the different transduction mechanisms, dielectric/capacitive 

measurements offer the advantage of being used in miniaturized transistors that utilize the 

commercially available CMOS process since no post processing steps are needed. The 

technology is already there, in computers and smart phones. This technology can be 

modified to include an electronic nose into these electronic devices. In this thesis, a 

simple, yet effective, capacitor sensors are used for analyte sensing to give a better 

understanding of the dielectric/capacitive changes that happen during analyte 

measurements. By understanding the dielectric/capacitive changes, better and more 

customizable sensors can be made that can be miniaturized. The thesis has been divided 

into five chapters. The first chapter gives an overview of the human and machine 

olfaction systems. The different technologies of analyte sensing are reviewed with 

emphasis on the capacitive/dielectric measurements. The basics of dielectric theory is 

explained along with the Electrical Impedance Spectroscopy (EIS) measurements that is 

needed to measure the dielectric capacitive changes. Finally, the algorithm of pattern 

recognition used in this work to identify and classify the vapors is discussed. 

The second chapter presents the work on dielectric polymers as capacitive 

sensors. The final dielectric/capacitive signal is a combination between the solubility 
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interactions (how much analyte goes into the polymer) and the dielectric difference 

(between the polymer and the analyte investigated). Dielectric, or insulator, polymers 

offer the advantage of having a variety of choices with different dielectric values to 

choose from. This gives the diversity needed by the pattern recognition algorithm to have 

enough information for better identifying the different vapors. EIS results gave an insight 

into the different process that happens inside the sensor as equivalent circuit models. 

Finally, the results of principle component analysis, a pattern recognition algorithm, is 

discussed. 

In the third chapter, the results of using overoxidized conducting polymers as 

capacitive sensors is discussed. Conducting polymers have the advantage of being easily 

applied into small miniaturized substrates through electropolymerization. Through 

copolymerization the needed diversity for different interactions and dielectric changes 

can be imparted. The results of capacitive changes, solubility interactions and equivalent 

circuits are also discussed in this chapter. 

In chapter four, finite element methods were used to model the behavior of chapter two 

and chapter three polymers’ in floating gate field metal oxide semiconductor (FGMOS) 

transistors. These transistors can be easily fabricated through complementary metal oxide 

semiconductor (CMOS) technology which is used to make transistors in electronic 

devices. Also, modeling of the optimum thickness to be used in the sensors is included in 

this chapter. 

Finally, chapter five is a conclusion of the work discussed in this thesis and the future 

potential of this work. 



vi 

 

Table of Contents 

 
Abstract .............................................................................................................................. iii 

Table of Contents ............................................................................................................... vi 

List of Figures ......................................................................................................................x 

List of Tables ................................................................................................................... xvi 

List of Schemes ............................................................................................................... xvii 

List of Abbreviations ..................................................................................................... xviii 

Acknowledgements .......................................................................................................... xix 

Dedication ........................................................................................................................ xxi 

1 Introduction ....................................................................................................................1 

1.1 Introduction to Olfaction................................................................................................1 

1.1.1 Mammalian Olfaction ........................................................................................1 

1.1.2 Machine Olfaction .............................................................................................4 

1.2 Sensor Array Technologies ............................................................................................7 

1.2.1 Metal Oxid Sensors ............................................................................................7 

1.2.2 Piezoelectric Sensors .........................................................................................8 

1.2.3 Optical Sensors ..................................................................................................9 

1.2.4 Chemiresistor Sensors ......................................................................................10 

1.2.5 Metal Oxide Semiconductor Field Effect Transistors (MOSFET) ..................12 

1.2.6 Chemicapacitor Sensors ...................................................................................14 

1.3 Theory of Dielectrics ...................................................................................................14 

1.4 Electrical Impedance Spectroscopy (EIS) ...................................................................18 

1.4.1 Electrical Impedance Spectroscopy Principles ................................................18 

1.4.2 RC Circuits.......................................................................................................22 

1.4.2.1 Resistor ..................................................................................................... 22 

1.4.2.2 Resistor in Series with a Capacitor ........................................................... 23 

1.4.2.3 Resistor in Parallel with a Capacitor ......................................................... 24 

1.4.2.4 Constant Phase Element (CPE) ................................................................. 25 

1.4.2.5 Warburg Impedance .................................................................................. 27 

1.4.2.6 Randles Circuit.......................................................................................... 28 

1.5 Analyte/Polymer Interactions ......................................................................................30 

1.5.1 Partition Coefficient .........................................................................................31 



vii 

 

1.5.2 Solvation Parameters .......................................................................................32 

1.5.2.1 Hansen Solubility Parameter (HSB) ......................................................... 33 

1.5.2.2 Linear Solvation Energy Relationships (LSER) ....................................... 34 

1.5.2.3 Partial Solvation Parameters (PSP) ........................................................... 36 

1.6 Data Analysis and Pattern Recognition .......................................................................37 

1.7 Materials and Instruments ............................................................................................40 

1.7.1 Materials ..........................................................................................................40 

1.7.2 Interdigitated Electrode Arrays ........................................................................40 

1.7.3 Bubbler apparatus ............................................................................................41 

1.7.4 Gas flow management system .........................................................................43 

1.7.5 Impedance Measurements ................................................................................44 

1.8 References ....................................................................................................................45 

2 Dielectric Polymers for Sensing Applications .............................................................54 

2.1 Introduction ..................................................................................................................54 

2.2 Experimental ................................................................................................................59 

2.2.1 Chemicals .........................................................................................................59 

2.2.2 Determination of Analyte Concentration .........................................................60 

2.2.3 Polymer Deposition and Sensor Preparation ...................................................62 

2.2.4 Impedance Measurement and Data Processing................................................62 

2.3 Results and Discussion ................................................................................................64 

2.3.1 Frequency Optimization...................................................................................64 

2.3.2 Thickness optimization ....................................................................................67 

2.3.3 Humidity effect ................................................................................................70 

2.3.4 Sensor array analyte sensing ............................................................................72 

2.3.5 Sensitivity ........................................................................................................76 

2.3.6 Nyquist plots and equivalent circuits ...............................................................78 

2.3.7 Bode Plots ........................................................................................................82 

2.3.8 Principle component analysis of the array .......................................................85 

2.3.9 Conclusion .......................................................................................................88 



viii 

 

2.4 Appendix I (Thickness calculations) ...........................................................................89 

2.5 References ....................................................................................................................93 

3 Dielectric Polymer Sensors from Overoxidized Conductive Polymers .......................97 

3.1 Introduction ..................................................................................................................97 

3.2 Experimental ..............................................................................................................106 

3.2.1 Chemicals .......................................................................................................106 

3.2.2 Mass flow controller ......................................................................................107 

3.2.3 Polymer deposition and sensor preparation ...................................................108 

3.3 Results and Discussion ..............................................................................................110 

3.3.1 Cyclic voltammetry ........................................................................................110 

3.3.2 Deposition at constant potential .....................................................................111 

3.3.3 Polymers Passivation .....................................................................................113 

3.3.4 Sensor array analyte sensing ..........................................................................115 

3.3.5 Sensitivity ......................................................................................................118 

3.3.6 Nyquist plots and equivalent circuits .............................................................120 

3.3.7 Bode plots ......................................................................................................124 

3.3.8 Principal component analysis of the array .....................................................127 

3.3.9 Conclusion .....................................................................................................129 

3.4 References ..................................................................................................................130 

4 Finite Element Simulations of Dielectric Polymers in Capacitive and Floating Gate 

Field Effect Transistor Gas Sensors .................................................................................138 

4.1 Introduction ................................................................................................................138 

4.2 Simulations ................................................................................................................140 

4.2.1 Capacitive Sensor Simulations ......................................................................140 

4.2.1.1 Domain Equations ................................................................................... 140 

4.2.1.2 Boundary Conditions .............................................................................. 140 

4.2.1.3 Geometric Model .................................................................................... 141 

4.2.1.4 Parametric Sweep of the Polymer Thickness .......................................... 141 

4.2.1.5 Parametric Sweep of the Polymer and the Analyte Dielectric Constant 144 



ix 

 

4.2.2 Floating gate field effect Transistor Sensor Simulations ...............................146 

4.2.2.1 Geometric model ..................................................................................... 146 

4.2.2.2 Parametric Sweep of Gate Charge and Control Voltage ........................ 147 

4.2.2.3 Simulation of Passivated Conducting Polymer FGMOS Sensor Response 

to Analytes Exposure .......................................................................................... 151 

4.3 Conclusion .................................................................................................................154 

4.4 References ..................................................................................................................156 

5 Conclusions ................................................................................................................158 

5.1 Thesis summary and future work ...............................................................................158 

5.1.1 Dielectric and capacitive measurements in capacitive and FGMOS sensors 158 

5.1.2 Recommendation and future work .................................................................160 

5.2 References ..................................................................................................................161 

 

  



x 

 

List of Figures 
 

Figure 1.1: The organization of the human olfactory system. 

 

Figure 1.2: Combinatorial coding of odorant receptors. Receptors shown on the right 

recognize the odorant on the left with matching colors. 

 

Figure 1.3: Receptor codes for odorants with almost similar structures but different odors. 

  

Figure 1.4: Machine olfaction resemblance to human olfaction systems. 

 

Figure 1.5: Electronic nose working principle. 

 

Figure 1.6: Schematic of (a) metal oxide semiconductor field effect transistor. (MOSFET) 

and (b) floating gate field metal oxide semiconductor (FGMOS). 

 

Figure 1.7: Different polarization mechanisms and their frequency range operation. 

 

Figure 1.8: Schematic of (a) a parallel plate capacitor with dielectric material outside with 

dipoles randomly oriented and (b) the dielectric material inside the capacitor and the 

dipoles are oriented under effect of the electric field. 

 

Figure 1.9: Changes of different impedance elements with angular frequency. 

 

Figure 1.10: Nyquist plot representation of a single point. 

 

Figure 1.11: a) Nyquist plot b) bode plot of Nafion film under ambient condition from 

experimental data on this work. 

 

Figure 1.12: Nyquist plot simulation of a single resistor of 1 K ohm.  

 

Figure 1.13: Nyquist plot of a resistor 1 K ohm in series with a capacitor 1µF in frequency 

range from 100 mHz to 100 KHz. 

 

Figure 1.14: Nyquist plot simulation of a resistor 1 K ohm in parallel with a capacitor 1 

µF in frequency range of 100 mHz to 100 KHz. 

 

Figure 1.15: Nyquist plot simulation of a constant phase element of value1 µF.s(α -1) and 

different n values in frequency range of 100 mHz to 100 KHz. 

 

Figure 1.16: Nyquist plot simulation of a resistor of value 1 K ohm in parallel with a 

constant phase element of value 1 µF.s(α -1) and different n values in a frequency range of 

100 mHz to 100 KHz. 



xi 

 

 

Figure 1.17: Nyquist plot simulation of a Warburg impedance of value 1 Ohm.s-0.5 and 

different n values in a frequency range of 100 mHz to 100 KHz. 

Figure 1.18: Nyquist plot simulation for Randless circuit. 

 

Figure 1.19: Schematic representation of interdigitated gold electrode as part of an array. 

 

Figure 1.20: The bubbler apparatus system in water bath for temperature control. 

 

Figure 1.21: Sensor test chamber with a typical CP sensor array (IDE) showing four plug-

in inlets to insert the IDE devices. 

 

Figure 1.22: A schematic of the custom-built gas flow management system. 

 

Figure 1.23: Biologic VSP potentiostat for impedance measurements. 

Figure 2.1: Schematic representation of the electric field lines between the electrodes of 

IDE where polymer of different thickness is deposited. 

Figure 2.2: Plot of the logarithm of the noise (measured in root mean squared voltage) 

versus the logarithm of the frequency (Hz). 

Figure 2.3: a) Change in the log of the imaginary impedance of PEVA sensor with the log 

of the frequency of measurement (Bode plot) when exposed to different concentrations of 

acetone. The sensitivity in the right axis represents the slope of the calibration curve at each 

frequency, b) Change of capacitance of the same sensor for 5 minutes exposures to 0.1 

P/Po acetone at different frequencies in range of 100 Hz to 1 KHz. 

Figure 2.4: Signal and noise change with frequency. 

 

Figure 2.5: The change in capacitance per change of dielectric constant with the film 

thickness.  

 

Figure 2.6: a) Response of Nafion films of different thicknesses to 25 min exposure of 

0.5P/Po water, b) the same films with extended exposure till reaching equilibrium.  

Figure 2.7: a) PCL film (~11µm thick) at different RH % values (measured at 500 Hz, 

Vrms= 5 V), b) calibration curve of the relative humidity change. 

 

Figure 2.8: PCL film (~11µm thick) exposed to 0.05 P/Po hexane, toluene and 

cyclohexane for 30 min at different RH % values (measured at 500 Hz, Vrms= 5 V). 

 



xii 

 

Figure 2.9: Temporal %capacitance response of a PEVA sensor (~11 µm thick) to 20 min 

exposures of different concentrations of analytes with background humidity 40% 

(measured at 700 Hz and Vrms= 5 V). 

 

Figure 2.10: Capacitance response of a PEVA sensor (~11 µm thick) to different 

concentrations of analytes from a) to e) with background humidity 40% measured at 700 

Hz and Vrms= 5 V. f) shows the calibration curve constructed from data of each analyte. 

 

Figure 2.11: Capacitance response of a PCL sensor (~11 µm thick) to different 

concentrations of analytes from a) to e) with background humidity 40% measured at 700 

Hz and Vrms= 5 V. f) shows the calibration curve constructed from data of each analyte. 

 

Figure 2.12: Sensitivity (slope of the calibration curve) of the different polymer tested in 

the array to 5 analytes of different dielectric constants. 

 

Figure 2.13: Comparison of the dielectric differences, HSP solvation and the sensitivity of 

a) PCL and b) PEVA for different analytes. HSP solvation is equal to (1/Ra). Each category 

was normalized to the highest value for better visualization. 

 

Figure 2.14: Nyquist plot of Nafion film exposed to different concentration of acetone 

(left) and hexane (right). 

 

Figure 2.15: Schematic of the different processes inside the sensor and their equivalent 

circuit representations. 

 

Figure 2.16: Nyquist plot of PCL film exposed to different concentration of acetone (left) 

and hexane (right). A simplified circuit as Qp/ Rp gives a good fit with Std/|Z|=0.125. 

 

Figure 2.17: Nyquist plot of PEVA film exposed to different concentration of acetone 

(left) and hexane (right). The best fitted equivalent circuit is similar to PCL. 

 

Figure 2.18: Bode plot (impedance change) of Nafion exposed to different concentrations 

of a) acetone, b) ethyl acetate, and c) hexane and PS exposed to different concentrations of 

e) acetone f) ethyl acetate, and c) hexane along with each equivalent circuit. 

 

Figure 2.19: Bode plot (phase angel change) of Nafion exposed to different concentrations 

of a) acetone, b) ethyl acetate, and c) hexane and PS exposed to different concentrations of 

e) acetone f) ethyl acetate, and c) hexane along with each equivalent circuit. 

 

Figure 2.20: Data in principle component space (PC1 and PC2) of the sensor array 

sensitives toward five analytes. (ellipsoids represent 1σ, 2σ and 3σ of the data, 

respectively). 

 



xiii 

 

Figure 2.21: Data in principle component space from the sensors array exposed to five 

different analytes at concentrations range from 0.1 to 0.5 P/Po. b) zooming into hexane and 

toluene area. 

 

Figure 3.1: Cyclic voltammogram of nitromethane solutions containing 0.1M Bu4NBF4 

and 0.1 M Py (blue), 0.5M St (brown) and a solution containing both Py/St monomers (red) 

at scan range 100mVs-1. 

 

Figure 3.2: Current density vs. time curve of different polymer deposition to the array at 

constant potential of 1V (vs. Ag/AgCl) from nitromethane solution containing 0.1 M Py, 

0.5 M vinyl monomer and 0.1M Bu4NBF4. 

 

Figure 3.3: Charge density and thickness vs. time curve of PPy deposition. 

 

Figure 3.4: Passivation of the different deposited polymers at constant potential of 1.5 V 

in 0.1 M NaOH. 

 

Figure 3.5: Impedance values of PPy sensor before and after overoxidation. 

Figure 3.6: Interdigitated array electrodes containing (a) compositionally different 

polymer films on each sensing element (b) identical PPy films deposited in the same 

conditions to different sensing elements. 

 

Figure 3.7: The change in % capacitance response of a PPy sensor (~7 µm thick) to 

exposure of different concentrations of analytes with background humidity 40% (measured 

at 700 Hz and Vrms= 5 V). 

 

Figure 3.8: Capacitance response of a PPy sensor (~7 µm thick) to different concentrations 

of analytes from a) to h) with background humidity 40% measured at 700Hz and Vrms= 5 

V. 

 

Figure 3.9: Calibration curves of a PPy sensor (~7 µm thick) for each tested analyte for 

partial vapor pressure range of 0.1 to 0.5 P/Po. 

 

Figure 3.10: Sensitivity (slope of the calibration curve) of the different polymer tested in 

the array to 5 analytes of different dielectric constants. 

 

Figure 3.11: Response of five identical PPy sensors elements to 0.3P/Po exposure of eight 

different analytes. 

 

Figure 3.12: Nyquist plot of PPy film exposed to different concentration of acetone (left) 

and hexane (right). 

 



xiv 

 

Figure 3.13: Nyquist plots of the compositionally different sensors a) PPy, b) PPy-co-PSt 

c) PPy-co-PMeSt, d) PPy-co-PClSt, and e) PPy-co-PtBu-o-St, exposed to 0.3P/Po of 

different analytes and f) is the best fitted equivalent circuits. 

 

Figure 3.14: Bode plot (impedance change) of the compositionally different sensors a) 

PPy, b) PPy-co-PSt c) PPy-co-PMeSt, d) PPy-co-PClSt, and e) PPy-co-PtBu-o-St, exposed 

to 0.3P/Po of different analytes and f) are the best fitted equivalent circuits. 

 

Figure 3.15: Bode plot (phase angel change) of the compositionally different sensors a) 

PPy, b) PPy-co-PSt c) PPy-co-PMeSt, d) PPy-co-PClSt, and e) PPy-co-PtBu-o-St, exposed 

to 0.3P/Po of different analytes and f) are the best fitted equivalent circuits. 

 

Figure 3.16: Principle component analysis of five identical PPy films to exposure of eight 

different analytes. a) Variance associated with the analyte and b) variance associated with 

the sensor. 

 

Figure 3.17: Principle component analysis from five compositionally different films to 

exposure of eight different analytes. a) Variance associated with the analyte and b) variance 

associated with the sensor. 

Figure 4.1: Geometry simulation of the IDE capacitive sensor used in this work. 

 

Figure 4.2: Electric field simulation of IDE capacitive sensor coated with PEVA polymer 

(εr=2.2) exposed to air saturated with hexane (εr=1.9) for different polymer thicknesses. A 

voltage of 1 V is applied to each alternate pin, while the other kept at 0 V. 

 

Figure 4.3: Comparison of capacitance change per dielectric constant change calculated 

using Mathematica software and the simulated capacitance change from COMSOL. 

 

Figure 4.4: Simulation of %capacitance change of Nafion and PEVA when exposed to 

different concentrations of five different analytes. 

 

Figure 4.5: Comparison of the simulated and the experimental polymer sensitivities 

toward five different analytes. Each set of data were normalized to the highest sensitivity 

value. 

 

Figure 4.6: Surface plot of the FGMOS model used in the simulations. The colors indicate 

the dopant concentrations in each semiconductor region. 

 

Figure 4.7: Simulation of charge carrier concentration in the FGMOS model for different 

gate voltages and charge stored on the floating gate. 

