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General abstract 
 

 The investigation of proton transport is essential to explain the various biological systems, 

including interfacial proton transport. However, as commonly found in biomaterials, it is still 

unknown how carboxylic acid concentration affects interfacial proton conduction. A series of 

styrene-based polymers comprising of the carboxylic acid group were prepared to explore the 

effects of carboxylic acid group concentration on polymer thin films’ electrical properties. The 

carboxylic acid group concentration influences the proton transport pathway of polymer thin 

film. The high concentration of carboxylic acid group polymer thin film provides an internal 

proton transport, while the low concentration of carboxylic acid group polymer thin film allows 

an interfacial proton transport. The studying of proton transport properties in field-effect 

transistors (FETs) is a promising candidate for bridging biological and electronic systems. The 

electrical properties’ investigation in FETs without the effect of palladium (Pd) electrode 

reaction using an alternative (AC)-current is challenging. The FETs with parallel-shaped 

electrodes (PFETs) were successfully fabricated. The fabricated polymer with weak-acid 

functionalized and low water uptake ability was applied to the PFETs to examine the electrical 

properties of polymer thin film. However, the electrical response of polymer thin film was 

dominated by the electrode/ polymer thin film interfacial response due to the relatively low 

proton conductivity and high resistance of the fabricated polymer thin film. Therefore, the 

comb-shaped electrode FETs (CFETs) were developed with an extra-long channel width and 

short channel length. Without the dominated double layer capacitance response, the 

impedance response of polymer thin films on CFETs was successfully observed. This study 

overcomes the drawbacks of dominated double-layer capacitance response and the short 

circuit between two electrodes through the thin dielectric layer in the AC-impedance 

measurement method.  

Keywords: Carboxylic acid; FETs; Interfacial proton transport; Internal proton transport; 

Impedance measurement 
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Chapter 1 

General information 

 
1.1 Proton conductive polymers 

Proton transport acts as an essential role in various systems, including biological 

systems. Since 1961, the proton transfer in protein ionic channels starts to attract much 

attention from researchers.1 The proton transport in biological systems was investigated 

through the purple membrane, including bacteriorhodopsin.2–11 Many researchers were 

interested and studied the proton transport at the lipid monolayer.12–16 As one of the most well-

known systems in living cells, the adenosine triphosphate (ATP) formation during 

photosynthesis also involves a proton translocation across a membrane, as shown in Figure 

1.1.17,18 Recently, proton translocation through the biomembrane surface was also reported.19–

22 The translocation of protons across biological membranes is also found in the proton pump, 

such as cytochrome c oxidase (CcO).19,20 This information presents the importance of proton 

transport in various biological systems. 

  

Figure 1.1 The adenosine triphosphate (ATP) synthase.23 
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Proton transport is one of the critical mechanisms of fuel cells as well as biological 

systems. For example, in the proton-exchange membrane fuel cells (PEMFCs), the proton 

movement between cathode and anode is the main part of power generation, as shown in 

Figure 1.2.24 This PEMFC is a promising fuel cell for transportation and mobile applications 

due to its various advantages: good efficiency, high tolerance, and quick response to power 

demand.24,25 During the operation, the hydrogen gas as a fuel is oxidized and produced 

protons at the anode catalyst layer. These produced protons are then transported to the 

cathode catalyst layer side through a proton exchange membrane. At the same time, the 

electrons move to the cathode side through the external circuit and react with oxygen gas and 

protons to produce water. Therefore, this PEMFC operation produces only water and heat 

without any pollution as byproducts. 

 

Figure 1.2 Schematic of a proton-exchange membrane fuel cell (PEMFC) operation.24 

Many proton-conductive materials have been developed and studied to understand 

more insight and improve the performance of the proton transport mechanism. Because of its 

performance, efficiency, stability, and capacity to function at low temperatures, proton-

conductive ceramics have been extensively studied.26–28 Many polymers were also gained 

much attention as proton conductive material due to their high proton conductivity and good 

mechanical properties.29–33 
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Acids or proton-donating functional groups in proton conductive polymers, which can 

conduct protons over long distances, can provide free protons as the carrier to facilitate proton 

transport. Strong acids as derivatives of sulfonic acid were widely used due to their high 

deprotonation ability. For example, commercial NafionTM and sulfonated poly(ether ether 

ketone) (SPEEK) which containing a sulfonic acid group in their structure (Figure 1.3). 

Especially Nafion TM, which have gained much attention and have been intensively studied 

due to their phase segregation between the hydrophilic sulfonic acid group side chain and 

hydrophobic backbone, and oriented structure.34–40   

 

Figure 1.3 Chemical structure of commercial proton conductive polymers with a strong 

sulfonic acid functional group a) NafionTM and b) SPEEK. 

Many experiments using acid-base proton conductor combinations to promote proton 

transport in an anhydrous condition have been published.41–47 Proton donors in this system 

are acid groups with low pKa values since protons are easily dissociated. On the other hand, 

the basic groups operate as proton acceptors, allowing proton reception and release to 

continue the transportation process.47 The effects of acid and base functional group 

concentration on the proton conductivity across protein biopolymers have been reported.48,49  

The biopolymers, such as sugar and protein derivatives, also gain much attention for 

proton conductive materials. Figure 1.4 shows the chemical structure of biopolymers with polar 
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functional groups as carboxylic, amine, and hydroxyl that support the proton conduction: 

maleic chitosan and glutamic acid. According to Wang et al., adding amino acid functionalized 

nanofibers to a sulfonated poly(ether sulfone) (SPES) membrane improved proton 

conductivity.50 Pena-Francesch et al. found that cephalopod proteins-based synthetic tandem 

repeat polypeptides show excellent proton conductivity and self-healing.51 In this system, 

protons can transport across the hydrogen-bonding network between the biopolymer’s 

hydrophilic residuals and water.41,48,49,52–54 The high proton conductivity was reported in 

glycosaminoglycans with many acidic groups.55 These hydrophilic biopolymers with many 

acidic groups may be able to form many hydrogen-bonding networks and support proton 

transport. The addition of hydroxyl, amine, and carboxylic acid functionalized carbon dots to 

bovine serum albumin (BSA)-mat improved proton conductivity.48 On the other hand, 

hydrophobic substitution on carboxylic acid or amine functional groups of BSA protein mat 

prevents proton conduction.49 This study supports the idea that the concentration of acid-base 

functional groups significantly impacts charge carrier density and proton conduction. However, 

biopolymers’ proton conductivity is lower than polymers containing sulfonic acids since the 

hydrophilic residuals in biopolymers are weak acids with much higher pKa than a strong acid. 

The high pKa of weak acid directly affects the amount of proton carrier or proton carrier density 

of the conductive material. Although the proton conductivity of biopolymers containing weak 

acid groups is rarely comparable to polymers with strong acid groups, the study of proton 

transport in these weak acid-containing materials is necessary to understand the working 

mechanism in many biological systems. 
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Figure 1.4 Chemical structure of biopolymer containing weak acid group (i.e., carboxylic 

acid) a) maleic chitosan and b) glutamic acid. 

  



Chapter 1 

6 
 

1.2 Field-effect transistors (FETs) 

A field-effect transistor or FET is a transistor type that uses an external electric field to 

modulate charge carriers’ flow between source and drain terminals.56–58 A FET consists of 3 

terminals, source, drain, and gate, as shown in Figure 1.5. An external electric field or gate 

voltage (VG) can be applied through a gate terminal separated from the source and drain 

terminals by an insulator oxide layer. Due to its abilities in charge carriers flow controlled, 

FETs have been applied in many application fields. Many FETs were applied for biosensor 

applications due to their abundant advantages: high sensitivity, portability, near real-time 

response, and fabrication compatibility.59–64 The graphene FET is one of the candidates for 

biomedical analysis such as influenza infection detection and drug discovery.65  The surface-

immobilized graphene can act as a cell surface and be used as a channel for graphene FETs.  