 

Figure 4.8: Simulation scan of the control gate voltage vs. ISD for the FGMOS model used 

in the simulations. 



xv 

 

 

Figure 4.9: Simulation scan of the drain voltage (Vd) vs. ISD for the FGMOS model used 

in the simulations. 

 

Figure 4.10: Simulation of the source drain current (ISD) changes of polypyrrole coated 

FGMOS sensor upon exposure to different concentrations of hexane and ethyl acetate. 

Vd=3 V. 

 

Figure 4.11: Simulation of the drain current (ISD) changes of polypyrrole coated FGMOS 

sensor upon exposure to different analytes at different concentrations b) log scale 

calibration curve. Vd=2 V and Vg=3 V. 

 

Figure 4.12: Comparison between the experimental capacitive and simulated FGMOS 

sensitivities of five electropolymerized polymers toward eight different analytes. 

 

 

 

 

 

 

 

 

 

  



xvi 

 

List of Tables 

 
Table 1.1: Summery of Abraham’s descriptors and recommend function groups and 

sensing layers.  

 

Table 2.1: Structure, dielectric constant and dominant solubility interactions of the 

polymers used in the sensor arrays. 

 

Table 2.2: Structure, dielectric constant and dominant solubility interactions of the 

analytes tested. 

 

Table 2.3: Vapor pressure of the tested analytes and the associated concentration at 10% 

(P/Po=0.1). 

 

Table 2.4: Resolution factors between analytes from the sensor array responses based on 

PCA results. 

 

Table 3.1: Charge passed per film thickness of PPy growth. 

 

Table 3.2: A comparison of the relative abundance of carbon and nitrogen species 

between the as-prepared and overoxidized (at 1.3 V vs Ag/AgCl) PPy/ClO4. 

 

Table 3.3: Monomers used for electrodeposition of the sensor array copolymers. 

 

Table 3.4: Copolymers of PPy with different substituted vinyl compounds deposited on 

the sensor array 

 

Table 3.5: Analytes tested by the sensor array. 

 

Table 3.6: Resolution factors between analytes from the sensor array responses based on 

PCA results. 

 

  



xvii 

 

List of Schemes 

Scheme 3.1: Mechanism of polypyrrole oxidative polymerization. 

 

Scheme 3.2: Mechanism of polaron and bipolaron formation in polypyrrole. 

 

Scheme 3.3: Mechanism of Ppy overoxidation by nucleophilic attack on a -carbon. 

 

Scheme 3.4: Mechanism of pyrrole electro-copolymerization with styrene monomer. 

  



xviii 

 

List of Abbreviations 

 
AC: Alternating Current 

CB: Conducting Polymer 

CMOS: Complementary Metal Oxide Semiconductor 

DC: Direct current 

EIS: Electrochemical Impedance Spectroscopy 

FGMOS: Floating Gate Metal Oxide Semiconductor 

GC: Gas Chromatography 

HSB: Hansen Solubility Parameter 

IDE: Interdigitated Electrode 

LSER: Linear Solvation Energy Relationships 

MOS: Metal Oxide Semiconductor 

MOSFET: Metal Oxide Semiconductor Field Effect Transistor 

OR: Odor Receptor 

PAni: Polyaniline 

PCA: Principle Component Analysis 

PCB: Printed Circuit Board 

PEDOT: poly(3,4-ethylenedioxythiophene) 

PEO: Polyethylene Oxide 

PPy: Polypyrrole 

PS: Polystyrene 

PSP: Partial Solvation Parameters 

PTh: Polythiophene 

PVA: Polyvinyl Alcohol 

PVC: Polyvinyl Chloride 

QCM: Quartz Crystal Microbalance 

RH%: Relative Humidity Percent 

S/N: Signal to Noise ratio 

SAW: Surface Acoustic Wave 

SCCM: Standard Cubic Centimeter 

TWV: Three Way Valves 

VOCs: Volatile Organic Compounds 

  



xix 

 

Acknowledgments 

First, thanks to Allah for his blessings and for giving me the strength to complete 

this work. 

I would like to express my deep and sincere gratitude to my research supervisor, 

Dr. Freund, for giving me the opportunity to join his group and learn from his experience. 

I cannot thank him enough for guiding me thorough the hardest situations and for helping 

me to develop the necessary skills to my academic career. His unwavering support and 

faith in my abilities motivated me to do my best. Thanks Dr. Freund! 

I would like also to thank my committee members for their support from the first 

day I joined Florida Tech. Dr. Sohn has always supported me with suggestions and 

morally throughout my work. I cannot thank her enough also for her time in helping me 

to develop my writing skills. Thanks Dr. Sohn! I want to thank Dr. Liao and his group for 

hosting me in their group meetings and for their valuable discussions. His support never 

stopped from the first day I took his class till now. Thanks Dr. Liao! I would like to thank 

Dr. Smith for his valuable comments and suggestions in this work.  Thanks Dr. Smith! 

Thanks to my friends in Dr. Freund group; Patrick, Tyan, Ibtihaj and Sakinah for 

being good friends and for supporting me. Thanks to Dr. Knight and his group for hosting 

me in their lab and for the continues support. I would like also to thank all my friends and 

colleagues in the department of BCES for the support in making my life enjoyable in 

Florida Tech. 



xx 

 

Special thanks to my dear friend Mahmoud, whose discussions were always of 

great help to me.  I want to thank the Egyptian Ministry of Higher Education and Mission 

department for financially supporting my PhD program. 

Finally, I must acknowledge my mom, sister and dad for being always there for 

me, without them I would not even be who I am now. Thank you! 

  



xxi 

 

 

 

Dedication 
 

 

 

 

 

 

 

 

To my beloved aunt Aida and my uncle Ahmed who prayed for me 

to finish this thesis. I am sure you are in a far better place now. 

 

To my dad, mom and sister. You were my north star during all of 

this. You are my all reasons to continue. 

 

To M. Magdy, Shadi, Radwa, Mahmoud, Assia, Omar, Mohanad 

Moustafa and my friends, you are my all-time support.  

To Rana who was there for me through the darkest and brightest 

moments. 

 

To everyone supported me during the hard times.  

I dedicate this thesis to all of you. 
 

 

 

 

 

"Thanks to Allah" 

 

 

Mohamed Fathy Hassan



1 

 

 

 

Chapter 1 

1 Introduction 

 

 

 

1.1 Introduction to Olfaction 

1.1.1 Mammalian Olfaction 

Smell is a remarkably subtle sense, because most smells are not associated with 

pure substances, but complex mixtures of different molecules. The mammalian olfactory 

system can recognize and distinguish thousands of odors with enormous discriminatory 

power. Humans compared to other animals have a poor sense of smell, and yet they can 

perceive a vast number of volatile chemicals. Humans can detect as many as ten thousand 

different odorants, some at concentrations as low as l0-l3 M.1  Odorants, typically small 

organic molecules of less than 400 Da, can vary in a number of parameters, including 

size, shape, functional groups, and charge.2 Our understanding of the mechanisms behind 

the mammalian olfaction system and how the brain reconstructs these stimuli into a 

‘smell map’ has greatly advanced during the past 25 years. In 2004 Richard Axel and 

Linda Buck shared the 2004 Nobel Prize in Physiology for Medicine “for their 

discoveries of odorant receptors and the organization of the olfactory system”. Their 

work drew a detailed picture of how odorants are detected by mammalians starting from 

the odorant receptors in the olfactory epithelium of the nose, which on activation send 

signals to the olfactory bulb that passes it to the olfactory cortex (Figure 1.1). 
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Figure 1.1: The organization of the human olfactory system. The air carries the odorant 

molecules to the odorant receptors in the nasal cavity. The activation of these odorant 

receptors send an electrical signal to the higher regions of the brain where the signals are 

translated into a sense of odor.3 

 

In the article published in Cell4, Linda Buck and Richard Axel found that odor 

receptor (OR) families are used in a combination fashion to encode odor identities.  One 

OR recognizes multiple odorants and one odorant is recognized by multiple ORs.  

Different odors are recognized and thereby encoded by different combinations of 

receptors, but each receptor can serve as one component of the codes for many different 
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odorants. This allows not only the detection but also the discrimination of a multitude of 

different odorants as having different sets (Figure 1.2). 

 

Figure 1.2: Combinatorial coding of odorant receptors. Receptors shown on the right 

recognize the odorant on the left with matching colors.4  

 

Highly related odorants with different perceived odors in humans were invariably 

recognized by different combinations of receptors (Figure 1.3). This provides an insight 

into puzzling aspects of human odor perception, and why highly related chemicals can 

have different smells. Also, most odorant receptors were found to be narrowly tuned to 

recognize a subset of odorants with related structure, a perfect analogy for machine 

olfaction whereby each sensing film responds to analytes within a specific interaction 

category as listed by Abraham’s work.5 
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Figure 1.3: Receptor codes for odorants with almost similar structures but different odors. 

S1 to S86 represent the amino acid sequences of ORs identified in 14 neurons that 

recognize aliphatic odorants.4 

 

1.1.2 Machine Olfaction 

Machine olfaction, or “electronic nose”, is an electronic system that is combined 

with suitable pattern recognition methods to detect and quantify odors similar to the way 

in which the human olfaction system operates.6 Although many papers have been 

published on the topic, moving from proof of concept to real-world and industrial 

applications has yet to be achieved. Its sensitivity, selectivity, and robustness against 

disturbance needs to be significantly improved for successful actual applications. 

Machine olfaction systems mimic the different stages of the human olfactory 

system, resulting in odor recognition (Figure 1.4). It would contain a sensor array that is 

equivalent to an array of ORs in the human nasal cavity, a data preprocessor similar to 

the role of the olfactory bulb and finally a pattern recognition algorithm similar to the 
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brain. The working principle of the electronic nose is also based on an array of different, 

broadly selective chemical sensors. Each sensor is not selective toward a specific odor 

molecule but instead responds differently to each odor. The response pattern of each odor 

can be used as a fingerprint and identified using suitable pattern recognition techniques 

each odor. Such a feature makes the response of the array electronic nose dependent on 

the whole range of chemical information contained in an odor. This is something similar 

to what occurs in biological olfaction. 

 

Figure 1.4: Machine olfaction resemblance to human olfaction systems.7 

 

The sensing process includes 3 principle steps: (1) absorption of the analyte and 

portioning, (2) change of a physical property in the sensor active material, which can be 

translated into (3) a change in electrical signal displayed in a read-out device. As the 

sensors composing the array have different sensitivities and selectivity, each sensor reacts 

to the odor differently and generates its own response which is related to odor type and 

concentration. The sensor pattern which is a “fingerprint” of the sample analyzed, is then 
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digitized, transmitted to a computer and processed with a data analysis technique. The 

data analysis process correlates the sensor response to the chemical pattern for odor 

recognition (Figure 1.5). 

 

Figure 1.5: Electronic nose working principle.8 The first figure in the top left shows an 

example of an environment where different species are present in different concentrations. 

Each sensor reacts differentially to each of the species generating its own response pattern 

which can then be processed by data analysis technique and classified into clusters in a 

lower dimension space. 

 

Different kinds of sensor arrays have been created using different technologies 

including conductivity sensors9,10 measuring changes in resistance, piezoelectric sensors 

measuring changes of frequency of a transmitted soundwave based on mass change,11,12 

optical sensors13,14 measuring changes in frequency of transmitted light and capacitive 

sensors15–17 measuring capacitance changes of a dielectric material. Some examples are 

discussed in the next section. 



7 

 

 

 

 

1.2  Sensor Array Technologies  

The term ‘’electronic nose’’ was first coined by Persaud and Dodd18 in 1898 and 

it was associated since then with sensor arrays. Since the success of an array depends on 

the amount and the quality of information that it can collect, it requires each sensor in the 

array to give a differential response for each set of analytes. Polymeric sensors have an 

advantage over inorganic sensor, since there is a large pool of polymer choices to choose 

from rather than the sophisticated methods needed to modify inorganic sensors. 

 More focus is given here to polymer sorption devices, since they make up the bulk of 

sensor arrays systems, with one example for inorganic sensor (metal oxide sensors) for 

comparison. Different transduction mechanisms are used such as; changes of mass 

(surface acoustic wave devices), Uv-Vis spectral absorbance (optical sensors), 

conductivity/resistance (conducting polymers and conducting composites), work function 

(field effect transistors), and capacitive (chemocapcitor sensors).  

1.2.1 Metal Oxid Sensors 

Metal oxide semiconductor (MOS) gas sensors have been used for detection of 

different analytes like volatile organic compounds19,20 (VOCs) and toxic gases.21,22 In this 

type of sensor, thin films of ZnO23 or SnO2
24 are used as sensitive layers. The mechanism 

of vapor sensing involves a change of the oxide layer resistance when exposed to an 

analyte relative to the sensor in air.  This happens due to the interactions between the 

analyte and some of the oxygen-derivative adsorbates like O-, O2
-, and O2-. The adsorbed 



8 

 

 

 

oxygen layer makes a space-charge layer that creates a potential barrier to conduction 

between the boundaries of the grains. The resistance depends on the concentration of 

oxygen adsorbates and the depth of that layer. When the oxide is exposed to a reducing 

gas, it interacts with adsorbed oxygen. This leads to oxygen depletion and the space-

charge layer which make the resistance decrease. When interacting with an oxidizing gas, 

the resistance increases due to adsorption of the gas molecules into the sensor surface as 

negative species which increase the space-charge layer.25 Doping with metals like Pd and 

Pt was found to increases the sensitivity and selectivity of the sensors toward aliphatic, 

aromatic and chlorinated compounds.26 MOS sensors operate at elevated temperatures 

(>300o C) to increase the reactivity of the surface by desorbing water which covers the 

active centers in the oxide layer. This requirement make them the best option for 

detecting combustion gases.27Thermal cycling techniques28 are usually used to extract 

more information. MOS sensors have quicker time response (~7s) than conducting 

polymers and conducting polymer composites,29 but there are few available metal oxide 

layers, and the only way to impart diversity is through doping and thermal cycling. 

Another drawback is the need to incorporate a heating element to work at elevated 

temperatures. 

1.2.2 Piezoelectric Sensors 

Piezoelectric sensors are based on materials that convert electrical energy into 

mechanical energy in the form of acoustic wave and they were first introduced by King30 

in 1964. When a piezoelectric material is placed into an oscillator circuit and AC 
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potential is applied, it will oscillate when the potential reaches the resonant frequency. 

This resonance frequency will change when the mass on the surface of the crystal change. 

The surface can be coated by different polymers to absorb vapors differentially which 

will cause different changes in the mass. Depending on the geometry of the electrode and 

the crystal, different types of sensors can be constructed. Quartz crystal microbalance 

(QCM) sensor consists of a quartz disc with metalized transducer, where the disc is 

usually coated with a polymer sensitive layer. Sorption of vapors into the coating causes 

an increase in the mass which decrease the resonant frequency of shear mode oscillation 

(5-30 MHz). In surface acoustic wave (SAW) sensors, the structure consists of 

interdigitated electrodes patterned in a piezoelectric material where a polymer can be 

applied in-between. It usually operates in higher frequencies (100-400 MHz) which 

makes them more sensitive than QCM but more complex and less robust. Since the signal 

is related to the amount of vapor sorbed by the polymer which is proportional to 

polymer/vapor partition coefficient (K), the signal can be predicted based on boiling 

point and solubility parameters. 

1.2.3 Optical Sensors 

In optical sensors, different parameters can be used for detecting analytes like 

fluorescence intensity, absorbance and reflectance.31 The sensor consists of an optical 

fiber coated with a sensitive layer on the tip. Usually, a fluorescent dye is immobilized in 

different polymers to create an array of sensors. The signal contains many different 

complex information at the same time. The operation is based on the maximum emission 
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wavelength shifts of the dye when exposed to an analyte. More polar analytes will 

usually cause a red shift in emission spectra of the dye due to stabilization of the excited 

state by the analyte which decreases the band gap (solvatchromic effect). Different 

polymer layers of varying polarity, hydrophobicity, analyte/polymer interactions and pore 

sizes are used to create a sensor array which gives different pattern signals for each 

analyte. Pattern recognition algorithms can be used then to discriminate analytes. Usually 

optical sensors are more sensitive to polar analytes than non-polar ones due to the 

solvatchromic effect.32 

1.2.4 Chemiresistor Sensors 

Chemiresistor sensors can be based on conducting polymer (CB) or conducting 

composites. Conducting polymers are non-conducting in their neutral state. However, 

they can be doped chemically or electrochemically to become electrically conductive. 

Sorption of analyte vapors causes swelling of the polymer which cause a change in dc 

conductivity/resistivity. This change can be as a result of increasing the interchain 

distance between polymer chains which makes electrons hoping between chains harder.33 

It can be also due to a doping/dedoping effect by the sorbed analyte.34 Electron accepting 

analytes (e.g., NO2) increases the doping level of the polymer which decrease the 

resistance, while electron donating analytes (e.g., NH3 and H2S) causes polymer 

dedoping which increases the resistance.35 Different polymers have been employed in 

sensor arrays including polypyrrole (PPy), polyaniline (PAni), polythiophene (PTh), 

poly(3,4-ethylenedioxythiophene) (PEDOT). When depositing CB, electropolymerization 
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is the most suitable way since it can be controlled to deposit the polymers into small 

substrates and by monitoring the total charge passed, an estimation of the film thickness 

can be calculated. Diversity of the array can be achieved by using different polymers, 

copolymerizing with other monomers, using different counter ions and holding the 

polymer at different oxidation potential.  Iyogun et al. was able to produce fifty five 

different sensing layer by using different dopants and oxidation level of PPy and its 

copolymers.36 More about conducting polymers will be discussed in chapter three. 

Conducting composites are based on conducting element in an insulator matrix. It 

can be conducting polymers blended with other insulator polymers like polystyrene 

(PS),37,38 polyethylene oxide (PEO),39 polyvinyl alcohol (PVA)40 and polyvinyl chloride 

(PVC).38 Freund et al. created an array of PPy plasticized with different insulators to 

discriminate 9 different analytes and quantify them in mixtures using principle 

component analysis (PCA).37 In subsequent work, Lonergan et al. used number of 

insulating polymers and carbon black as a conductive element to create an array that can 

discriminate polar and non-polar analytes in ppt level in a time as short as (~15 sec).41 

The mechanism of resistance change of carbon black composites is based on percolation 

theory and the disruption of conduction paths between conducting elements after 

swelling. The resistance change mechanism of PPy composites is more complex, since 

the analyte can interact with both PPy and the insulating matrix. Comparison of PPy 

composites, carbon black composites and SnO2 sensors discrimination power, showed 
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that carbon black composites out performed in resolving 19 different analytes by the 

criteria of resolving power.42 

Some electronic nose products based on the technologies discussed above have 

been commercialized including AlphaMos (MOS sensor),43 Cyranose 320 (CB sensor),44 

Nordic sensor (QCM sensor)45 and Illumina sensor (fiber optics).46 

 

1.2.5 Metal Oxide Semiconductor Field Effect Transistors (MOSFET) 

Metal oxide semiconductor field effect transistors (MOSFET) were first 

introduced by Mohamed M. Atalla and Dawson Kahng at Bell Labs in 1960.47 It was not 

until 1975 when Lundstorm et al. studied MOSFET as hydrogen sensors using Pd as gate 

material. MOSFET structures consist of a silicon base substrate with two n-doped regions 

in either sides, on top of it an oxide layer and a metal gate layer (Figure 1.6a). The two 

doped regions function as source and drain. In case of a p-type substrate, when no voltage 

applied to the gate, no current passes from the source to the drain since there are no n-

carriers in the substrate regions. If enough voltage is applied to the gate (threshold 

voltage, VTH), a current can pass between source and drain (ISD) under the effect of gate 

electric field. The electric field attract minority charge carrier in the substrate causing 

them to make a channel between source and drain. VTH is dependent on the gate metal 

work function which changes upon adsorbing different vapors.48 MOSFET sensors were 

most studied for sensing hydrogen, ammonia, ethanol and ethylene.49 
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Figure 1.6: Schematic of (a) metal oxide semiconductor field effect transistor (MOSFET) 

and (b) floating gate field metal oxide semiconductor (FGMOS) 

 

In recent years, floating gate field metal oxide semiconductor (FGMOS) have 

been used to detect and quantify varaity of analyte vapors.50,51 FGMOS have similar 

structure to MOSFET but with another gate and oxide layer (Figure 1.6 b). The middle 

gate is called ‘’floating gate’’. FGMOS is usually used as volatile memory devices, 

where charge injection to floating gate causes shifts in VTH and ISD. In FGMOS sensors, 

the floating gate is extended and coated by a polymer sensitive layer and the change in 

the charge or the capacitance of the floating gate is due to analyte exposure which causes 

shifts in VTH and ISD. Different partitioning of analytes on different polymer sensitive 

layers produces a pattern that can be used in discriminating the analytes.52 FGMOS ease 

of miniaturization combined with the electropolymerization ability to deposit polymers 

into small substrates, makes it an ideal technique for incorporating vapor sensors into 

electronic devices. Changes in the capacitance of a polymer sensitive layer can be probed 

by measuring impedance changes on a polymer deposited between IDE which is the aim 

focus of chapter two and three in this thesis. 
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1.2.6 Chemicapacitor Sensors 

Chemicapacitor sensors are based on changes of dielectric constant of the 

polymer sensitive layer after analyte sorption. There are two electrode geometries usually 

used in chemicapacitor sensors; indigitated electrodes (IDE) and parallel plate 

configurations. IDEs amplify the signal by increasing the capacitor area in a small 

substrate, which allows deposition of thin films and relatively fast absorption of analytes. 

To explain more about the relation between the capacitance and dielectric constant, the 

dielectric theory will be discussed in the next section. 

1.3 Theory of Dielectrics 

One of the most important properties of dielectric materials is the dielectric 

constant (or relative primitivity) which is related to the polarization phenomena. When 

conductors are placed in an electric field, the charge can move freely, and align in a 

manner that no field is left inside a conductor. Although insulators do not have free 

charges to conduct electricity, but they are also affected by the electric field since they 

can develop dipoles by different polarization mechanisms.53 Electronic polarization 

happens due to the shift of negative electron clouds from the positive nucleus under 

electric field, creating a dipole that tries to align itself with the field. This happens for all 

materials since they contain atoms. Atomic polarization happens for materials that 

contain ions, e.g., salts. The ions opposite displacement under electric field leads to the 

creation of dipoles. Dipolar polarization is due to the presence of permanent dipoles, e.g., 
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water. Interfacial (or ionic) polarization is associated with mobile ions in solution and or 

trapped charges at the interface (Figure 1.7). 

 

Figure 1.7: Different polarization mechanisms and their frequency range operation.54 

 

When two parallel plates of a metal are connected to a dc power source, the two 

plates will be charged with opposite charges (Figure 1.8). The capacitance is the amount 

of charge (Q) stored on the plates under certain voltage (V) and it is related to area of the 

plates (A) and the distance between them (d). 

𝐶 = 𝑄/𝑉 = 휀𝑜 𝐴/𝑑  (1.1) 

Where εo is the air permittivity. If we placed a dielectric material between the two 

plates, the randomly oriented dipoles inside the dielectric material will align themselves 

with the electric field inside the plates (Figure 1.8b). To balance the charges of the dipole, 
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the two plates will draw more charges from the electrical source. This will lead to an 

increase in the stored charges between the plates and the capacitance will increase 

accordingly. The ratio between the capacitance in air and capacitance after placing the 

dielectric material is the dielectric constant of that material ε. 

휀 =
𝐶′

𝐶
          (1.2) 

Where C' is the capacitance after placing the dielectric material. 

 

 

Figure 1.8: Schematic of (a) a parallel plate capacitor with dielectric material outside with 

dipoles randomly oriented and (b) the dielectric material inside the capacitor and the 

dipoles are oriented under effect of the electric field. 

 

If an ac source is used instead of the dc source, the dielectric constant will be 

dependent on the frequency. When low frequency is used, all polarization mechanism can 

operate, so the dielectric constant will be high. As the frequency increases, some 

polarization mechanism can’t cope with the fast alternation of the electric field and 

energy will dissipated in the form of heat. The dielectric loss is represented by the 
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imaginary part of the dielectric constant (ε''). The relative permittivity can then be 

expressed in complex form as; 

휀 = 휀′ + 휀′′  (1.3)  

Where the real part (ε') is the dielectric constant and the imaginary part (ε'') is the 

dielectric loss. The dielectric loss results from the inability of different polarization 

mechanism to cope with rate of change of the alternating electric field.55 Because of the 

spring nature of the electronic and atomic polarization, the loss appear as absorption 

band, while for ionic polarization it involves broad distribution of relaxation times 

(Figure 1.7).53 

Dielectric and capacitive changes can be measured through impedance change. 

Different circuit elements can contribute to the overall impedance like resistors, 

capacitors and inductors. They behave differently with the change of frequency. The 

impedance component for a resistor (resistance, R) does not change with changing . For 

a capacitance, the impedance component (reactance, Xc) decreases with increasing the 

frequency. The capacitor act as an open circuit element in low frequency, and as a 

conductor in high frequency. For an inductor, the impedance component (inductor 

reactance, XL) increases with increasing the frequency (Figure 1.9). The next section 

explains the basics of impedance measurements through electrochemical impedance 

spectroscopy (EIS).  



18 

 

 

 

 

Figure 1.9: Changes of different impedance elements with angular frequency, . 

 

1.4 Electrical Impedance Spectroscopy (EIS) 

1.4.1 Electrical Impedance Spectroscopy Principles 

Electrical impedance spectroscopy plays an important role in fundamental 

electrochemistry and material science and in many applications. It is widely applied to 

many important areas in material research like corrosion studies, energy storage, 

batteries, fuel cells and sensors. It allows the study of processes such as charge transfer, 

mass-transport, adsorption and the kinetics of these processes.  The technique is 

fundamentally based on a relatively simple electrical measurement of examining the 

impedance changes of an electrochemical system over a range of frequencies.  

Ohm’s low describes the relationship between voltage (E) to a current(I) passing through 

a resistor with resistance (R) 

𝐸 = 𝐼𝑅           (1.4) 
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Impedance (Z) is the extension of resistance when an alternating current pass through a 

circuit. 

𝐸 = 𝐼𝑍   (1.5) 

Impedance measurements can be made by applying an alternating voltage and measuring 

the corresponding alternating current. Alternating voltage follows the equation 56 

𝐸(𝑡) = |𝐸| sin(𝜔𝑡)   (1.6) 

Where |E| is the amplitude of the voltage signal, and ω = 2*π*f. The response will be a 

current that is shifted in phase  

𝐼(𝑡) = |𝐼| sin(𝜔𝑡 + 𝜃)   (1.7) 

Where |I| is current amplitude and θ is the phase shift. The reactance, of a capacitor or 

inductance, causes a phase shift, while a resistance causes an amplitude shift. 

𝑍 =
𝐸(𝑡)

𝐼(𝑡)
=

|𝐸| sin(𝜔𝑡)

|𝐼| sin( 𝜔𝑡+𝜃)
= |𝑍|

sin(𝜔𝑡)

sin( 𝜔𝑡+𝜃)
  (1.8) 

Using Euler’s formula 

𝑍 = |𝑍|
sin(𝜔𝑡)

sin( 𝜔𝑡+𝜃)
= |𝑍|

𝑒𝑗𝜔𝑡

𝑒𝑗𝜔𝑡+𝜃
  (1.9) 

In a cartesian complex representation  

𝑍 = 𝑍𝑟𝑒𝑎𝑙 + 𝑍𝑖𝑚𝑔   (1.10) 

Where Zreal is the resistance (real impedance) and Zimg is the reactance (imaginary part of 

impedance). 
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The basis of the Nyquist plot is to represent both the resistive and reactive parts of 

impedance in one graph over a range of frequencies. Each point on the graph represents 

an impedance measurement at a certain frequency (Figure 1.10).  

 

Figure 1.10: Nyquist plot representation of a single point 

The characteristics of each spectrum gives information about the electrochemical 

system we are investigating. The frequency is implied in the Nyquist graph, however for 

a better representation of impedance changes with frequency, a bode plot is usually used 

(plots of Log Zreal or Log Zimg and  with Log f). (Figure 1.11) 
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Figure 1.11: a) Nyquist plot b) bode plot of Nafion film under ambient condition from 

experimental data on this work. 

 

In a typical Nyquist plot, the higher frequency (lower |Z|) is close to the origin 

(left side). The shape of the curve is characteristic of the electrochemical system. Fitting 

the data with equivalent electrical circuits provides valuable information about the 

different processes in the system. 
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1.4.2 RC Circuits 

First some basic circuits and their corresponding Nyquist plots are introduced, and 

then the physical meaning behind each component is derived. 

1.4.2.1 Resistor 

The simplest electrical circuit component is the resistor (R). It follows Ohm’s 

low, so the current is proportional to the voltage. There is no phase shift when an 

alternating current pass through a resistor. The Nyquist plot is a single point on the Zreal 

axis (Figure 1.12). In an electrochemical system a resistor component can represent the 

solution resistance for example. 

 

Figure 1.12: Nyquist plot simulation of a single resistor of 1 K ohm using Zsim/EC-lab 

V11.2 software. 

 

Capacitors have reactive impedance, and when an alternating voltage is applied 

across a capacitor it causes a phase shift in the current. The current leads the voltage with 

a phase shift of - 90o and the impedance is inversely proportional to the frequency. That 
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is because at low frequency the current cannot pass through the capacitor and the circuit 

acts as an open circuit, while at high frequency the current passes through the circuit 

during charging and discharging cycles of the capacitor and the circuit behaves like a 

short circuit. 

𝑍𝑐 =
1

𝑗𝜔𝐶
  (1.11) 

Where  is the angular frequency (=2πf). The Nyquist plot for a capacitor is a straight 

vertical line at the Zimg axis. In electrochemical systems a capacitance element might 

represent a double layer at the interface or the response of a dielectric material. 

1.4.2.2 Resistor in Series with a Capacitor 

Since impedances are additive in series, so the total impedance of a resistor and a 

capacitor in series will be the sum of their individual impedances. 

𝑍 =  𝑅 +
1

𝑗𝜔𝐶
   (1.12) 

The Nyquist plot (Figure 1.13) for this system would be a straight vertical line 

shifted on the Zreal axis by the value of the resistance. In an electrochemical system this 

circuit might represent an inert electrode immersed in a conducting electrolyte, where the 

capacitance represents the double layer formed at the electrode solution interface and the 

resistance represents the ionic resistance of the electrolyte. 
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Figure 1.13: Nyquist plot simulation of a resistor 1 K ohm in series with a capacitor 1 µF 

in frequency range from 100 mHz to 100 KHz. 

1.4.2.3 Resistor in Parallel with a Capacitor 

For the case when a resistance and a capacitor are in parallel to each other, the 

admittances (the reciprocal of impedance) are additive. The total impedance can then 

described by these equations57  

1

𝑍
=

1

𝑅
+ 𝑗𝜔𝐶  (1.13) 

𝑍 =
𝑅

1+𝑗𝜔𝑅𝐶
  (1.14) 

At high frequency, the  term goes to infinity and Z goes to zero, so the circuit behaves 

as a capacitor at high frequency. At low frequency, the  term goes to zero and Z is equal 

to R, so the circuit behaves as a resistor. The Nyquist plot for this circuit is a semicircle 

with the value of R equal to the diameter (Figure 1.14).  
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Figure 1.14: Nyquist plot simulation of a resistor 1 K ohm in parallel with a capacitor 1 

µF in frequency range of 100 mHz to 100 KHz. 

 

In an electrochemical system this circuit might represent a charge transfer from an 

electrode surface to a solution along with charging of the double layer at the interface. 

The relaxation frequency marked in the figure is related to the system time constant. 

Time constants represent the time scale at which the electrochemical process happens. In 

a Nyquist plot, elements with smaller time constants will appear at higher frequency (left 

of graph). The time constant τ can be calculated from f* according to the equation: 

𝜏 =
1

2𝜋𝑓∗  (1.15) 

1.4.2.4 Constant Phase Element (CPE) 

In real systems, deviation from ideal behavior is expected. An example would be 

the capacitance of a double layer on a rough surface or inhomogeneous dielectric 

material. In that case the capacitance will not behave ideally, due to the distribution of 
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currents and electroactive species. This process is usually represented by an element 

called the constant phase element (CPE or Q).56 

𝑍𝑄 =
1

𝑄𝑜(𝑗𝜔)𝛼  (1.16) 

Where α is a number between 0 and 1, and the phase difference is equal to (-90 x α)o. The 

real capacitance can be calculated from Equation (26): 

𝑅𝑄𝑛 = 𝜏𝛼 = (𝑅𝐶)𝛼  (1.17) 

In a Nyquist plot, CPE appears as a straight line with an angel of (-90*α)o. (Figure 1.15). 

CPE and resistance in parallel appear as a depressed semicircle (Figure 1.16). 

 

 

Figure 1.15: Nyquist plot simulation of a constant phase element of value1 µF.s(α -1) and 

different n values. in frequency range of 100 mHz to 100 KHz. 
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Figure 1.16: Nyquist plot simulation of a resistor of value 1K ohm in parallel with a 

constant phase element of value 1 µF.s(α -1) and different n values in a frequency range of 

100 mHz to 100 KHz. 

 

1.4.2.5 Warburg Impedance 

Another process that can’t be represented by a real circuit element is the diffusion 

resistance. Instead, a hypothetical circuit element called the Warburg impedance (W) is 

used. It represents the resistance of the diffusion of ions or charges in one dimension58 . 

𝑍𝑤 = 𝜎𝜔−
1

2 − 𝑗𝜎𝜔−
1

2      (1.18) 

where σ is the Warburg coefficient. If there are redox couples with reversible 

electrochemical reactions, σ would be related to the diffusion coefficient and 

concentrations of the redox species according to equation (28)58 

𝑍𝑤 =
𝑅𝑇

𝑛2𝐹2 (
1

𝐶𝑟𝑒𝑑𝐷𝑟𝑒𝑑

1
2

+
1

𝐶𝑂𝑥𝐷𝑜𝑥

1
2

)
1−𝐽

(2𝜔)
1
2

= 𝜎𝜔−
1

2(1 − 𝑗) (1.19) 
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Where n is number of transferred electrons, F is the Faraday constant, C is the 

concentration of either oxidized or reduced species and D is the diffusion coefficient. The 

Nyquist plot appears as a straight line inclined with an angle of 45o. (Figure 1.17) 

 

Figure 1.4: Nyquist plot simulation of a Warburg impedance of value 1 Ohm.s-0.5 and 

different n values in a frequency range of 100 mHz to 100 KHz. 

 

1.4.2.6 Randles Circuit 

One of the most recognized equivalent circuits is the Randles circuit. It represents 

a system of a semi-finite diffusion limited reactions to a planar electrode. The circuit is 

shown in Figure 10, where R1 represents the ionic resistance of the solution, C2 is the 

capacitance of the double layer, R2 represents the resistance of the charge transfer and W 

is the diffusional resistance.  

According to Kremer et al59, for dielectric materials C2 is related to the dielectric 

constant of the material (ε′) and R2 is related to the dielectric loss (ε′′) and the material 

D.C. conductivity.  
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Randles circuits in Nyquist plots appear as a semicircle (R2/C2) with a 45o inclined line 

(W) and a shift from the origin with a value of R1 (Figure 1.18a). It can appear as an 

incomplete semicircle (Figure 1.18b and c) if the polymer resistance R2 is very high 

compared to other elements in the circuit since the measurement then will need a higher 

frequency range. 

 

Figure 1.5: Nyquist plot simulation for Randless circuit (a)R1= 500 Ohm, R2=2k Ohm, 

Warburg impedance = 2 KOhm.s-0.5, C2=1 µF. (b) R1= 500 Ohm, R2=1 MOhm, Warburg 

impedance = 2 KOhm.s-0.5, C2=1 µF. (c)R1= 500 Ohm, R2=10 MOhm, Warburg 

impedance = 2 KOhm.s-0.5, C2=1 µF. All data are simulated in a frequency range of 100 

mHz to 100 MHz. 

It is worth mentioning that the choice of the frequency range should be 

determined by the nature of the interfaces in the experiment and the time constants that 

are associated with them. For example, most impedance studies of corrosion systems use 
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frequencies between a few millihertz and 100 kHz. Studies of solid ionic conductors 

require higher frequencies for ionic motion (milli- to microseconds), which are generally 

smaller than those found in aqueous diffusion processes. Thus, frequencies between a few 

hertz and 15 MHz are used.60 

 

1.5 Analyte/Polymer Interactions 

As discussed in Section 1.1.1, the mammalian olfaction system does not work in a 

key-lock style. Instead, it is broadly selective as the principle of sensor arrays.  Key-lock 

approach requires the design of a specific receptor site for each analyte of interest like ion 

selective electrodes.61 In the sensor array design, the collection of sensors produces a 

fingerprint that allows classification of analytes. This approach can identify analytes that 

the array was not originally made to detect. It also gives a unique signal for a complex 

odor without requiring the mixture to be broken. However, the amount and the quality of 

information collected by the array is what determine its success. This require each sensor 

in the array to have differential selectivity and sensitivity to different analytes. This can 

be done by understanding the different solubility interactions that happens between 

polymers and analytes. Then, each sensor of the array can be logically chosen to have a 

systematic variation of solubility properties. This will make each member of the array 

selective to a set of solubility interactions and the whole array to cover most of them with 

a minimum redundant. In the next section, a detailed view of these interactions will be 

discussed. 
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1.5.1 Partition Coefficient 

The process of analyte sorption into a polymer layer is similar to the process of 

gas partitioning in chromatography. The only difference is that in chromatography a 

small amount of analyte is passed over a long bed of polymer, while in polymer sorption 

sensor a flow of analyte is passed over a small polymer layer. When an analyte is sorbed 

by a polymer layer, the ratio of the analyte in the stationary phase (polymer layer) to the 

concentration in analyte phase is governed by a thermodynamic parameter called the 

partition coefficient 

𝐾 =
𝐶𝑠

𝐶𝑣
  (1.20) 

Where Cs is the concentration of the analyte in the stationary phase, and Cv is the 

concentration of analyte in vapor phase. K can be calculated from retention time of 

analytes using gas chromatography (GC) and it is constant for each polymer/analyte pair 

in a given temperature. K is strongly dependent on temperature, as sorption usually 

decrease with increasing the temperature. Most of the reported K values in literature 

needs to be taken when used in polymer sorption devices, since it usually measured at 

elevated temperature in GC. This underestimates the sensitivity of polymer layers to 

these vapors when sensors operate in room temperature condition. 

At thermal equilibrium the chemical potential of the analyte in vapor phase and 

analyte in sorbent phase will be equal. 

𝜇 = 𝜇𝑜 + 𝑅𝑇𝑙𝑛(𝑦𝑥)  (1.21) 
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𝑃

𝑃𝑜 = 𝑎 = (𝑦𝑥)  (1.22) 

Where μo is the chemical potential of the analyte in vapor pressure at equilibrium, R is 

the universal gas constant, T is temperature, a is activity of the analyte, y is the activity 

coefficient, x is the mole fraction of the analyte in sorbent phase, P is partial pressure of 

the analyte and Po is the equilibrium vapor pressure of the analyte. 

Since the chemical potential is related to the fractional vapor pressure, sensors responses 

to analyte will depend on fractional vapor pressure of the analyte instead of the absolute 

concentration. 