The graphene can also be used for small peptide or biomolecules detection.65–67  The report 

of pH sensor based on graphene nanoplatelet and gold nanoparticle Hybrid was also 

published recently.68 The ion-sensitive FETs (ISFETs) were developed for health monitoring 

flexible sensors which performance can be modulated through the bending of devices.69 The 

metal–oxide–semiconductor (MOSFET) was widely used in digital and analog integrated 

circuits and power devices.70–72  

 

Figure 1.5 Cross-sectional view of a field-effect transistor. S, D, and G denote as the 

source, drain, and gate terminals, respectively.  
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Organic FETs (OFETs) are one type of FETs that received much attention due to their 

various advantages: low-temperature deposition, low cost, good solution processability, and 

possible to be fabricated on flexible substrates as displays, electronic papers, and sensors.73,74 

OFETs consist of an organic semiconducting part, an insulator layer, and three electrode 

terminals.75 In OFET fabrication, the thin semiconducting layer can be fabricated through 

vacuum evaporation, thin-film alignment, or liquid deposition (spin-coating, drop-casting, 

printing, meniscus-guided coating).74,76 

There are four different types of OFETs, as shown in Figure 1.6.75 A bottom gate/ 

bottom contact has a semiconductor material placed on the top. A bottom gate/ top contact 

has a semiconductor material between the insulator layer and source-drain electrodes. A top 

gate/ top contact has a semiconductor material as the lowest layer. A top gate/ bottom contact 

has a semiconductor material between the insulator layer and source-drain as the bottom 

gate/ top contact type, but the insulator layer and gate terminal locate at the top of the device. 

However, even though their configurations are different, the insulator layer always separates 

the source and drain terminals from the gate terminal, and the semiconducting layer must 

contact the source and drain terminals.  
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Figure 1.6 The different types of OFETs. a) Bottom gate/ bottom contact, b) Bottom gate/ 

top contact, c) top gate/ top contact, and d) Top gate/ bottom contact.75   

With this structure configuration of OFETs that source and drain terminal separated 

from gate terminal by an insulator, the ion conductivity can be modulated in these devices 

through an external applied voltage. For example, when a negative VG is applied to OFET with 

proton conductive material, proton carriers are attracted to the semiconductor and dielectric 

or insulator layer interface. Thus, as the negative voltage increases, proton concentration at 

the interface becomes higher and increases the current between source and drain. 

In contrast, the positive VG repels proton carriers from the interface, reduces the source 

and drain current. With this mechanism, the current flow can be manipulated through the 

external electric field application or applied VG, as shown in Figure 1.7. Nevertheless, the 

charge conduction occurs at the organic semiconductor-dielectric layer interface or the 

thickness region of only ~10 nm.77–79  
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Figure 1.7 Schematic of the interfacial charge carrier concentration in a bottom gate/ 

bottom contact OFET with proton conductive material modulated by positive and negative VG 

(+, proton or positive charge; -, electron or negative charge).  

Due to the ability to modulate ion conductivity, the working mechanism of OFET with 

various materials was extensively investigated.80–84 In OFETs, many parameters can affect 

the device’s performance. Charge carrier mobility is one of the most important factors. The 

charge carrier mobility represents the carrier’s ability to move through the material, which 

determines the electrical performance of the device.85 Another essential parameter is charge 

carrier density which refers to the number of charge carriers. The charge carrier density also 

affects conductivity and the device’s performance since it influences the charge carrier mobility 

and charge carrier transport.86,87 

Much research studied and reported on the electronic properties of OFETs. For 

example, the ON/ OFF ratio in OFETs was often mentioned since the charge carrier mobility 

in OFETs can be modulated through an applied gate voltage (VG). Zhong and co-workers 

claimed that negative VG results in enhancing S-D current (IDS), or ON state, of a 

polysaccharide protonic FET (H+-FET). At the same time, positive VG decreases the IDS into 

an almost OFF state.77 The IDS modulation with the applied VG was also reported in porous 

organic polymer membranes and metal-organic frameworks (MOF) with protons as a charge 



Chapter 1 

10 
 

carrier.88,89 Like other FETs with a positive charge carrier, a negative VG increases the IDS while 

a positive VG decreases the IDS. 

In contrast, the FETs with negative charge carriers show the opposite trend of IDS 

modulated with VG. A negative VG decreases the IDS, while a positive VG enhances the IDS.53 

The above information indicates that an applied VG can control the flow of charge carriers in 

the organic semiconducting material of OFETs.  