1.5.2 Solvation Parameters 

Different terms are used to describe polymer/analyte interactions. Sorption is the 

general term which describe the overall interactions. Two type of sorption can happen; 

chemisorption (involves strong chemical interactions) and physisorption (involves weak 

physical interactions). Here, we will focus more on physisorption due to its reversible 

nature. The first step of the physisorption is the adsorption of the analyte into the polymer 

surface. The second step involves absorption of the analyte inside the polymer layer. The 

absorption process also can be described in three steps.62 In this context we will refer to 

analyte molecules as solutes, while the polymer layer as the solvent. In the first step, a 

cavity is made in the solvent by breaking the interactions between solvent molecules. 

This is an endogenic process, since it requires energy to break solvent-solvent 

interactions. The second step involves the solute molecules to fill the cavity inside the 

solvents. This step changes the entropy, since the solute molecules now are less random. 
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The third step is where attractive interactions between the solute and the solvent happens 

and it is an exoergic step. This step is called the solubility interactions which define the 

strength of polymer/analyte interactions. The parameters that characterize these solubility 

interactions are called solvation parameters. 

1.5.2.1 Hansen Solubility Parameter (HSB) 

The first attempt to quantify the solubility interactions was done by Hildebrand 

and Scott.63 Hildebrand parameter  is defined as the square root of the cohesive energy 

with unit MPa1/2 which can be calculated from the molar volume (Vm) and energy of 

vaporization (Ev).  

𝛿 = (
𝐸𝑣

𝑉𝑚
)

2
  (1.23) 

Using Hildebrand parameter, Coleman and Painter et al.64 calculated the Flory-

Huggins χ12 interaction parameter to predict polymer-polymer miscibility from the 

squared difference of their solubility parameter 1 and 2. However, this parameter was 

confined to weak dispersive and van der Waals forces. Hansen solubility parameter 

method (HSP) introduced the idea of breaking the total energy of vaporization into three 

different parts. These parts come from dispersion (atomic) forces, dipole- dipole 

(molecular), and hydrogen bonding (molecular- electron exchange) forces.65  

𝛿2 = 𝛿𝐷
2 + 𝛿𝑃

2 + 𝛿𝐻
2  (1.24) 
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Where  is the Hildebrand solubility parameter and D, P, H are HSP of dispersion, 

polar, and hydrogen bonding interaction, respectively. Those values are calculated from 

latent heat of vaporization, molar volume, dipole moment and group contributions. 

HSB approach are based on the similarity principle. The polymers and the 

analytes who have similar HSP have affinity to each other. The usual HSP correlation is   

(𝑅𝑎)2 = 4(𝛿𝐷2 − 𝛿𝐷1)2 + (𝛿𝑃2 − 𝛿𝑃1)2 + (𝛿𝐻2 − 𝛿𝐻1)2 (1.25) 

The solubility parameter distance, Ra, is the modified difference between HSP of solvent 

(1) and polymer (2). As the value of Ra decrease the strength of interactions increase. 

This equation was developed from experimental data and the constant “4” was added 

empirically to fit the data of good solvents and it was predicted theoretically by others.66 

HSP has proved very useful in many different practical applications and has the most 

extensive database of over 1200 polymer and analyte.65,67 HSB calculations will be used 

in this thesis to correlate the array responses to different analytes on the basis of 

solubility interactions. 

1.5.2.2 Linear Solvation Energy Relationships (LSER) 

Another approach to quantify the solubility interactions is the linear solvation 

energy relationships (LSER) developed by Abraham.62 In LSER approach, five molecular 

descriptors are used to describe each polymer and analyte. Those parameters represent 

the polarizability, dipolarity, hydrogen bond and dispersion interactions. The 

polarizability descriptor was calculated from the molar refraction, the dipolarity from 

dipole moments, the hydrogen bond acidity from the equilibrium constants of 
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complexation with a refence base, the hydrogen bond basicity from the equilibrium 

constants of complexation with a reference acid and the dispersion from the partition 

coefficient values with hexane. Multilinear regression analysis of the partition 

coefficients against the calculated analyte parameters led to the following equation  

𝐿𝑜𝑔 𝐾 = 𝑐 + 𝑟 𝑅2 + 𝑠 𝜋2 + 𝑎 𝛼2 + 𝑏 𝛽2 + 𝑙 𝐿𝑜𝑔𝐿  (1.26) 

Where K is the partition coefficient and the analyte parameters are R2 for 

polarizability, for dipolarity, α2 for hydrogen-bond acid strength, β2 for hydrogen-bond 

base strength and Log L for dispersion and c is the constant of multiple linear regression. 

The coefficients (r, s, a, b, and I) evaluate the polymer properties that are complementary 

to those of the analyte. More than 3000 analytes descriptors are available, but very few 

values for polymer (gas chromatography stationary phases) are reported.5,62,68–70 

However, LSER approach are very useful in choosing the sensitive coating materials for 

sensors. Abraham’s recommendations of function groups to maximize analyte/polymer 

interactions are summarized in Table 2. The polymers used in this thesis were chosen 

based on LSER approach and will be described in detail in the next chapters. 

  



36 

 

 

 

 
Table 1.1: Summery of Abraham’s descriptors and recommend function groups and sensing 

layers.62  

Descriptors Function groups 
Vapor 

examples 
Polymer examples 

𝑟 𝑅2 Polarizability Aromatic rings 

Halogenation 

Toluene, 

Benzene, 

Anisole, DCM 

Phenyl silicones, Poly styrene, 

Poly silicones 

𝑠 𝜋2 Dipolarity Heteroatoms 

(cyano, amide, 

sulfoxide, amine 

and carbonyl) 

Halogens 

DMSO, 

Acetone,  

Poly acrylonitrile, Poly 

amides, poly siloxanes, Poly 

vinylbutyral 

𝑏 𝛼2 Acidity OH, phenols, 

and COOH  

Methanol, 

Isopropanol 

PVP, Poly ethyleneimine, 

Poly vinylbutyral 

𝑎 𝛽2 Basicity  NH2, NH 

Halogenation 

Amines, 

Isopropanol, 

THF 

Poly vinylbutyral, Poly 

vinylalcohol, Poly 

methylmethacrylate  

𝑙 𝐿𝑜𝑔𝐿 Dispersion Aliphatic chains 

(increase with 

increasing 

boiling point) 

Octanol, 

Hexane 

Polybutadiene, Polyisoperne, 

Polyvinyl butyral 

 

1.5.2.3 Partial Solvation Parameters (PSP) 

Another approach worth to mention is the partial solvation parameters (PSP) by 

Panayiotou.71 In this approach LSER and quantum-mechanical continuum solvation 

model (CSM) calculations are used to calculate solubility descriptors. In direct analogy to 

LSER model, each compound is described by four descriptors; weak van der Waals W, 
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polarity (polarizability and dipolarity in LSER) pz, hydrogen bond acidity a and 

hydrogen bond basicity b. This approach was able to extend the number of reported 

polymers, but the quantum mechanical calculations for high polymer are still, at present, 

difficult to perform. In this regard, PSP approach is still under development and open to 

improved calculations.72 

1.6 Data Analysis and Pattern Recognition 

Since the first use of sensor arrays, it has been coupled with pattern recognition 

techniques. In principle, an electronic nose is a device that combines sensor array with 

pattern recognition techniques to classify, identify and/or quantify an odor sample. The 

process of data analysis involves several steps. The first step is the row data 

preprocessing to find the best descriptive variable to represent the array response. There 

are several preprocessing techniques, and it is up to the researcher to choose the best 

technique for reliable interpretation of these data. In this work, fractional normalization 

was used to compensate for baseline changes. 

%𝐶𝑎𝑝𝑐𝑖𝑡𝑎𝑛𝑐𝑒 =
∆𝐶

𝐶𝑜
× 100 = (

𝐶𝑡−𝐶𝑜

𝐶𝑜
) (1.27) 

Where Ct is the equilibrium capacitance after passing an analyte and Co is the baseline 

capacitance. The sensitivity of each sensor is measured from the slope (m) of the 

calibration curve of each analyte. 

%𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑎𝑛𝑐𝑒 = 𝑚 ×
𝑃

𝑃𝑜
+ 𝑐   (1.28) 
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Where m is the slope (sensitivity), P is the partial vapor pressure, Po is the saturated 

vapor pressure and c is the intercept. 

The reliability of a sensor is a measure of its scatter response. In this work reliability will 

be measured through standard error of estimates (𝜎) of calibration curves and the 

standard deviation of multiple measurements.  

𝜎 = √
∑(𝑌−𝑌′)2

𝑁−1
  (1.29) 

Where Y is the actual measurements, Y’ is the fitted value of measurement and N is the 

total number of measurements in the sample. The LINEST function of MS Excel will be 

used to calculate σ values from calibration curves. 

Since the sensor array produce multivariate data with broad and partially 

overlapping sensitivities, a dimensionality reduction technique is required to extract 

useful information for classification and discrimination. In this work, principal 

component analysis (PCA) will be used for dimensionality reduction. In PCA, the 

multidimensional data is projected into a lower dimensional space without losing much of 

the valuable information. For an array of n detectors exposed to m analytes, the responses 

of the array to a single analyte exposure j represents a set of descriptors (a row).  

𝐷 = 𝑑1𝑗, 𝑑2𝑗, 𝑑3𝑗, … , 𝑑𝑛𝑗  (1.30) 

The data set of multiple analytes exposures produce a data matrix D, where each column 

represents the response of single sensor i to multiple analyte exposures. 
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𝐷 = (

𝑑11 𝑑21 𝑑31

𝑑12 𝑑22 𝑑32

    … 𝑑𝑛1

    … 𝑑𝑛2

⋮ ⋮ ⋮
𝑑1𝑚 𝑑2𝑚 𝑑3𝑚

   ⋮ ⋮
    … 𝑑𝑛𝑚

)  (1.31) 

Each sensor represents a dimension in the data matrix. The first step is to autoscaled the 

data of each sensor data (column) were centered around zero. 

𝑑𝑖𝑗
′ =

𝑑𝑖𝑗−𝑑𝑖̅̅ ̅

𝜎𝑖
  (1.32) 

Where dij' is the mean centered data, 𝑑�̅� is the mean value of each sensor and σi is the 

corresponding standard deviation. Next, the correlation matrix (R) is calculated whose 

diagonal elements are unity and the off-diagonal elements represent the correlation 

coefficient (variance) between the data. This is done by diagonalizing the matrix through 

cross multiplication of D by its transpose matrix DT. 

𝑅 = 𝐷𝑇 . 𝐷  (1.33) 

The next step is finding the linear combination of the data with the largest possible 

variance between its members. In linear algebra this is translated into finding the eigen 

vectors for the data matrix D where the eigen values represent the fraction of the total 

variance contained in each vector (principal component). The resulted matrix from this 

transformation is the principal component matrix P where the first 3 principal 

components usually contain most of the variance in the data. The initial multidimensional 

data now can be presented graphically in a reduced dimension without losing much of its 

variance. In this work MatLab will be used to perform PCA for the data. 
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1.7 Materials and Instruments 

1.7.1 Materials 

Polymers of a sensor array should contain as much chemical diversity as possible, 

so that the array responds to the largest possible cross-section of analytes. Polymers 

representing different classes of interactions mentioned by Abraham et al. will be used62. 

Model analytes of different classes will also be used. Analytes will interact with these 

polymers based on their structure and intrinsic properties62. All polymers and analytes 

were purchased from Polysciences Inc. (Warrington, PA, USA) or Aldrich Chemical Co. 

(WI, USA).  

1.7.2 Interdigitated Electrode Arrays 

Interdigitated array electrodes (IDE) are electronic devices that have been used 

extensively for the study of resistive and capacitive characterization of chemical sensors. 

Gold interdigitated array electrodes (IDAs) to be used as the sensor substrate platform 

and deposited on a 1 mm thick printed circuit board (PCB) were custom designed upon 

consultation with Nano Fabrication Lab, University of Manitoba and Iders Inc, Winnipeg, 

MB. The sensor chip was fabricated by Dynamic & Proto Circuits Inc, Stoney Creek, 

ON. Each sensor chip has seven sensor elements (detectors). The dimensional details of 

the interdigitated electrode are shown in Figure 1.19. 
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Figure 1.6: Schematic representation of interdigitated gold electrode as part of an array. 

 

1.7.3 Bubbler apparatus 

The bubbler apparatus (to provide known partial pressures of various vapors) and 

a flow chamber to control the resulting gas stream were constructed from standard 

glassware. The bubblers are large test tubes (30 cm long with a 3 cm inside diameter) 

equipped with exit side-arms to provide a pathway for gas flow, and a glass tube 

terminated by a coarse filter flit (Figure 1.20). The carrier gas is compressed air from the 

general lab source and introduced into the solvent through the porous ceramic fit. The 

solvent-saturated gas mixture exits the bubbler via the sidearm of the glass tube, and then 

the saturated vapor is carried out the sidearm of the bubbler, blended with a controlled 

background flow of pure carrier gas, and introduced into a mixing chamber in which it is 

finally transferred into the sensing chamber.  
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Figure 1.20: The bubbler apparatus system in water bath for temperature control. 

 

The rectangular sensing chamber (Figure 1.21) is made of Teflon (outer chamber 

dimension: 15.5 cm long with width 8.5 cm and height 5.0 cm; inner chamber dimension: 

l=10 cm, w=1.0 cm and h=2.0 cm) to which inlet and outlet Teflon tubing (inner diameter 

1.5mm) were attached. The sensing elements were introduced into the chamber through 

one/two/four open slot(s) and attached with PCB connected through an edge connector. 

The chamber was sealed when connected with PCB. 

 

Figure 1.21: Sensor test chamber with a typical CP sensor array (IDE) showing four plug-

in inlets to insert the IDE devices. 
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1.7.4 Gas flow management system 

The vapor flow system (Figure 1.22) is configured with mass flow controllers 

(MFC1 to MFC9) whose outputs are connected to shut-off-valves (SV1 to SV8) as 

output, with a vapor mixing chamber controlled by three-way valves (TWV). A control 

program regulates the gas flow rate for each line, which defines the location and timing 

of vapor injections. MFC9 regulates the flow of nitrogen carrier gas carrier gas in the 

entire setup, where it mixes with the desired test vapor across each flow line. A schematic 

of the custom-built gas flow management system (Plasmionique Inc., St Hyacinthe, QC, 

Canada) is shown in Figure 1.22. 

 

Figure 1.22: A schematic of the custom-built gas flow management system. 
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1.7.5 Impedance Measurements 

To determine the response of the sensor elements to various vapors, the 

electrochemical impedance measurements (EIS) of each sensor will be evaluated using a 

BioLogic VSP 300 potentiostat/galvanostat device (Figure 1.23).  The software of the 

device is capable of extracting the capacitance from the impedance measurement and 

finding the equivalent circuit model through curve fitting of the results. 

 

Figure 1.23: Biologic VSP potentiostat for impedance measurements. 
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Chapter 2 

2 Dielectric Polymers for Sensing Applications  

 

 

2.1 Introduction 

The human nose has been used as the main identification tool for odors in many 

applications like quality of food and drinks in the form of human sensory panels.1 Other 

analytical techniques like gas chromatography and mass spectrometry have also been 

employed to aid human panels in identification and quantification of odors. The human 

panels suffer from inconsistency and they are insensitive to many odors. The other 

assistive techniques are more sensitive and accurate, but they are large, slow and 

expensive. Electronic noses that utilize sensor arrays with a pattern recognition algorithm 

are being explored as a more practical solution to these problems.  

Several transduction principles have been implemented in sensor arrays. Among 

them, sensors based on capacitive measurements have attracted considerable attention 

since they have the potential to be fabricated using CMOS technology and can operate at 

ambient temperature with low power consumption. This measurement mode does not 

require a conducting sensitive layer as resistive sensors and can be made using any 

commercial polymer deposited on simple device as a parallel plate capacitor or integrated 

into chips as complementary metal oxide semiconductor (CMOS) designed FGMOS 

sensors.  
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The capacitive changes occur with changes in dielectric and/or thickness of the 

sensitive layer when exposed to an analyte. The change in the dielectric constant of the 

sensitive layer  can be described by2  

∆휀 ∝  𝜑𝑎(휀𝑎 − 휀𝑝)              (2.1) 

Where εa is the dielectric constant of the analyte, εp is the dielectric constant of the 

polymer and a is the volume fraction of the analyte absorbed. According to this 

relationship, the change in the dielectric constant of the sensitive layer depends on the 

amount of analyte absorbed (volume fraction) and the difference in dielectric constants 

between the polymer and the analyte.  

The amount of the analyte absorbed into the polymer depends on the strength and 

the type of solubility interactions between the polymer and each analyte.  Different 

models that quantify these interactions have been discussed in Section 1.5.2. By choosing 

a range of polymers that probe different interactions (i.e., dispersion, dipolarity and 

hydrogen bond), an array of sensing polymers can provide response patterns that are 

unique for a particular analyte.  These response patterns can then allow recognition 

algorithms to be used for analyte identification. The difference in dielectric constants 

adds another dimensionality to analyte differentiation based on the relative changes in the 

responses. If an analyte of dielectric constant higher than the polymer is to be absorbed, 

the change in the dielectric constant will be positive and the capacitance will increase, 

and the reverse will decrease the capacitance. However, this can make capacitor sensors 

more sensitive to polar analytes due to the large difference in the dielectric constant with 
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many polymers. Also, humidity plays a significant factor in capacitor sensors due to the 

high dielectric constant of water. Table 2.1 shows the different polymers used in this 

chapter, their dielectric constants, and the different solubility interaction they probe 

according to LSER model6  that was discribed in 1.5.2.2. Table 2.2 shows the analytes 

that have been investigated. 

Three main factors affect chemicapacitor sensor response, namely humidity level, 

thickness of the sensitive layer and the operation frequency. Most of the reported 

capacitive sensors are humidity sensors3–5. This is due to the fact that water has a high 

dielectric constant compared to the majority of polymers which give rise to an 

appreciable capacitance change. Several capacitive humidity sensors are already in the 

market6,7. Non-humidity sensors based on capacitive measurement of inorganic8 and 

polymer8 films have also been reported; however, humidity and temperature affect the 

stability of these sensors, and therefore must be controlled for. To control humidity level 

in lab experiments, pure nitrogen is usually flowed through the test chamber prior to each 

analyte exposure to purge and maintain the humidity within the chamber at below 5%8.In 

this work, the effect of humidity on the measured signal is studied and an appropriate 

humidity level was chosen for the rest of the experiment based on the average humidity 

level in the lab. 

The thickness of the sensitive layer affects response of chemicapacitor sensors  along 

with many other factors9. Thickness impacts the response in two ways; the relative electric 

field coverage by the polymer compared to the gas phase as well as the time dependent 



57 

 

 

 

diffusion of the analyte molecules into the polymer. Increasing the thickness of the polymer 

film will cover more electric field lines between the electrodes which give higher 

capacitance changes over a similar analyte concentration change (Figure 2.1). However, 

this comes at the expense of a dramatically increased response time since the sorbed analyte 

molecules needs to diffuse inside the polymer to reach area of effective field lines8. A trade-

off must be done between response time and sensitivity. Controlling thicknesses also can 

also add additional selectivity toward different analytes10. In this work, the trade-off was 

explored through experiment and simulations, and optimized conditions were identified. 

An optimum thickness was chosen based on the signal change and the response time.  

 

Figure 2.1: Schematic representation of the electric field lines between the electrodes of 

IDE where polymer of different thickness is deposited a) polymer deposited just covers the 

electrodes, b) polymer deposited covers most of the electric field lines between the 

electrodes, and c) polymer deposited is too thick that analytes molecules sorbed need to 

diffuse to reach the area of effective electric field lines. 

The last factor that affects response is the operating frequency. Measurements in low 

frequencies provide a longer time for analyte dipoles to orient in the material. The absorbed 

analyte molecules in the sensitive film can be more polarized at lower frequencies. Thus, 

the lower the frequency, the higher the signal becomes, but this comes with more noise and 
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a non-linear behavior since there are many sources of interferences that are active in the 

low frequency region11 as will be discussed in Section 1.3.2. An optimum frequency in-

between should achieve the highest signal to noise ratio. In the results and discussion 

(Section 1.3), the results of abovementioned factors optimization are discussed with the 

improved sensitivity of the sensors. 
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2.2 Experimental 

2.2.1 Chemicals 

The polymers used for this work include polystyrene Mw~192000, poly(caprolactone) 

Mn~45000, poly(ethylene-co-vinyl acetate) 18% vinyl acetate content, poly(vinyl 

chloride) Mw~80000 and Nafion 5 wt. % in a mixture of lower aliphatic alcohols and 

water. Polymers used in the sensor arrays are showed in Table 2.1. The solvents used in 

this study were toluene, cyclohexane, acetone, methanol and tetrahydrofuran. The analytes 

that were tested are hexane, toluene, acetone, methanol and ethyl acetate. They were all 

analytical grade and were obtained from Sigma Aldrich (Table 2.2).  

Table 2.1: Structure, dielectric constant and dominant solubility interactions of the 

polymers used in the sensor arrays 

Symbol Polymers Structure 
Dielectric 

constant 

Solubility 

interactions6 

PS Poly(styrene) 

 

2.6012 Polarizability 

PCL Poly(caprolactone) 

 
3.4-

4.4013 
Dipolarity 

PEVA 
Poly(ethylene-co-

vinyl acetate) 18% 

 

2.2013 

Basicity 

Dipolarity 

Dispersion 

PVC 
Poly(vinyl 

chloride) 

 

3.2014 
Dispersion 

Polarizability 

Nafion Nafion 

 

3.50-

10.515 

Acidity 

Polarizability 
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Table 2.2: Structure, dielectric constant and dominant solubility interactions of 

the analytes tested. 

Symbol Analytes Structure 
Dielectric 

constant16 

Solubility 

interactions6 

Ac Acetone 

 

20.7 Dipolarity 

Hex Hexane 

 

1.90 Dispersion 

Meth Methanol 

 

32.7 Acidity 

Tol Toluene 

 

2.37 Polarizability 

Ethyl 
Ethyl 

acetate 

 

6.02 
Basicity 

Dipolarity 

 

2.2.2 Determination of Analyte Concentration 

The vapor flow system mentioned in Section 1.7.3 consists of 500 mL Pyrex bottle 

bubblers with two-armed 29/34 ground joint (24 cm long with a 5 cm inside diameter) from 

Lasalle Scientific. To provide a pathway for gas flow, a glass tube terminated by a coarse 

filter frit was inserted into a glass stopper and then placed into the top of each bubbler. The 

bubblers were maintained at a temperature around 25°C over the course of the experiments 

and controlled through microprocessor-controlled water bath (Model No 28L) from Cole-

Parmer, Montreal, QC, Canada. The carrier gas was introduced into the solvent through the 
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porous ceramic frit, and the solvent-saturated gas mixture exited the bubbler via the 

sidearm of the glass tube.  

Nitrogen cylinders (nexAir, USA) of ultra-high purity (99.99%) were used for the 

measurements. To achieve the required levels of analyte concentrations, saturated vapor 

gas was diluted to appropriate concentrations by mixing and varying the gas flow rate from 

the nitrogen cylinder. For example, a flow rate of 20 standard cubic centimeter (sccm) of 

acetone and 180 sccm of nitrogen in the Teflon mixing chamber measured at the same 

pressures and temperatures produced 0.1 P/Po of saturated acetone. The concentrations of 

the analytes were determined in parts per thousand (ppth) using Dalton’s law of partial 

pressures at 25oC and one-atmospheric pressure. 

𝐶𝑎 =
𝑃𝑎 ×1000

𝑃𝑡
                  (2.2) 

where Ca is the concentration of analyte in part per thousand, Pa is the partial pressure of 

the analyte and Pt is the total pressure and Pt is the total pressure.  

Table 2.3: Vapor pressure of the tested analytes and the 

associated concentration at 10% (P/Po=0.1) 

Number Name 
Vapor pressure at 

25oC (mmHg)17 

Concentration 

in ppth 

1 Hexane 114 15 

2 Toluene 25 3 

3 Acetone 176 24 

4 Methanol 120 16 

5 Ethyl acetate 82 11 
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2.2.3 Polymer Deposition and Sensor Preparation 

Before deposition, the surface of the interdigitated gold array (IDE) was cleaned. 

Initially, the array was cleaned stepwise gradually with first a jet of water, then methanol 

and acetone to remove any water and organic solvent soluble materials, respectively from 

the gold surface. Then, it was dried with stream of air and then a nitrogen ion gun was used 

to remove any unwanted tinny/microscopic particles from the electrode surface prior to 

deposition of sensing material. Acetone, toluene, cyclohexane, and tetrahydrofuran were 

used to make polymer solutions of PCL PS, PEVA and PVC respectively. Nafion was 

diluted with methanol. Individual sensor elements were prepared by drop casting of 3 µL 

aliquots of the polymer solution into a single IDE sensor. This volume was enough to cover 

the sensor slot completely defined by the slot. The concentration of the solution needed 

was back calculated to make a 11 µm thick film based on sensor slot dimension and density 

of polymer solution. Concentrations of these solutions and thickness calculation are 

discussed in Appendix I. The sensor was heated to 40oC using hotplate during the casting 

process to facilitate solvent evaporation. 

 

2.2.4 Impedance Measurement and Data Processing 

After the different polymers were deposited into the sensor array, the array chip 

was connected to an edge connector with two terminals for each sensor in the array. 

Impedance measurement was done using BioLogic VSP 300 potentiostat/galvanostat 
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instrument. The results were fitted using Zsim/EC-lab V11.2 software to determine 

equivalent circuit parameters. 
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2.3 Results and Discussion 

2.3.1 Frequency Optimization 

The sensitivity of capacitor sensors is highly affected by the operating frequency. 

As mentioned in Section 2.1, in principle lower frequencies should give a higher signal 

since the dipoles inside the sensitive layer have more time to orient themselves with the 

electric field, resulting in a higher dielectric constant. However, there are different sources 

of noise that are active in the lower frequency region. Two fundamental sources of noise 

can affect the signal in electrical circuits. White noise arises either from the thermal 

agitation of electrons in resistive components. White noise is independent of the frequency 

and represents the baseline signal noise. Another source of noise is the flicker noise (1/f 

noise), which is strongly dependent on frequency. As the frequency decreases, the flicker 

noise increases. The source of the flicker noise is not known. Figure 2.2 shows the noise 

measured from the BioLogic potentiostat used in this work measurement. The noise profile 

is the similar to what is reported in other literature.18 The region between 10 -1000 Hz has 

spike increases due to the 60 Hz noise interference from the power source. These spikes 

have been reduced with the use of a Faraday cage of aluminum foil around the sensor 

chamber and the terminals. 
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Figure 2.2: Plot of the logarithm of the noise (measured in root mean squared voltage) 

versus the logarithm of the frequency (Hz). The corner frequency (fc) is where the 

magnitude of white noise and flicker noise are equal. 

 

To find the optimum frequency for operating the sensor that gives the highest 

sensitivity, a frequency scan for each sensor was done during exposure to different 

concentrations of analytes. Figure 2.3a shows the change in the imaginary impedance of 

a PEVA sensor to different concentrations of acetone at different frequencies. As 

discussed above, the sensitivity increases as the frequency decrease. The difference in 

signal increases till reaching a maximum at 100 Hz. Figure 2.3b shows both the signal 

and the noise of each measurement in the 100 Hz to 1 KHz region. The noise increases 

as the frequency decreases. Below 100 Hz, the noise was larger than signal. The 

optimum frequency of measurement would be the frequency of maximum signal to noise 

ratio (S/N). 
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Figure 2.3: a) Change in the log of the imaginary impedance of PEVA sensor with the log 

of the frequency of measurement (Bode plot) when exposed to different concentrations of 

acetone. The sensitivity in the right axis represents the slope of the calibration curve at each 

frequency, b) Change of capacitance of the same sensor for 5 minutes exposures to 0.1 

P/Po acetone at different frequencies in range of 100 Hz to 1 KHz. The slope was calculated 

as described in Section 1.6. 

 

Figure 2.4 shows the change in % capacitance and the noise from the data of 

Figure 2.3 presented as a bar chart and the calculated S/N as line. The optimum 

frequency of measurement was found to be 700 Hz for the current setup of measurement. 

At this frequency the signal to noise ratio is the maximum. This frequency was found to 

be the same for the five tested polymers.  
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Figure 2.4: Signal and noise change with frequency, %capacitance was calculated as 

described in Section 1.6 

 

2.3.2 Thickness optimization 

As discussed in Section 2.1, the signal increases with increasing the film thickness 

since more electric field lines will be crossing though the film and more dipoles will be 

polarized. This increase in sensitivity will happen until a certain thickness is reached 

where the film covers all the electric field lines. After this increasing the thickness will 

not cause a corresponding increase in the signal.  

The analytical evaluation model derived by Dias et al.19,20 calculates the 

capacitance of an IDE sensor as a function of the dielectric constant of the polymer, the 

thickness of the polymer and the geometric configuration of the IDE. This model can be 

used to calculate the optimum thickness of the film were most of the electric field lines 

cross. Figure 2.5 shows the results of applying the analytical model to the IDE used in 

this work with the dimension is described in section 1.7.2. The maximum capacitance 

change per dielectric change was found to be at film thickness of 70  above the 
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electrode for the IDE configuration (Figure 2.5). Decreasing the thickness by half only 

resulted in loss of 3% of the signal, while thickness of 11m capture 80% of the signal. 

 

Figure 2.5: The change in capacitance per change of dielectric constant with the film 

thickness. N is the number of IDE electrode fingers, L is the length of the finger,  is the 

ratio between the finger spacing to finger width plus the finger spacing and p is the 

dielectric constant of the film. Calculation were made with Mathematica software.  

 

As discussed in Increasing the thickness comes at the expense of a dramatically 

increased response time8. A trade-off must be done between response time and 

sensitivity. Controlling thicknesses also can also add additional selectivity toward 

different analytes.10  

To investigate the effect of increasing the thickness on the signal and the response 

time, Nafion films of different thicknesses were tested. Films of different thicknesses 

were made by drop casting of a 3 µL single droplet of 2.5% Nafion solution each time 

(thickness calculation in Appendix I). This volume was enough to cover the sensor slot 

completely. The sensor was heated to 50oC using hotplate during the casting process to 
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facilitate solvent evaporation.  After casting, the sensor was tested for 15 min exposure to 

0.5P/Po water. Nafion film and the relatively high concentration of water were chosen 

since the signal is high enough to differentiate between small changes of the film 

thicknesses. All the measurements were done on the same sensor by increasing the 

thickness of the film each time. 

As the thickness of the film increased, the imaginary impedance percent (%Zimg) 

increased and reached equilibrium till 11m (Fig 2.6 a) in less than 25 minutes. Higher 

thicknesses needed more time to reach equilibrium. Figure 2.6 b shows that the 71m 

needed almost twice the time to reach equilibrium with not much increase in the %Zimg 

value. Thickness of 11m was chosen for the rest of the experiments. 

 

Figure 2.6: a) Response of Nafion films of different thicknesses to 25 min exposure of 

0.5P/Po water, b) the same films with extended exposure till reaching equilibrium. 
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2.3.3 Humidity effect 

Human nose cannot detect changes in ambient humidity because our nasal sensor 

cells are in constant humidity environment.  As ambient humidity increases, the nasal 

mucus layer in the nose increases to keep the humidity level constant21. The same 

principle can be applied into electronic noses. Since capacitive sensors are based on 

dielectric changes and water has a large dielectric constant, changes in humidity level 

will affect the sensor signal. This requires the sensor to operate in an optimized humidity 

level for consistent results. If the changes in the dielectric constant and capacitance are 

predictable, changes in humidity level in the environment can be adjusted through a 

feedback loop by simply recalibrating the sensor before each use. 

To test the effect of changing humidity on the sensor signal, a PCL film of 

thickness ~11 µm was tested for different relative humidity levels (RH%). The humidity 

was controlled by diluting nitrogen gas saturated with water vapor with pure nitrogen to 

appropriate concentrations by mixing and varying the gas flow rate of each. 

As the humidity level changed in the sensor chamber, the polymer film 

equilibrates to the new environment either by taking or giving up water. As the humidity 

increased, the dielectric constant and the capacitance increased. The relation between the 

percent capacitance change and the relative humidity is logarithmic as showed and 

derived in many literature22,23. Figure 2.7 b shows the calibration curve for the relative 

humidity change. The time to reach equilibrium would depend on the diffusion 

coefficient of water in PCL and the concentration gradient. It was more efficient to 
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choose RH% that is near to the ambient condition in the lab, since this would decrease 

time needed to equilibrate the sensor and reach a stable signal for measurements. Relative 

humidity percent of 40% was chosen for the rest of measurements. 

 

Figure 2.7: a) PCL film (~11 µm thick) at different RH % values (measured at 500 Hz, 

Vrms= 5 V), b) calibration curve of the relative humidity change. 

To study the effect of changing the relative humidity percent on the signal of 

other analytes the same sensor was tested for hexane, toluene and cyclohexane exposure 

at different RH%. According to equation 2.1 the change in the signal is related to the 

difference between the dielectric constant of the polymer and the analyte. At 40% RH the 

dielectric constant of the PCL film was found to be around 3.75 similar the reported 

values13. Exposure to the three tested analytes showed a negative change in the 

capacitance since their dielectric constant is lower than the polymer. As the RH% 

decreased the dielectric constant of the polymer decreased and the signal for each analyte 

decreased also since the dielectric difference is becoming less. At 10% RH the signal 

almost disappeared and at ~0% RH the signal is inverted. This is because at this RH% the 

dielectric constant of the analytes is larger than the polymer (Figure 2.8).  
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Figure 2.8: PCL film (~11 µm thick) exposed to 0.05 P/Po hexane, toluene and 

cyclohexane for 30 min at different RH % values (measured at 500 Hz, Vrms= 5 V). 

2.3.4 Sensor array analyte sensing 

An array of five polymers (Table 2.1) was tested for different concentrations for 

five different analytes (Table 2.2). Figure 2.9 shows the temporal response of PEVA film 

to different concentrations of analytes. Analytes with higher dielectric constants than 

PEVA (i.e. acetone) showed an increase in the %capacitance, while hexane showed a 

decrease in the capacitance due to its low dielectric constant. In this experiment, the 

exposure time was the same for all concentrations which was not enough for higher 

concentrations to reach equilibrium. The temporal response is almost linear with the 

concentration change. This is different form the logarithmic scale observed with water 
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since the exposure time was not enough for higher concentrations to reach equilibrium. 

Repeated exposure of the same concentration showed a stable signal even when the 

equilibrium is not reached, except for 0.5 P/Po of acetone. 

  

Figure 2.9: Temporal %capacitance response of a PEVA sensor (~11 µm thick) to 20min 

exposures of different concentrations of analytes with background humidity 40% 

(measured at 700 Hz and Vrms= 5 V). 

Figure 2.10 and 2.11 show the equilibrated response of PEVA and PCL films where the 

exposure time was varied to allow the sensor to reach equilibrium, taking longer for higher 

concentrations. These equilibrated responses allow further investigations of the role of 

dielectric constant difference and the solubility interactions in the capacitive response of 

the sensors. As an example, toluene shows a positive change for PEVA sensor since it has 

a higher dielectric constant than the polymer, while it shows a negative change for PCL 

sensor since it has a lower dielectric constant. Another example is the response of PCL to 

ethyl acetate. Although methanol and acetone have a higher dielectric constant, ethyl 



74 

 

 

 

acetate has a higher response. This can only be explained by the fact that ethyl acetate is 

more sorbed by PCL than acetone and methanol. This can be more explained by the 

solubility interactions models. 

 

Figure 2.10: Capacitance response of a PEVA sensor (~11µm thick) to different 

concentrations of analytes from a) to e) with background humidity 40% measured at 700 

Hz and Vrms= 5 V. f) shows the calibration curve constructed from data of each analyte. 

Analytes with lower dielectric constants than PEVA (ε=2.2)13 i.e., hexane showed a 

decrease in the relative capacitance as expected, while those with higher dielectric 

constants i.e. toluene, acetone, methanol and ethyl acetate showed a relative increase. The 

exposure time varied to allow the sensor to reach equilibrium, taking longer for higher 

concentrations.  
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Figure 2.11: Capacitance response of a PCL sensor (~11µm thick) to different 

concentrations of analytes from a) to e) with background humidity 40% measured at 700 

Hz and Vrms= 5 V. f) shows the calibration curve constructed from data of each analyte. 

Analytes with lower dielectric constants than PCL (ε=4.3)13 i.e., hexane and toluene 

showed a decrease in the relative capacitance as expected, while those with high dielectric 

constants i.e. acetone, methanol and ethyl acetate showed a relative increase. The exposure 

time varied to allow the sensor to reach equilibrium, taking longer for higher 

concentrations. 
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2.3.5 Sensitivity 

As discussed in the previous sections, the sensitivity of a capacitor sensor depends 

on the difference of the dielectric constant between the analyte and the polymer, and also 

on the amount of analyte sorbed by the polymer which can be explained by the solubility 

interactions. Figure 2.12 shows the differential sensitivity of each sensor toward five 

different analytes. Each individual sensor created a unique pattern of response to the 

analytes. The change in response signal for non-polar analytes added another dimension 

of differentiation between the analytes.  

 

Figure 2.12: Sensitivity (slope of the calibration curve) of the different polymer tested in 

the array to 5 analytes of different dielectric constants. 

 

To further explain the data, the sensitivity data was compared to the dielectric 

difference values of each analyte and the solubility parameter distance of Hansen model 

(Ra). The solubility parameter Ra was calculated according to equation 1.25 and from 

data of Hansen solubility parameter data book.24 Since the value of Ra decrease the 

strength of interactions increase, (1/Ra) was used instead. 
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Figure 2.13a explains the reason for the high response of PCL to ethyl acetate. 

Although the dielectric difference between ethyl acetate and PCL is smaller than the 

difference with acetone and methanol, but the high solubility interactions compensate for 

that difference since more ethyl acetate will be sorbed into the polymer. In figure 2.13b 

hexane and toluene have almost the same dielectric difference with PEVA, but with 

different signs. The solvation parameters of both are also roughly equal. This results in an 

equal sensitivity of hexane and toluene, but with different response signs. This shows that 

a capacitor sensor array can provide a differential response to analytes based on the 

strength of the solubility interactions and the difference in the dielectric constants. This 

increases the amount and the quality of information obtained by the array which can be 

used by pattern recognition algorithms to classify and discriminate analytes. 

 
Figure 2.13: Comparison of the dielectric differences, HSP solvation and the sensitivity 

of a) PCL and b) PEVA for different analytes. HSP solvation is equal to (1/Ra). Each 

category was normalized to the highest value for better visualization. 
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2.3.6 Nyquist plots and equivalent circuits 

Electrical impedance measurements (EIS) were done for the different polymers 

used in the sensor array during exposure to the analytes under test to find the best fitted 

equivalent electrical circuits. Each element in these circuit represent a physical process 

that happen inside the polymer film during measurement. Figure 2.14 shows the Nyquist 

plots of Nafion during exposure to different concentrations of acetone (=20.7) and 

hexane (=1.9). 