Protonic FETs or H+-FETs are one type of FET in which protons are the charge carrier, 

and the proton carrier transport can be modulated through an external applied voltage. The 

study of the protonic conductor also received much attention for the proton transport 

investigation in biological systems. Zhong et al. fabricated a maleic-chitosan nanofibers H+-

FET which an applied potential can control the protonic current.77 The H+-FET with a 

cephalopod protein was reported.54 The report of porous organic polymer membrane and H+-

FET combination was also published.88 The bionic FETs, which mimicked real biosystems, 

were built to study the working mechanism in biosystems.89 However, most H+-FET used 

palladium as electrode metal material under direct current (DC) conditions for relatively low 

proton conductivity materials because palladium can react with hydrogen and produce extra 

protons under hydrogen atmosphere.53,88–90 In this case, the effect of extra protons on the 

material’s proton conductivity and transport properties cannot be prevented. Therefore, the 

development of proton transport properties investigation in protonic FETs using alternative 

current (AC) conditions is challenging.  
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1.3 Purpose  

This research mainly aims to synthesize polymers with defined weak acid 

concentrations and use them as proton conductive materials in H+-FET. The purpose of this 

research can be divided into two parts, as follows:  

1. To synthesize a series of styrene-based copolymers containing various weak 

carboxylic acid concentrations and investigate as proton conductive polymers. 

2. To develop the ion conduction of synthesized weak acid polymer thin films in device 

with FETs electrode shape, cooperated with gold electrodes and AC impedance 

measurement to prevent the effect of electrode reaction.  
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1.4 Outlines 

In chapter 1, the general background of proton conductive polymers and field-effect 

transistors (FETs) were explained.  

In chapter 2, the polymers containing various carboxylic acid concentrations were 

successfully synthesized and characterized. The fabricated polymers were prepared as thin 

films and investigated as proton conductive materials. The electrical properties of polymer thin 

films were investigated, as shown in Figure 1.8. The difference in carboxylic acid 

concentrations was found to influence polymer thin films’ main proton transport pathway.  

In chapter 3, devices with a parallel-shaped channel (PFETs) were fabricated for in-

plane proton conductivity measurement by the alternative circuit (AC)-impedance 

measurement, as shown in Figure 1.8. The gold was sputtered on the silicon wafer (Si-wafer) 

surface and acted as electrodes. The fabricated polymers from Chapter 2 were prepared as a 

thin film on the PFETs. The AC impedance measurement was performed to evaluate the 

proton transport in PFETs to avoid the electrode reaction.  

In chapter 4, a new design of comb-shaped electrodes (CFETs) for the AC-impedance 

measurement method has been designed to improve the impedance response. The ionic 

conductivity of polymer thin film with relatively low conductivity using these improved CFETs 

was investigated, as shown in Figure 1.8.  

In chapter 5, the general conclusion was presented. The finding of this research was 

expected to provide more insight into the influence of weak-acid group concentration of 

polymer on the proton conduction pathway in thin films. Moreover, the newly developed 

CFETs were expected to be applied for the AC-impedance measurement of relatively low 

proton conductivity polymer thin films. 

 



Chapter 1 

13 
 

 

Figure 1.8 The schematic represents the research strategies.  
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Chapter 2 

Proton transport pathways of weak-acid functionalized  

styrene-based copolymers thin films 

 
Abstract 

The study of interfacial proton transport is required to understand biological systems. As 

commonly found in biomaterials, the carboxylic acid group has been shown to act as a proton-

conducting group. This study examined the effect of carboxylic acid concentration on both 

interfacial and internal proton transport. Several styrene-based polymers containing the 

carboxylic acid group were synthesized. The amount of carboxylic acid group in the polymer 

chain was varied to explore the influence of weak acid concentration on polymer thin films’ 

electrical properties. The IR p-polarized multiple-angle incidence resolution spectrometry 

(pMAIR) spectra show the higher ratio of the free carboxylic acid groups than cyclic dimers in 

the films with a higher carboxylic acid group concentration, facilitating the more hydrogen 

bonding networks in films. The water uptake results reveal a similar number of adsorbed water 

molecules per carboxylic acid group in all thin films. Remarkably, polymer thin films with high 

carboxylic acid concentrations offer internal proton conduction because of the proportionate 

increase in the amount of the free carboxylic acid group. In contrast, interfacial proton 

conduction was found in low carboxylic acid concentration polymers due to the relatively large 

amount of cyclic dimer carboxylic acid group and little amount of free carboxylic acid group. 