 

Figure 2.14: Nyquist plot of Nafion film exposed to different concentration of acetone 

(left) and hexane (right). The best fitting equivalent circuit is (Qdl/Wdiff)+(Qp/Rp). Q is a 

constant phase element that represents a non-ideal capacitor and appear as depressed semi-

circle in Nyquist plot when it is in parallel with a resistance. Qdl represents the double layer 

formed at the electrode while Wdiff is the Warburg impedance and represents the diffusional 

resistance of diploes and ions into the electrode surface. According to Kremer et al., for 

dielectric materials Qp is related to dielectric constant of the material (ε′) and R2 is related 

to the D.C. resistance of that material25. Fitting was done using Zsim/EC-lab V11.2 

software and the fitting parameter used for comparison was the standard deviation 

normalized to the base impedance Std/|Z| and it was equal to 0.07. 
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The best fitted equivalent circuit (Qdl/Wdiff)+(Qp/Rp) is similar to what have been 

reported in other literatures for Nafion films.26 Qp and Rp represent the dielectric property 

of the polymer and its D.C. resistance, respectively. They appear as the low frequency arc 

in Figure 2.14. Since Nafion is a good ionic conductor27, it allows ions and dipoles to 

diffuse to the electrode surface causing Qdl which represents the double layer formed at the 

electrode and Wdiff which represents the diffusional resistance of diploes and ions to appear 

as the high frequency semicircle (Figure 2.14). A simple schematic representation of the 

different process happening inside the Nafion film and the equivalent circuit element for 

each process is shown in figure 2.15. 

 

Figure 2.15: Schematic of the different processes inside the sensor and their equivalent 

circuit representations. 

As the concentration of the acetone increases, the dielectric constant and the 

capacitance of the film increases Qp (the height of the semi-circle decreases) (Figure 2.14a). 
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Also, the resistance of the film Rp decreases (the radius of the semi-circle decreases). The 

same happen for the low frequency arc, where Qdl increases (the high of the arc decreases) 

which represent the increase of ions and dipoles in the electrode double layer. The low 

frequency arc is not a complete semi-circle since it needs lower frequency measurements 

below the potentiostat limit. As the concentration of acetone increase the low frequency 

arc tend to be similar to an incomplete semi-circle since Wdiff decrease. 

These observations were different for hexane (Figure 2.14b). As the hexane 

concentration increased Qp and Qdl decreased, as appears from the increase of the 

semicircle and low frequency arc height. Also, Rp increased as appears from increasing the 

semi-circle radius. Change in Wdiff is not obvious.  

Nyquist plots for PCL for both acetone and hexane are dominated by a capacitive 

behavior. Only slight change is observable at high concentrations of acetone (Figure 2.16). 

This behavior suggests that the equivalent circuit is Qp/Rp. The resistance is too high for a 

complete semi-circle under the operating frequencies.  
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Figure 2.16: Nyquist plot of PCL film exposed to different concentration of acetone (left) 

and hexane (right). A simplified circuit as Qp/ Rp gives a good fit with Std/|Z|=0.125.  

 

Nyquist plots of PEVA exposure to hexane and acetone are shown in figure 2.17. 

Hexane plot are dominated by capacitive behavior like PCL, while acetone plot shows 

incomplete semi-circle at high concentrations of acetone. This shows the decrease in both 

the film dielectric constant and resistance due to sorption of acetone.  

 

Figure 2.17: Nyquist plot of PEVA film exposed to different concentration of acetone (left) 

and hexane (right). The best fitted equivalent circuit is similar to PCL. 
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2.3.7 Bode Plots 

Bode plots are usually plotted as the logarithmic change of impedance/or phase 

change versus the logarithmic change of the frequency. The change impedance plot gives 

more insight than Nyquist plots about the equivalent circuit behavior under different 

frequencies. Phase changes plots gives insights about the different dissipation process 

(failure to polarize) as absorption peaks. 

Figure 2.18 shows bode plots of the impedance change of Nafion and polystyrene 

to different concentrations of analytes. Since resistors does not change its impedance 

value with changing the frequency it appears as a horizontal line parallel to x-axis. 

However, capacitor impedance value changes with increasing the frequency so it appears 

as an incline line. For Nafion plots, the behavior of the different solvents can be 

explained from the response of the fitted equivalent circuit (Qdl/Wdiff)+(Qp/Rp) to 

different frequencies. The simplest example is the hexane plot (Figure 2.18c). At low 

frequency Qdl is very high so the current passes through Wdiff which appears as a 

horizontal line at low frequency. As the frequency increases the impedance value of Qdl 

decreases and appears as inclined line till it reaches the value of Rp. The same process 

happens for the second loop, where Rp appears as a horizontal line till the frequency is 

high enough to pass through Qp. No appreciable change of behavior was observable with 

changing the concentration.  

Ethyl acetate plot (Figure 2.18b) show a similar behavior to hexane but with 

overall decrease of impedance with increasing ethyl acetate concentration. Also, the 
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diffusion resistance Wdiff increases with increasing the concentration and the operation 

range of Qdl. Acetone plot (Figure 2.18a) shows very little presence of both resistance 

Wdiff and Rp with an overall decrease of impedance with increasing the concentration. 

 
Figure 2.18: Bode plot (impedance change) of Nafion exposed to different concentrations 

of a) acetone, b) ethyl acetate, and c) hexane and PS exposed to different concentrations of 

e) acetone f) ethyl acetate, and c) hexane along with each equivalent circuit. 

 

Figure 2.19 shows the phase change bode plots of both Nafion and polystyrene for 

different concentrations of analytes. The phase angle  represents phase change between 

the real and the imaginary impedance and its equal to tan-1(Zreal/Zimg). This is equivalent to 
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the lose tangent tan  which is equal to ratio of the dielectric loss to the dielectric constant 

(''/'). These plots are useful for identification of the dielectric loss polarization 

mechanisms. Tsonos et al.28 studied the dielectric relaxation behavior of Nafion and 

showed the dielectric loss tangent plots are dominated by two dielectric loss peaks. Plots 

of Nafion (Figure 2.18) shows these two peaks. The low frequency peak (I.f.) at about 102 

Hz is due to the interfacial polarization mechanism and related to migration of charges and 

dipoles through the hydrated ionic regions in Nafion between the hydrophilic/hydrophobic 

interfaces. The other peak at higher frequency of around 5x104 Hz (h.f.) is the due to the 

dipolar polarization mechanism and related to the dipolar rotations in local motions. 

Increasing the concentration of acetone and ethyl acetate (Figure 2.19 a and b) increase the 

peak maximum of both mechanisms. This might be due to the plasticizing effect of both 

analytes which is facilitate the chain movements and making both mechanisms28.However, 

hexane does not show the same effect. Polystyrene plots show only the dipolar mechanism 

peak only. As the concentration of acetone increases the peak maxima increases due to 

presence of more dipoles (Figure 2.19 a) The same effects do not show in ethyl acetate and 

hexane plots (Figure 2.19 b and c) 
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Figure 2.19: Bode plot (phase angel change) of Nafion exposed to different concentrations 

of a) acetone, b) ethyl acetate, and c) hexane and PS exposed to different concentrations of 

e) acetone f) ethyl acetate, and c) hexane along with each equivalent circuit. 
 

2.3.8 Principle component analysis of the array 

Analysis of data from sensitivity values of the array to different analytes was 

processed by principle component analysis (PCA). MatLab was used to perform this 

analysis by projecting the data into the axes of the highest variance (PC1, PC2, PC3, … 

etc.), where PC1 contains most of the variance. The data was autoscaled by mean 

centering and normalization before performing the analysis. Figure 2.20 shows PCA plots 
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of the array sensitives toward five analytes. Five clusters of analytes appear spatially 

separated from each other in the projected PC space based on their characteristic response 

pattern of the array.. Each ellipsoid in the cluster represents one standard deviation 

associated with the data in both PC1 and PC2 axes. The negative change of capacitances 

for the nonpolar analytes like hexane and toluene clearly separate them from the polar 

ones. 

 

Figure 2.20: Data in principle component space (PC1 and PC2) of the sensor array 

sensitives toward five analytes. (ellipsoids represent 1σ, 2σ and 3σ of the data, 

respectively). 

 

Figure 2.21 shows the concentration dependent response data of the array in 

principle component space. For each analyte, the concentration change produced a unique 

signal response pattern with the pattern direction diagnostic of each analyte and the 

analyte high proportional to the analyte concentration. At lower concentration acetone 

and methanol are not easily separated. 
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Figure 2.21: Data in principle component space from the sensors array exposed to five 

different analytes at concentrations range from 0.1 to 0.5 P/Po. b) zooming into hexane 

and toluene area. 

A pairwise resolution factor of the analytes pairs was done using the data from 

PCA analysis according to equation 

𝑟𝑓 =
𝑑

√𝜎2
𝑎−𝜎2

𝑏
                         (2.3) 

Where d represents the numerical distance between each two cluster centroids, a and b 

represents the standard deviation of each cluster. The data shows that the non-polar 

analytes have the highest resolution factor from the polar ones (Table 2.4). This due to 

the negative change in capacitance associated with them compared to the positive change 

of the polar ones. Acetone and toluene show the lowest resolution since both of them 

have high dielectric constant. 
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Table 2.4: Resolution factors between analytes from the sensor array 

responses based on PCA results 
 Acetone Hexane Methanol Toluene Ethyl acetate 

Acetone 0 20.50 2.18 18.44 5.81 

Hexane  0 18.90 6.68 12.28 

Methanol   0 17.17 4.06 

Toluene    0 11.49 

Ethyl acetate     0 
 

2.3.9  Conclusion 

In this chapter capacitive measurement was done for an array of five different polymers of 

different affinities toward solubility interactions against five different analytes of different 

dielectric constants. The results showed that the change is the capacitance is related to the 

difference in the dielectric constant of the polymer and the analyte. Analytes with lower 

dielectric constants than the polymer showed negative capacitive changes, while analytes 

with higher dielectric constants showed positive changes. The change in the capacitance 

was also related to how much of the analyte have been absorbed by each polymer which 

can be related to the solubility interactions. HSB model was used to relate the sensitives 

of. each polymer toward each analyte along with the dielectric difference. EIS 

measurements was used to find the best fitted equivalent circuits from Nyquist plot which 

explain the different processes that happen inside the polymer during analyte sorption. 

Finally, PCA was used for dimensionality reduction and to visualize the ability of the 

sensor array to differentiate between the five analytes under tests. Resolution factors were 

calculated from PCA plots based on separation of each analyte cluster. 
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2.4 Appendix I (Thickness calculations) 

 

Electrode dimensions are; 

length of the pin (L)= 0.8075±0.0001cm 

height of the pin (H)= 0.0027±0.0001cm 

width of spacing (W)=0.0100±0.0001cm 

number of spaces (Ns)= 8 

number of electrodes (Ne)=9 

 

Uncertainty propagation for multiplication was done as follows; 

 𝛿𝑉 ≅ |𝑉| × √(
𝛿𝐿

|𝐿|
)

2

+ (
𝛿𝐻

|𝐻|
)

2

+ (
𝛿𝑊

|𝑊|
)

2

 

Where δx is the uncertainty of value x and |x| is its absolute 

value.  

 

The volume of spaces between the electrodes (V) is equal to  

L×H×W×Ns=0.8075×0.0027×0.0100×8=0.00017±0.00001 

cm3 

The area of spaces between the electrodes (A) is equal to  

L×W×Ns=0.8075×0.0100×8≅0.0646±0.0007cm2 

Nafion solution: 
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Nafion weight percent (Wt. %) is 5% in solution, so each 1cm3of solution contains 

0.050±0.005g 

Dilution of 1ml of this solution with 1ml methanol was done to make solution stock. 

Dilution factor (Dil) = 0.5000±0.0010 

Each time a 3µL of this stock solution was dropped into sensor slot and left to dry.  

Volume of solution taken in each drop (Vs) = 0.0030 ± 0.0001𝑐𝑚3  

Weight of nafion deposited after each drop (Wn) =  𝑊𝑡%.× 𝑉𝑠 × 𝐷𝑖𝑙  

= 0.050 × 0.50 × 0.0030 = 0.000075 ± 0.000010𝑔 

Nafion dry film density29 is 1.965 g/cm3. 

Volume of nafion casted after each drop (Vn) = 0.000075/1.965=0.000038±0.000005cm3 

 

Thickness below electrode: For volumes of Vn less than volume of spaces between 

electrodes V, the area of spaces A was used to calculate thickness (assuming that the drop 

will fill the spaces first). 

Thickness (t) = 0.000038/0.0646=0.0006±0.0001cm=6±1μm 

 

Thickness above electrode: For volumes Vn more than V, the volume was taken as (Vn-

V) and thickness was calculated using area of a slot (As) 

 

Length of slot = 0.80cm±0.05 

Width of slot = 0.19cm±0.01 
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Area of slot (As)= 0.80×0.19=0.15±0.02 cm2 

For 10 drops as an example 

Volume of nafion casted (Vn) = 0.000038 × 10 = 0.00038 ± 0.0005𝑐𝑚3 

Thickness (t)= 0.00038/0.15 =  0.0014 ± 0.0006𝑐𝑚 = 14 ± 6𝜇𝑚 

 

Nafion film of calculated thickness of 89±24µm was measured using micrometer and the 

thickness was 77 µm. 

 

Table 1: Volumes mentioned in figure 2. and corresponding thicknesses  

Drops 

Volume 

(µL) 

Thickness 

(cm) 

Uncertainty 

(cm) 

2 6 0.0012* 0.0003 

4 12 0.0023* 0.0014 

6 18 0.0004** 0.0003 

10 33 0.0014** 0.0006 

15 45 0.0026** 0.0009 

20 60 0.0039** 0.0012 

33 99 0.0071** 0.0020 

40 120 0.0089** 0.0024 
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*starred values are thicknesses below electrode height and calculated relative to the 

substrate, while ** double starred values are above electrode surface and calculated 

relative to it.  
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Chapter 3 

3 Dielectric Polymer Sensors from Overoxidized Conductive Polymers 

 

3.1 Introduction 

One of the major challenges to mimic the human olfaction system is the ability to 

deposit large number of chemically different sensitive materials into small substrates. 

Conducting polymers can be easily deposited into small miniaturized areas through 

electropolymerization which can be integrated with the commercially available CMOS 

process to include an electronic nose into electronic devices. The variety of sensitive 

layers of conductive polymers have been extended using different methods as discussed 

in chapter one. Copolymerization with other non-conductive monomers is one effective 

method to expand the number of compositionally different sensitive polymer layers. For 

example, copolymers of pyrrole and different substituted styrene monomers have been 

reported by the Freund group as resistive sensors.1–3 In resistive sensors, changes in the 

polymer resistivity (real impedance) is measured upon analyte exposure, however, 

capacitive measurements are based on measuring changes of the imaginary impedance. 

Conducting polymers need to be converted to a non-electronically conductive state to be 

suitable for capacitive measurements. In this chapter, polypyrrole (PPy) and copolymers 

with substituted styrene monomers were used in their passivated state in an array for 

capacitive sensors for analyte discrimination. 
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Polypyrrole (PPy) was first prepared as ‘’pyrrole black’’ in 1916.4 The 

conductivity nature of PPy was later discovered in 1963 by McNeil et al.5who used 

pyrolysis of tetraiodopyrrole to get PPy with conductivities between 0.005 and 1.0 Scm-1. 

In 1976 Diaz et al. reported the first electrochemical preparation of PPy films.6 Following 

this discovery, PPy has found applications in many different fields as biosensors,7 

chemical sensors, 1,8 solar cells,9 electronics components,10 batteries,11 electrochromics,12 

actuators 13 and corrosion protection.14 It can be oxidatively synthetized chemically15 or 

electrochemically16 in different forms. Chemical oxidation usually provides insoluble 

powders.17 However, Freund et al reported a PPy films that were made from processable 

solution of pyrrole monomer and phosophomolybdic acid and were used have been used 

as chemical sensors.8 Electrochemical polymerization results in the growth of thin films 

on electrode surfaces. This is more convenient for sensor applications, since the polymer 

can be applied directly as a sensor layer into the substrate. The film thickness can be 

predicted for different anions based on the charge passed during growth (Table 3.1) since 

it is similar to electroplating where the growth is stoichiometric in electrons, therefore the 

charge and Faraday’s law can be used to determine the number of moles deposited. 
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Table 3.1: Charge passed per 

film thickness of PPy growth 

Anion 
Charge per m 

(mC.cm-2.m-1) 

NO3
- 410 18 

ClO4
- 380 19 

pTS- 300 19 

BF4
- 390 19 

PSS- 400 20 

Cl- 295 21 

 

The mechanism for PPy oxidation was proposed by John and Wallace22. It 

involves the oxidation of the monomer to radical cation in different resonance forms, 

followed by radical coupling between two unit. The next step is the deprotonation of the 

coupled radical to form dimer that may oxidized again as the chain propagates (Scheme 

1.1). Termination happens either by nucleophilic attack on -carbon 23 or by steric 

hinderance due to the - coupling of pyrrole units24. Chain length of average 34 

monomer unit is reported.25  
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Scheme 3.1: Mechanism of polypyrrole oxidative polymerization22 

Electrochemically, PPy oxidation starts at applied potential of 0.6V vs Ag/AgCl, 

while polymer growth starts at 0.8V.26 PPy exists in three oxidation states; neutral state, 

polaron state or bipolaron state (Scheme 2). They can reversibly interchange using 

cathodic or anodic current. The relative percentage of polarons and bipolarons increases 

as the potential scanned in the anodic direction.27 Polaron and bipolaron states can be 
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delocalized along the backbone and they are responsible for the conductivity of PPy. 

These states can be changed reversibly by changing the potential and the conductivity can 

be varied. 

 
Scheme 3.2: Mechanism of polaron and bipolaron formation in polypyrrole28 

 

Charge neutrality of PPy is achieved by incorporation of counter ions (dopants) 

from supporting electrolyte anions during polymerization. These anions have a 

significant effect on the morphology,29 conductivity and mechanical properties30 of the 

polymer. Small anions are mobile and can migrate into the polymer or out during 

potential cycling, while large anions incorporated during polymerization are immobile. In 

that case cations of the supporting electrolyte diffuse to maintain charge neutrality.31 
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Tamm et al.32 classified anions according to hydrated radii and electrochemical behavior 

in PPy into small (ClO4
-, Cl-, Br-NO3

-,BF4
-,PF6

-), medium (pTS-, BS-) and large (DDS-, 

PSS). Iyogun et al. was able to produce fifty five different sensing layers by using 

different dopants and doping levels of PPy and its copolymers.2 

Overoxidation of PPy has been reported by many researchers at high anodic 

potentials. The anodic potential limit was reported to be 1 V vs Ag/AgCl reference 

electrode in 1M NaClO4.
25 Slower overoxidation rates and higher anodic limits are 

reported for dry organic solvents.33 Other factors have been investigated that affect the 

rate of overoxidation and the anodic potential window like pH34 and counter ion.33 It  has 

been regarded as undesirable process, since it leads to loss of its conductivity, charge 

storage ability35 and electrochromism.36 However, multiple applications have been 

reported for overoxidized PPy including: anion exclusion membranes,37 in-vivo 

sensors,38,39 enzyme immobilization matrices,40 and size exclusion membranes.41  

In a mechanistic study, Asavapiriyanont et al. reported loss of conductivity for 

PPy above 1.2V vs SCE and attributed this to nucleophilic attack by water or anions on 

the cationic species in the ring leading to loss of conjugation or opening of at least some 

pyrrole rings in the polymer chain.42 Freund et al. reported the transformation of PPy film 

from an electronic and ionic conductor into non-electronic but purely ionic conductor 

upon oxidation.37 Beck et al. studied the anodic polarization of PPy in some detail for 

different nucleophiles like H2O, OH-, Br-, CH3O
- and CN-. The suggested mechanism for 

overoxidation includes nucleophilic attack by OH- to the -carbon of the bipolaron 
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yielding 3-hydroxypyrrole. After rearrangement, further oxidation yielded 4-

hydoxypyrrolin-3-one (Scheme 3.3). Confirmation of these structures was made using 

infrared reflection absorption spectroscopy. The overoxidation will happen at water 

concentration (in acetonitrile) as low as 0.1%. The presence of C-O and C=O groups in 

overoxidized PPy has also been confirmed by others.43,44 A similar mechanism  was 

purposed by Wegner et al. after treating Ppy films with aqueous base of 0.1M NaOH 

solution.45 Using hydroxyl radical scavengers can increase anodic potential window.46 

XPS studies of PPy/ClO4 showed increase in oxidized carbon after overoxidation relative 

to the as-prepared PPy (Table 3.2). Changes in nitrogen forms were also observed.47 The 

absence of N-O species indicates the oxygen attack is at a carbon site and that the ring 

breaking is not significant.  