This research provides insight into interfacial proton transport behavior that differs depending 

on the weak acid concentration, which could help to explain proton transport in biological 

systems.  
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2.1 Introduction 

Mostly, acids or proton-donating functional groups in proton conductive polymers give free 

protons as the charge carrier, allowing proton movement over extended distances. As 

biopolymers, sugar and protein derivatives have attracted much attention as proton conductive 

materials because proton-donating functional groups were contained.1–3 Despite the reported 

biomaterials’ outstanding proton conduction potential, more research into the proton 

transportation mechanism is required. 

Protons may usually move via hydrogen bonding networks. According to reports, the 

hydrophilic functional groups persuade proton transportation routes from interactions between 

hydrophilic polymer residues and water molecules, as shown in Figure 2.1.4–9 Several reports 

have found that utilizing acid-base combinations of proton conductors improve proton 

conduction in an anhydrous state.10–16 The influences of acid and base functional group 

density on the proton conductivity through proteins-based materials have been described. 

Enhancement of proton conductivity was discovered in bovine serum albumin(BSA)-mat with 

the addition of hydroxyl, amine, and carboxylic acid functionalized carbon dots.4 Hydrophobic 

substitution on carboxylic acid or amine functional groups of BSA-mat, on the other hand, 

prevents proton conduction.5 This study supports the hypothesis that the acid-base functional 

groups’ concentration has a major impact on the charge carrier density and proton conduction. 

It has been established that polar functional group variations influence proton conductivity in 

materials.17 Functional groups with a high polarity or hydrophilicity have higher proton 

conductivity than functional groups with low hydrophilicity. It has also been claimed that 

materials having a carboxylic acid functional group have better proton conductivity than those 

with amine or other hydrophobic groups.5 Overall, these data support the carboxylic acid’s 

ability and importance as a proton-conducting group. 
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Figure 2.1. The schematic presents the hydrogen-bonding network between water molecules 

and polar groups of maleic chitosan.18  

Because protons can move via both the internal and the surface materials, understanding 

how they work in many biological systems necessitates research into proton transport. The 

biomaterial surface must be taken into account because it has an impact on a variety of 

properties, for example, the polarity and electrical properties.19,20 Numerous studies of proton 

transport at the lipid monolayer surface have been published.21–25 Several research have 

looked into proton translocation over the biomembrane surface.26–29 Nagao and Kubo 

discovered the surface proton transport on a fully protonated poly(aspartic acid) thin film 

containing the carboxylic acid group, as shown in Figure 2.2.30   Despite the fact that carboxylic 

acid is abundant on biomaterial surfaces, the influences of carboxylic acid concentrations on 

interfacial proton transport are unknown. 
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Figure 2.2. Proton transport pathway of poly(aspartic acid) (P-Asp): a) the surface and internal 

proton conduction in the partially protonated P-Asp thin film and b) the surface conduction in 

the fully protonated P-Asp thin film.30 

The effect of carboxylic acid concentrations in styrene (St)-based copolymers on proton 

conductivity, including both internal and interfacial proton conduction and water uptake, was 

examined in this work. The St-based polymer was synthesized with well-defined carboxylic 

acid concentrations. Because of the reactivity difference between St and St containing 

carboxylic acid monomers, the ester derivative monomer was selected for the polymerization 

reaction. To investigate the impact of carboxylic acid concentration on proton transport 

behavior, the polymers were functionalized with various amounts of carboxylic acid group. And 

to study the interfacial proton conduction capabilities, the polymers were made as thin films to 

improve the ratio of film surface area to bulk.  
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2.2 Materials and methods 

2.2.1 Materials 

Styrene with TBC stabilizer (St, >99.0%) and 2,2'-azobis(isobutyronitrile) (AIBN, >98.0%) 

were purchased from Tokyo Chemical Industry Co. Ltd., Japan. 4-Vinylbenzoic acid (4VBA, 

>97.0%) was purchased from Fujifilm Wako Pure Chemical Corp., Japan. Toluene, super 

dehydrated, was purchased from Wako Pure Chemical Industries Ltd., Japan, and used 

without further purification. Methanol, ethanol, ethyl acetate, tetrahydrofuran (THF), N,N-

dimethylformamide (DMF), sodium hydroxide, sulfuric acid, hydrochloric acid, sodium sulfate, 

and sodium chloride were used as received from Wako Pure Chemical Industries Ltd., Japan. 