Another reported mechanism for overoxidation is the nucleophilic attack at -

carbon site followed by ring opening.48 Elemental analysis of overoxidized PPy by 

Mengoli et al. supported this mechanism. The results of UV-vis, FTIR, and XPS suggest 

that both mechanisms can happen.49  Park et al.50 suggested a third mechanism of 

PPy/BF4 overoxidation in 1M H2SO4 involves nucleophilic attack to -carbon site 

followed by chain breaking. This was supported by the presence of maleimide and 

succinimide as solution products after overoxidation. These products were confirmed by 

comparison of IR, NMR and UV-Vis with pure materials. 
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Table 3.2: A comparison of the relative abundance of 

carbon and nitrogen species between the as-prepared 

and overoxidized (at 1.3V vs Ag/AgCl) PPy/ClO4   

Species 
Relative abundance in 

as-prepared PPy (%) 

Relative abundance 

in overoxidized PPy 

(%) 

C 77.2 69.3 

C-OH 9.8 12.7 

COOH 4.0 5.8 

C=O 9.0 12.3 

-NH+- 29.9 12.3 

-N= 3.6 14.3 

-NH- 67.5 73.4 

 

 

 
Scheme 3.3: Mechanism of Ppy overoxidation by nucleophilic attack on a -carbon51 

 

The mechanism of electro-copolymerization of PPy with substituted styrene 

monomers involves the earlier steps of pyrrole oxidative polymerization (Scheme 1.1) 

and a further chemical reaction of pyrrole oligomer radical cation with the electron rich 
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sites of styrene alkene functional group to generate block copolymer (Scheme 3.4). In 

this chapter, PPy and different copolymers with substituted styrene will be deposited into 

IDE array for analyte sensing using capacitive measurements. 

 

Scheme 3.4: Mechanism of pyrrole electro-copolymerization with styrene monomer.52 
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3.2 Experimental 

3.2.1 Chemicals 

The monomers used for deposition of polymers in this work include pyrrole, 

styrene, 4-methylstyrene, 4-chlorstyrene and 4-t-butoxystyrene monomer solutions (Table 

3.3). These monomers were used to deposit PPy and different copolymers (Table 3.4) into 

IDE array. Nitromethane was used as an electrolyte and tetrabutylammonium(-

tetrafluoroborate) salt was used as the dopant for polymers depositions. They were all 

analytical grade and were obtained from Sigma Aldrich. The analytes that were tested are 

hexane, toluene, acetone, methanol, ethyl acetate, acetonitrile, isopropanol and 

dichloromethane (Table 3.5).  

Table 3.3: Monomers used for electrodeposition of the sensor 

array copolymers 

Symbol Structure and name 
Solubility 

interactions6 

Py 

 

Polarizability 

Dipolarity 

Basicity 

PSt 

 

Polarizability 

Dispersion 

MeSt 
 

Polarizability 

Dispersion 

ClSt 

 

Polarizability 

Dipolarity 

tBu-o-St 

 

Polarizability 
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3.2.2 Mass flow controller 

The mass flow controller system is the same as discussed in Section 1.7.3. In this 

work, eight analytes were tested (Table 3.5). Nitrogen gas was bubbled through the 

analytes solvents and mixed with pure nitrogen at different flow rates to make analyte gas 

streams of different vapor pressure concentrations (0.1-0.5 P/Po). 

  

Table 3.4: Copolymers of PPy with different 

substituted vinyl compounds deposited on the 

sensor array 

Non conducting 

component 
Name 

Styrene PPy-co-PSt 

4-methylstyrene Ppy-co-PMeSt 

4-chlorostyrene Ppy-co PClSt 

4-t-butoxystyrene Ppy-co-PtBu-o-St 
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Table 3.5: Analytes tested by the sensor array. 

Symbol Analytes Structure 
Dielectric 

constant53 

Solubility 

interactions6 

Ac Acetone 

 

20.7 Dipolarity 

Hex Hexane 

 

1.90 Dispersion 

Meth Methanol 

 

32.7 Acidity 

Tol Toluene 

 

2.37 Polarizability 

Ethyl Ethyl acetate 

 

6.02 
Basicity 

Dipolarity 

Aceto Acetonitrile 

 

37.5 Dipolarity 

Isp Isopropanol 

 

17.9 Acidity 

DCM Dichloromethane 

 

8.93 
Dipolarity 

Polarizability 

 

3.2.3 Polymer deposition and sensor preparation 

The surface of the interdigitated gold array (IDE) was cleaned similar to the 

procedure in section 1.2.3. A conventional three-electrode electrochemical cell was used 

for the deposition process. Prior to deposition, a cyclic voltammogram of the monomers in 
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the solution was taken to obtain information about the electroactivity of the monomers and 

the choice of deposition potential. Platinum wire, ultra-micro gold electrode (25 µm) and 

Ag/AgCl electrode were used as counter, working and reference electrodes, respectively. 

Ultra-micro gold electrode was chosen as the working electrode to have comparable 

dimensions to the IDE sensor element. Polymers were grown under constant potential (1.0 

V) using a BioLogic VSP  300 potentiostat/galvanostat device. Pyrrole was deposited from 

a solution containing 0.1 M pyrrole monomer and 0.1M Bu4NBF4 in nitromethane. The 

same procedure was used for the deposition of copolymers by adding 0.5 M of the vinyl 

substituted component. After deposition, the polymers were passivated in a 0.1 M NaOH 

solution under constant potential of 1.5 V. The sensors were then removed and dried 

overnight. 

Impedance measurements and data processing were done using the same procedure 

in section 2.2.4 
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3.3 Results and Discussion 

3.3.1 Cyclic voltammetry 

Potential sweeps were performed to solutions of pyrrole, styrene and a solution 

containing both to obtain information about the electroactivity of the monomers (Figure 

3.1). Non-Nernstian behavior was observed for all monomers since the reduction process 

was minimal compared to oxidation process. The oxidation of pyrrole starts at 

approximately 0.8 V, while of styrene starts at 1.35 V (vs. Ag/AgCl) similar to the values 

reported in other literature. 26,54 The cyclic voltammogram of a solution containing both 

monomers shows two oxidation peaks at 1.1 V and 1.4 V (vs. Ag/AgCl). Jin et al., 51 showed 

that the copolymerization between pyrrole and styrene happens at anodic potential in-

between the potentials of the two polymers.  Similar behavior was observed for the other 

vinyl monomers2. A constant potential of 1 V was chosen for deposition of the polymers 

into the array. 
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Figure 3.1: Cyclic voltammogram of nitromethane solutions containing 0.1 M Bu4NBF4 

and 0.1 M Py (blue), 0.5M St (brown) and a solution containing both Py/St monomers (red) 

at scan range 100 mVs-1. Different monomers show different electroactivities and oxidation 

potentials. Constant potential of 1.0 V vs. Ag/AgCl was chosen for electrodeposition of 

PPy and other copolymers. 

 

3.3.2 Deposition at constant potential 

The current density vs. time profile of the different polymers deposition into the 

array is shown in Figure 3.2. PPy shows higher electroactivity than other copolymers since 

the presence of vinyl monomers reduces the electroactivity of the redox species.2 The 

polymerization was stopped after 1min of 1 V anodic polarization which was enough for 

complete coverage of electrode and getting a stable line of current density with time.  
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Figure 3.2: Current density vs. time curve of different polymer deposition to the array at 

constant potential of 1 V (vs. Ag/AgCl) from nitromethane solution containing 0.1 M Py, 

0.5 M vinyl monomer and 0.1 M Bu4NBF4. The pictures show the electrode coverage at 

different stages taken by portable microscope. 

 

 

The thickness of the polymer film was predicted according to Tamm et al. 

calculations.55 The thickness after 1 min was calculated to be around 34 μm which is equal 

to around 7 μm above the electrode. This thickness is comparable to the thickness of the 

deposited dielectric polymers in chapter 2 which showed fast response and high signal 

change. 
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Figure 3.3: Charge density and thickness vs. time curve of PPy deposition. The conversion 

to film thickness according to J. Tamm et al. considering that 0.4 C cm-2 is consumed for 

the deposition of 1 μm thick films.55 

 

3.3.3 Polymers Passivation 

The polymers in their conducting form have low real impedance value, and the 

mode of change upon exposure to analytes is dominated by resistance change. To 

investigate the dielectric changes, the deposited polymers were passivated in a 0.1M NaOH 

solution under constant potential of 1.5 V to get overoxidized polymers suitable for 

dielectric measurements. Figure 3.4 shows the current density vs time profile of the 

passivation process for the different polymers. The anodic potential was applied for 1 

minute which was enough to increase the resistance from 103 to 108 ohm (Figure 3.5). 

Passivation in a neutral aqueous solution led to the dissolution of the copper layer in the 

IDE array at 1.5 V potential, while in alkaline solution the cupper layer was stable due to 

formation of protective oxide layer56.  
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Figure 3.4: Passivation of the different deposited polymers at constant potential of 1.5V 

in 0.1M NaOH. 

 

 

Figure 3.5: Impedance values of PPy sensor before and after overoxidation. 

 

The visual inspection of the array after polymers deposition shows different 

coloring for each polymer deposited onto each sensor pad area. The picture of 
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compositionally different polymers deposited into the array is shown in Figure 3.6. This 

array was tested against different analyte exposure to show ability of these polymers films 

to discriminate different analytes. Another array containing PPy films deposited at the same 

conditions onto the different sensor pad is shown in Figure 3.4 b. This array was tested for 

analyte exposure to demonstrate the sensor reproducibility. 

 

3.3.4 Sensor array analyte sensing 

The array of the compositionally different polymers (Table 3.5 and Figure 3.6a) 

was tested with different concentrations of eight analytes (Table 3.6). The same testing 

conditions (40% humidity and 700 Hz measurement frequency) used in Chapter 2 was 

used for this testing. Another array of nominally identical PPy films were deposited to 

test array reproducibility between different depositions (Figure 3.6b). 

 

Figure 3.6: Interdigitated array electrodes containing (a) compositionally different 

polymer films on each sensing element (b) identical PPy films deposited in the same 

conditions to different sensing elements. 

 

Figure 3.7 shows the percent capacitance change of PPy sensor film to different 

concentrations of analytes. The response of the array showed a similar behavior to 

polymers tested in chapter two where polymers where high dielectric constant showed a 
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positive change in the signal, while polymers with low dielectric constant showed a 

negative change. 

 

 

 
Figure 3.7: The change in % capacitance response of a PPy sensor (~7 µm thick) to 

exposure of different concentrations of analytes with background humidity 40% (measured 

at 700 Hz and Vrms= 5 V). 

 

Figure 3.8 shows the equilibrated response of PPy film where the exposure time 

was varied to allow the sensor to reach equilibrium. The equilibrated responses allowed 

further investigation of the role of dielectric difference and solubility interactions in 

capacitance change of the sensors. The change in the response signal between low 

dielectric analytes and high dielectric analytes added another dimensionality to the 

discrimination power of the array. The other polymers in the array were also tested and the 

equilibrated responses were used to construct calibration curves for the different analytes 

(Figure 3.9).  
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Figure 3.8: Capacitance response of a PPy sensor (~7 µm thick) to different concentrations 

of analytes from a) to h) with background humidity 40% measured at 700 Hz and Vrms= 5 

V. Analytes with low dielectric constants i.e. hexane and toluene showed a decrease in the 

relative capacitance as expected, while those with higher dielectric constants i.e. acetone, 

methanol and ethyl acetate showed a positive relative increase. The exposure time varied 

to allow the sensor to reach equilibrium, taking longer for higher concentrations.  
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Figure 3.9: Calibration curves of a PPy sensor (~7 µm thick) for each tested analyte for 

partial vapor pressure range of 0.1 to 0.5 P/Po. The bars represent the standard deviation 

from five measurements. 

 

3.3.5 Sensitivity 

The differential sensitivity of each sensor toward the tested analytes were taken as 

the slope of the calibration curve of each analyte (Figure 3.10). Each individual sensor 

shows a unique pattern toward the tested analytes. The difference in the dielectric 

constants and solubility interaction between polymers (Table 3.1) and analytes (Table 

3.3) can give a broad explanation of the differential sensitivity trends. Analytes with high 

dielectric constants show the highest responses i.e., acetone, methanol and acetonitrile. 

Low dielectric constant analytes show negative responses i.e., hexane and toluene. The 

differential sensitivity of analytes among different sensors can be related more to the 

solubility interactions. Toluene shows the highest sensitivity for PPy-co-PSt and PPy-co-

PtBu-o-St polymers where the mode the dispersion interaction is dominant. PPy-co-PtBu-
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o-St also contains oxygen hetero atoms which promotes the dipolarity interactions with 

acetone, DCM and acetonitrile. Methanol sensitivity is the highest for PPy homopolymer 

due to the basic nature of pyrrole rings and acidity nature of methanol. For other 

polymers where ratio of pyrrole rings decreases, the sensitivity of methanol decreases.  

 
Figure 3.10: Sensitivity (slope of the calibration curve) of the different polymer tested in 

the array to 5 analytes of different dielectric constants. The error bars represent the 

standard deviation (1σ) from the calibration curve slope. 
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To test the reproducibility between polymer depositions, an array of five PPy 

sensors deposited at the same condition was tested for different analytes (Figure 3.11). 

The variation of the different sensors responses toward the same analyte is smaller than 

the variance related the chemical difference among different analytes.  

 
Figure 3.11: Response of five identical PPy sensors elements to 0.3P/Po exposure of 

eight different analytes. The error bars represent the standard deviation (1σ) from five 

repetitive exposures. 

 

3.3.6 Nyquist plots and equivalent circuits 

Electrical impedance measurements (EIS) were done for the compositionally 

different polymers used in the array during exposure to different concentrations of 

analytes. Figure 3.12 shows the Nyquist plots of PPy film exposed to different 

concentrations of acetone and hexane. 
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Figure 3.12: Nyquist plot of PPy film exposed to different concentration of acetone (left) 

and hexane (right). The best fitting equivalent circuit is (Qdl/Wdiff)+(Qp/Rp). Q is a constant 

phase element that represents a non-ideal capacitor and appear as depressed semi-circle in 

Nyquist plot when it’s in parallel with a resistance. Qdl represents the double layer formed 

at the electrode while Wdiff is the Warburg impedance and represents the diffusional 

resistance of diploes and ions into the electrode surface. According to Kremer et al., for 

dielectric materials Qp is related to dielectric constant of the material (ε′) and R2 is related 

to the D.C. resistance of that material.57 Fitting was done using Zsim/EC-lab V11.2 

software and the fitting parameter used for comparison was the standard deviation 

normalized to the base impedance Std/|Z| and it was equal to 0.05 

 

The best fit equivalent circuit (Qdl/Wdiff)+(Qp/Rp) is similar to the circuit that has 

been reported in literature, except the absence of charge transfer resistance and introduction 

of Qd which represent the dielectric constant of the polymer. As discussed in Section 2.3.6, 

the dipoles of the analyte diffuse into the electrode surface and form a double layer at the 

electrode, represented by Qdl in the equivalent circuit. The diffusional resistance for dipoles 

to reach the electrode surface is represented by Wdiff. This element appears in Nyquist plots 
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as inclined line attached to the semicircle at low frequency for higher concentrations of 

acetone (Figure 3.12a). As the concentration of acetone increases, both Zimg and Zreal 

increase due to the increase of dielectric constant and decrease of polymer resistivity. The 

equivalent circuit can be reduced into Qp/Rp in case of hexane since the diffusional 

resistance is very high to appear in the Nyquist plot and no dipoles accumulate at the 

electrode surface. No observable change in Nyquist plot of hexane with changing its 

concentration. Figure 3.13 shows the Nyquist plots of the different sensors in the array 

exposed to 8 different analytes. The PPy sensor shows an equivalent circuit of 

(Qdl/Wdiff)+(Qp/Rp) for most of the analytes as discussed above. Other polymers show 

either the same circuit behavior for high dielectric polymers (i.e, acetone and methanol), 

or the reduced circuit (Qp/Rp) which is dominated by the capacitive behavior of the polymer 

since both polymer resistance and diffusional resistance are high. 
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Figure 3.13: Nyquist plots of the compositionally different sensors a) PPy, b) PPy-co-PSt 

c) PPy-co-PMeSt, d) PPy-co-PClSt, and e) PPy-co-PtBu-o-St, exposed to 0.3P/Po of 

different analytes and f) is the best fitted equivalent circuits. 
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3.3.7 Bode Plots 

Bode plot gives more insight about the behavior of the polymer and the 

corresponding equivalent circuit at different frequencies. Figure 3.14 shows bode plot of 

the impedance change signal of the array sensors toward the different tested analytes. 

Low dielectric constant analytes are mostly dominated by capacitive behavior Qp for all 

polymers, while analytes with high dielectric constant show resistive behavior at low 

frequency ranges due to the diffusional resistance Wdiff. 

The phase change plots give insights about the different polarization mechanisms 

that happen within the polymer during analyte exposure. The absorption peaks 

correspond to dissipation process for one of the polarization mechanisms. Figure 3.15 

shows the phase change plots of the different polymers in the array towards eight 

different analytes. The plots show a low frequency peak corresponding to the interfacial 

polarization, where the analytes with higher peaks have more analytes dipoles reached to 

the electrode polymer interface and lower diffusional resistance. High frequency peaks 

appear at 103 with much lower peak height magnitude. Those peaks do not change much 

with changing the analytes and might correspond to the dipolar polarization mechanism 

of the polymer itself. 
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Figure 3.14: Bode plot (impedance change) of the compositionally different sensors a) 

PPy, b) PPy-co-PSt c) PPy-co-PMeSt, d) PPy-co-PClSt, and e) PPy-co-PtBu-o-St, exposed 

to 0.3P/Po of different analytes and f) are the best fitted equivalent circuits. 
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Figure 3.15: Bode plot (phase angel change) of the compositionally different sensors a) 

PPy, b) PPy-co-PSt c) PPy-co-PMeSt, d) PPy-co-PClSt, and e) PPy-co-PtBu-o-St, exposed 

to 0.3P/Po of different analytes and f) are the best fitted equivalent circuits. 
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3.3.8 Principal component analysis of the array 

The sensitivity data of the array of sensors was further accessed using principal 

component analysis using MatLab software. A plot of the principal component analysis 

from capacitance change data in Figure 3.11 of five identical PPy sensors is shown in 

figure 3.16. The overlap between hexane/toluene and ethyl acetate/isopropanol pair in 

figure 3.16a indicates that their patterns are similar and cannot be separated using a single 

sensor. A similar analysis of the data as function of the sensor is shown in figure 3.16b. 

As expected, since all the sensors have the same component, the data are overlapped and 

the variance among them is due to random variation. 

 

Figure 3.16: Principal component analysis of five identical PPy films exposed to eight 

different analytes a) variance associated with the analyte and b) variance associated with 

the sensor. (From the data of Figure 3.11) 

 

Another analysis was done for the data from the array of the compositionally 

different sensors (Figure 3.10) and the PCA plots are shown in Figure 3.17. The plots in 

figure 3.17a show an obvious separation between the tested analytes which indicate the 

diversity produced by electro-copolymerization of pyrrole with the different substituted 
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styrene monomers resulted in a unique pattern for each analyte and the array was 

successful in discrimination between the analytes. Figure 3.17b shows the PCA plot as 

function of the different sensors. The separation between each sensor is much larger than 

the variance due to random changes. A comparison between figure 3.16 and figure 3.17 

shows the impact of changing the compositional structure of the sensors in the successful 

discrimination between analytes.  

 

Figure 3.17: Principal component analysis from five compositionally different films to 

exposure of eight different analytes. a) Variance associated with the analyte and b) 

variance associated with the sensor. Each circle corresponds to (1σ) intervals representing 

up to 3 standard deviations. 

 

A pairwise resolution factor of the analyte (Table 3.6) was done using the data 

from PCA analysis (Figure 3.17) according to Equation 2.2. The data shows that the 

highest resolution factors are between the non-polar analytes and the polar ones. 

Methanol and isopropanol have a low-resolution factor since both of are alcohols and 

interact with the same solubility interactions. The same was observed between hexane 

and toluene. The lowest resolution factor was between isopropanol and ethyl acetate. 
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Table 3.6: Resolution factors between analytes from the sensor array responses based 

on PCA results 
 Ac Meth Isp Hex Ethyl  Tol DCM Aceto 

Ac 0 9.18 13.92 83.11 25.50 30.40 14.74 5.42 

Meth  0 5.40 43.69 9.49 24.38 11.33 2.66 

Isp   0 29.61 2.622 20.30 13.62 6.15 

Hex    0 54.55 6.31 55.04 34.06 

Ethyl      0 22.49 23.10 8.37 

Tol      0 26.18 23.96 

DCM       0 10.66 

Aceto        0 

 

3.3.9 Conclusion 

In this chapter, five compositionally different polymers were electrodeposited into 

IDE arrays. The diversity between the sensors was imparted through copolymerization of 

pyrrole with different substituted styrene monomers. After deposition, the polymers were 

rendered electronically insulating through overoxidation in 0.1M NaOH solution to 

remove extended conjugation. The array was tested against eight different analytes and 

the capacitive changes were recorded. EIS measurements was used to find the equivalent 

circuit of each polymer to further explain the different process inside the polymer during 

sorption. PCA and resolution factor showed that the array was successful in 

discrimination of the tested analytes. The variation in composition between each sensor 

resulted in a unique pattern for each analyte and a spatial separation between them. 
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Chapter 4 

4 Finite Element Simulations of Dielectric Polymers in Capacitive and Floating 

Gate Field Effect Transistor Gas Sensors 

 

 

4.1 Introduction 

Finite element analysis (FEA) is a numerical analysis technique that is used to 

approximate the solutions of mathematical models for real-life problems in physics and 

engineering. Since the dynamics of a physical system can generally be modeled in terms 

of partial differential equations, computational numerical methods to find approximate 

solutions to these equations can be used to model almost any physical phenomena. FEA 

uses different numerical methods with finite element method (FEM) being one of the 

most popular and efficient methods used to compute such approximations. FEM takes a 

complex structure and divide it into a finite number of elements (mesh structure), with 

each element described by a system of algebraic equations that contain the different 

parameters of the physical phenomena that needs to be solved.1 The different elements of 

the mesh are then related together using a continuity condition and linked to a give large 

matrix of equations. By solving this matrix of equations, the desired parameters can be 

found. Applications of FEM includes stress analysis,2 heat transfer,3 fluid flow4 and 

electric5 potential problems. 
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The steps for performing FEA include: defining the problem and the known 

variables; creating a simplified geometrical model; defining the material properties; 

defining the boundary conditions; breaking the model down into mesh; choosing the 

relevant physics to solve the problem; using an FEA program to solve the problem partial 

differential equations; and then post processes the results into graphs and tables. 

COMSOL 5.5 (2019) is a commercial FEA program that can be used to solve 1-, 2-, and 

3-D problems for multi-physics problems. COMSOL has been used in a range of 

publications for simulating capacitors sensors6 and metal oxides sensors7,8 and floating 

gate devices.9 COMSOL allows some useful function as the parametric sweep where you 

can sweep different values for a specific parameter and calculate the other variables. This 

function is very helpful in optimization. 

In this Chapter, the use of COMSOL to simulate the capacitive behavior of the 

IDE structures and polymers in Chapter 2 is described. The simulation was used to 

determine the optimum thickness of the polymer film and compare the predicted 

capacitive changes. In so doing, a model was generated that can be used understand 

response characteristics and predict behavior of future materials and structures. 
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4.2 Simulations 

4.2.1 Capacitive Sensor Simulations 

For capacitance calculation, the electrostatics physics in the AC/DC module of 

COMSOL was employed. Electrostatics is a subfield of electromagnetics that describe 

the electric field caused by static charges. The model is defined by domain equations and 

boundary conditions.  

4.2.1.1 Domain Equations  

The relation between the space charge density, ρ (C.m-3), and the electric field E 

is related by Poisson’ equation:  

−∇. (휀𝑜휀𝑟∇𝑉) = 𝜌  (4.1) 

where εo is the free space permittivity of free space, εr is the relative permittivity. 

The electric field and the displacement are obtained from the gradient of V:  

E = −∇V  (4.2) 

D = 휀𝑜휀𝑟E  (4.3) 

4.2.1.2 Boundary Conditions  

Zero surface charge boundary conditions for the surface of the surrounding box 

around the capacitor were applied 

n. D = 0  (4.4) 

The capacitance then can be calculated from 

C =
𝑄

𝑉
  (4.5) 

where Q can be calculated at any point from ρ. 
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4.2.1.3 Geometric Model 

A finite element geometric model of the IDE capacitive sensor used in Chapter 2 

of this work was built using the computer-aided design (CAD) tool in COMSOL with the 

same dimensions shown in (Figure 4.1).  

 

Figure 4.1: Geometry simulation of the IDE capacitive sensor used in this work. 

 

4.2.1.4 Parametric Sweep of the Polymer Thickness 

A parametric sweep of the polymer layer thickness was done to find the optimum 

thickness based on the maximum capacitive changes associated with analyte exposure. As 

discussed in Section 2.3.2, increasing the polymer thickness would capture more electric 

field between the capacitor electrodes which increases the sensitivity. This happens until 

an optimum thickness is reached where all the electric field lines pass through the polymer. 

After reaching the optimum value, any increase in the thickness will not cause an 

appreciable change in the sensitivity but will increase the time required for the polymer 
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film to reach equilibrium since the absorbed analyte will need more time to diffuse 

throughout the film and reach the region containing the majority of the electric field. Figure 

4.2 shows the simulated electric field inside the IDE capacitor for different polymer 

thicknesses. At thickness 71 µm, most of the electric field is inside the polymer sensitive 

layer. 
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Figure 4.2: Electric field simulation of IDE capacitive sensor coated with PEVA polymer 

(εr=2.2) exposed to air saturated with hexane (εr=1.9) for different polymer thicknesses. 

A voltage of 1 V is applied to each alternate pin, while the other kept at 0 V. 

 

 

The simulated capacitance changes were calculated for each thickness and 

compared to the analytical calculations performed in Section 2.3.2 (Figure 4.3). The 

capacitance change reaches a plateau after 71µm. However, polymer thickness of 11µm 

was chosen for Chapter 2 experiments since it captures 80% of the signal while taking 

half the time required to reach equilibrium (15 min) for the 71µm film (30 min). 

 

Figure 4.3: Comparison of capacitance change per dielectric constant change calculated 

using Mathematica software and the simulated capacitance change from COMSOL. 
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4.2.1.5 Parametric Sweep of the Polymer and the Analyte Dielectric Constant 

A parametric sweep of the dielectric constants of the polymer and the air layers 

was done to simulate the capacitive changes of the IDE during analyte exposure. The 

dielectric constant values that were used correspond to the polymers and the analytes in 

Chapter 2.  

The dielectric constant of the polymer film (εf) equilibrated with analyte can be 

modeled using the semi-empirical Looyenga’s equation: 

휀𝑓 = [𝛾 (휀𝑎

1

3 − 휀𝑝

1

3) + 휀𝑝

1

3]3  (4.6) 

where εp is the initial dielectric constant of the polymer, εa is the dielectric constant of the 

analyte and γ is the volume fraction of analyte absorbed. Since the volume of the analyte 

adsorbed depends on the solubility interactions between the polymer and the analyte, 

Hansen solubility parameter (1/Ra) values from Chapter 2 were used to give a rough 

estimate of the dielectric changes. Figure 4.4 shows the simulated % capacitance change 

of Nafion and PEVA when exposed to five different analytes of different concentrations. 

The simulated results show similar features to the experimental data. For example; 

toluene shows difference in the signal sign between Nafion (decrease in capacitance) and 

PEVA (increase in capacitance) similar to Figures 2.9 and 2.10. Also, Nafion shows the 

highest sensitivity toward methanol while PEVA is most sensitive to acetone.  
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Figure 4.4: Simulation of %capacitance change of Nafion and PEVA when exposed to 

different concentrations of five different analytes. 

 

The sensitivity was calculated from the calibration curves of the simulated results 

and compared with the experimental values in Figure 4.5. The general trends of the 

sensitivity order of analytes in each polymer and among different polymers are similar to 

the experimental results, except for Nafion and PS where acetone and methanol are the 

sensitivity order is reversed. The difference in the sensitivity magnitude between the 

simulated and the experimental results are likely a result of assuming Hansen solubility 

parameter in place of actual volume fractions of absorbed of the analyte in Looyenga’s 

equation. 
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Figure 4.5: Comparison of the simulated and the experimental polymer sensitivities 

toward five different analytes. Each set of data were normalized to the highest sensitivity 

value. 

 

4.2.2 Floating gate field effect Transistor Sensor Simulations 

For the floating gate metal oxide semiconductor (FGMOS) simulations, the 

semiconductor physics module in COMSOL was employed. The semiconductor module 

simulations are based on solving Poisson’s equation along with the continuity equations 

for the charge carries in doped materials. 

4.2.2.1 Geometric model 

A finite element geometric model of a FGMOS gas sensor similar to the reported 

by Dubey et al.10 (except for a smaller sensor pad) was made using the CAD tool in 

COMSOL. The structure is similar to the FGMOS discussed in Section 1.2.5 where the 

source and the drain contacts (the input and the output) are ohmic contacts of heavily 
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doped n-typed regions of silicon. Between the two contacts is a region of p-type silicon. 

The single gate in MOSFET is replaced by two different gates; a floating gate and a 

control gate (Figure 4.6). 

 

Figure 4.6: Surface plot of the FGMOS model used in the simulations. The colors 

indicate the dopant concentrations in each semiconductor region. 

 

4.2.2.2 Parametric Sweep of Gate Charge and Control Voltage 

The current between the source and the drain is controlled by the voltage applied 

to the control gate (Vg). The structure is similar to a n-p-n junction that rectify in 

opposing directions the current flow.  When a voltage is applied to the control gate 

sufficient to create a channel of negative charges (n), there is a path for current flow (n-n-
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n).  Below a certain potential (VTH), no current will pass between the source and the drain 

(Figure 4.7 a-c). When a charge is injected into the floating gate, it affects the electric 

field from the controlling gate that creates the channel between the source and the drain 

which causes shifts in VTH and ISD (Figure 4.7, 4.8 and 4.9). The change in the charge 

stored in the floating gate is the basic of using FGMOS in analyte sensing. 
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Figure 4.7: Simulation of charge carrier concentration in the FGMOS model for different 

gate voltages and charge stored on the floating gate. 
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In capacitive sensors, the change in signal is related to the difference in dielectric 

constant between the analyte and the polymer as discussed in Chapter 2. Similarly, the 

change in FGMOS sensor signal is related to the charge injected to the floating gate. An 

increase in the negative charge stored in the floating gate would shield the electric field 

from the control gate and more potential will be needed to connect the channel between 

the source and the drain (VTH) shifting it to higher potential. The reverse would happen in 

case of charge depletion from the floating gate (Figure 4.8). A similar effect would be 

observed for the source to drain current (ISD), since electric field shielding would 

decrease the channel width which will decrease ISD (Figure 4.9). 

 
Figure 4.8: Simulation scan of the control gate voltage vs. ISD for the FGMOS model used 

in the simulations. Qi represents the initial charge on the gate before the polymer is exposed 

to analyte. The threshold voltage VTH is shifted to higher voltages when negative charges 

are injected to the floating gate, and the reverse in case of depletion of negative charge 

charges (or injection of positive charge). 
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Figure 4.9: Simulation scan of the drain voltage (Vd) vs. ISD for the FGMOS model used 

in the simulations. Qi represents the initial charge on the gate before the polymer is exposed 

to analyte. The ISD is shifted to lower values when negative charges are injected to the 

floating gate, and the reverse in case of depletion of negative charge charges (or injection 

of positive charge). 

 

4.2.2.3 Simulation of Passivated Conducting Polymer FGMOS Sensor Response to 

Analytes Exposure 

For sensor application, the floating gate is extended through polysilicon layers 

into a sensing pad which can be coated with different polymers. The change in the charge 

or the capacitance of the polymer film upon analyte exposure causes a shift in VTH and 

ISD. The simulation model was designed similarly to include a sensor pad coated with a 

polymer sensor layer. The experimental results of Chapter 3 were used to simulate the 

changes if ISD when FGMOS is exposed to different analyte exposures. A bias of Vd=2V 

and Vg=3V was used similar to the values reported by Dubey et al. Figure 4.10 shows 
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the simulated ISD changes of a polypyrrole FGMOS when exposed to hexane and ethyl 

acetate at different concentrations. 

 
Figure 4.10: Simulation of the source drain current (ISD) changes of polypyrrole coated 

FGMOS sensor upon exposure to different concentrations of hexane and ethyl acetate. 

Vd=3 V. 

The ISD changes data for eight different analytes was fitted into a log scale 

calibration curve and the sensitivity (slope) for each polymer/analyte was calculated from 

the curve (Figure 4.11). 
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Figure 4.11: Simulation of the drain current (ISD) changes of polypyrrole coated FGMOS 

sensor upon exposure to different analytes at different concentrations (log scale calibration 

curve). Vd=2V and Vg=3 V. 

 

Figure 4.12 shows a comparison between the simulated sensitives of five different 

electropolymerized polymer coated in FGMOS sensor and the experimental capacitive 

sensitives of the same polymer in capacitive sensors. As expected, the simulated sensitivity 

order of between analytes in different polymers is similar to the experimental data from the 

capacitive sensor since the polymer/analyte interactions (amount of analyte sorbed) and 

dielectric differences are the same. However, the sensitivity magnitudes of the 

polymer/analyte pairs are different between the two measurements modes. a possible 

explanation might come from the square relation between ISD and QFG
11  

𝐼𝑠𝑑 ∝ (𝑄𝐹𝑔 − 𝑉𝑇𝐻)2                             (4.7) 

ISD is also dependent on VTH which is affected QFG changes. 
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Figure 4.12: Comparison between the experimental capacitive and simulated FGMOS 

sensitivities of five electropolymerized polymers toward eight different analytes. Each set 

of data were normalized to the highest sensitivity value. 

 

4.3 Conclusion 

The role of finite element analysis tools is to solve real life problems by simulating 

models of the problem under investigation. COMSOL application was used to simulate 

capacitive and FGMOS sensors. The optimum thickness of the polymer sensitivities 

was predicted using these simulations, and the value agreed with the experimental data 

and other analytical tools discussed in Chapter two. The sensitivity of different 

dielectric polymers toward analytes was predicted by simulating the capacitive changes 

of IDE capacitors and the results were close to the experimental values from Chapter 

two. Another model of FGMOS sensor was investigated for ISD changes upon analyte 

exposure. FGMOS sensor model similar to the devices reported in literature was made, 

and the capacitive changes of different electropolymerized polymers (Chapter 3) were 
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used to predict the corresponding ISD changes. The results showed the successful 

application of using the simple capacitive sensor in predicting the response of FGMOS 

sensors that can be easily fabricated and integrated into electronic devices using CMOS 

technology. 
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Chapter 5 

5 Conclusions 

 

 

5.1 Thesis summary and future work 

5.1.1 Dielectric and capacitive measurements in capacitive and FGMOS sensors 

Dielectric and capacitive measurements offer advantages over other sensor 

transduction mechanisms including the ability to be used in the miniaturized transistors 

integrated in most electronic devices. Using a simple capacitive sensor, the dielectric and 

capacitive changes of polymers associated with the absorption of analytes were studied in 

detail. 

In Chapter 2, five different dielectric polymers were tested as sensitive layers in a 

capacitive sensor array against five different analytes. The polymers and the analytes 

were chosen to reflect different variety of dielectric constants values and solubility 

interactions. Different variables such as polymer thickness, frequency of measurement 

and percent humidity were investigated to achieve the highest sensitivity. Electrical 

impedance measurements were performed to investigate the capacitive changes which 

gave extra information of the equivalents circuit of the sensors and the different 

mechanisms that happens inside the polymer during analyte sorption. Calibration curves 

were constructed for each analyte/polymer pairs and the sensitivity values were related to 

the dielectric values and solubility interaction of the analytes and the polymers. This 
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information gave a better understanding of the different variables that affect this mode of 

measurements. The resulting response sensitivities were further investigated using the 

pattern recognition algorithm, PCA, to show the ability of the array to classify and 

resolve different analytes.  

In Chapter 3, electropolymerization was explored as a means to deposit polymers 

into small substrates, present in integrated circuits, in a way to achieve compositionally 

different sensor films of dielectric polymers. Using pyrrole and different substituted 

styrene monomers, five different sensors were made and tested for eight different 

analytes. The deposition and passivation conditions (conversion of the conducting 

conjugated form to nonconducting dielectric polymer) were optimized based on the 

electrochemical characterizations that were done to give the highest signal change. 

Equivalent circuits and polarization mechanisms were discussed based on the Electrical 

impedance measurements. The sensitivity values showed a different fingerprint for each 

analyte across the array. The results were further processed using PCA to show resolution 

factors between the analytes. 

In Chapter 4, the data from Chapter 2 and 3 was used to model capacitive and 

FGMOS sensor changes using COMSOL simulations. First, a capacitor model similar to 

the IDE used in Chapter 2 was created and a simulation of different analyte exposure was 

done. The simulated data showed a close agreement to the experimental values from 

Chapter 2. To simulate FGMOS sensors, a model was created with dimensions similar to 

the devices reported in literature, and the capacitive change values from Chapter 3 were 
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used as inputs. The model was successful in predicting the corresponding changes in 

FGMOS sensor signal. 

In summary, a simple IDE capacitive sensor used in this work was effective in 

studying the capacitive and dielectric measurements in detail and in classifying different 

classes of analytes. The results from this sensor was then used to simulate and predict the 

signal changes in FGMOS sensors which present great potential for sensor integration to 

electronic devices. 

5.1.2 Recommendation and future work 

The future of sensor applications moves toward miniaturized sensors and lab-on-

a-chip devices. FGMOS sensors are potential candidates for widespread chemical sensor 

integration with electronics since they can be fabricated using the commercially available 

CMOS technology and can be easily integrated into electronic devices. 

Electropolymerization of functionalized conducting polymers is an ideal method to 

deposit different polymers into such small substrate. Dielectric and solubility interactions 

data can be utilized for better choice of polymers that gives the maximum quality of data 

needed by the pattern recognition algorithm to classify. Dielectric values for most of the 

polymer are available and different groups work now on predicting the solubility 

interactions of polymers based on group contribution1,2. Different copolymers can be 

utilized in creating such arrays involving aniline3, pyrrole4, thiophene5 and substituted 

vinyl monomers. A large array of chemically different polymers deposited in 

miniaturized sensors that mimic the mammalian olfaction system is the final target. 
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