DI water was used in the hydrolysis reaction. The chemical structure of AIBN initiator, St, and 

4VBA monomers were shown in Figure 2.3. 

 

Figure 2.3. Chemical structure of a) AIBN, b) St, and c) 4VBA. 

2.2.2 Purification of AIBN 

AIBN was recrystallized before use. AIBN was slowly dissolved in a small amount of hot 

methanol (55 °C) and filtered through a filter paper. The filtered solution was then cooled down 

and kept in the fridge overnight for crystallization. The crystal AIBN was collected via vacuum 

filtration, washed with cold methanol, and dried under vacuum before being stored in the 

fridge.  
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2.2.3 Purification of St 

The stabilizer was eliminated from the St solution by the vacuum distillation. Pure St 

solution was immediately used for the reaction after the purification. 

2.2.4 Purification of 4VBA 

4VBA was recrystallized from a mixture of water and ethanol with a ratio of 3:2 to remove 

the stabilizer. The crystallized 4VBA was immediately used for the reaction after being filtered 

and dried under vacuum overnight. 

2.2.5 Synthesis of 4VBZA 

4VBA was dissolved in methanol and mixed with sulfuric acid, then refluxed for 3 h. The 

4-vinylbenzoate (4VBZA) product was extracted with ethyl acetate and washed with brine. 

Then finally dried under vacuum to eliminate the high boiling point solvent. 

2.2.6 Polymerization  

Free-radical polymerization was used to synthesize many styrene-based polymers with 

ester groups. The polymer product consists of two different monomer units, St monomer and 

St monomer with an ester group located at the benzene ring, 4VBZA monomer. AIBN was 

used as the initiator. Scheme 2.1 displays the reaction scheme mechanisms of the radical 

initiator formation and polymerization. Table 2.1 shows that the ratio of 4VBZA and St 

monomers amount added for the reaction varied from 1:4 to 1:0. However, the monomer ratio 

inputted is differed from the monomer ratio achieved. The polymerization products were 

defined as P4VBZA100 (poly-4-vinylbenzoate100) and PS4VBZA75, 50, and 33 (polystyrene-

co-4-vinylbenzoate75, 50, and 33) according to the monomer input ratios. 
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Scheme 2.1. The reaction scheme mechanisms of the radical initiator formation and 

polymerization. 
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Table 2.1. The ratio of monomers added for the polymerization and the final ratio of obtained 

polymers. 

Polymers 
Molar ratio (4VBZA:St) 

Added Obtained 

P4VBZA100 4:0 4:0 

PS4VBZA75 3:1 3:1 

PS4VBZA50 2:2 2:2 

PS4VBZA33 1:3 1:2 

 

2.2.6.1 P4VBZA100 

0.2 mmol of AIBN was added after dissolved 18 mmol of 4VBZA in 3 mL ethyl acetate and 

4 mL toluene. Then degassed the mixture solution by three freeze–evacuate–thaw cycles. 

Polymerization was reacted at 80 °C for 24 h under an inert atmosphere, and then the reaction 

was stopped by put the reaction flask in the ice bath. The P4VBZA100 polymer was 

precipitated from warm methanol and dried under a vacuum with an 82% yield. 

2.2.6.2 PS4VBZA75 

This polymer used 13.5 mmol of 4VBZA and 4.5 mmol of St. The reaction was done using 

the same polymerization procedure as that used for P4VBZA100 polymerization, as shown in 

Scheme 2.2. As a result, PS4VBZA75 polymer was collected with a yield of 62%. 

Scheme 2.2. Polymerization of PS4VBA. 
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2.2.6.3 PS4VBZA50 

For PS4VBZA50, 9 mmol of 4VBZA and 9 mmol of St were used. The same procedure as 

that used for the preparation of P4VBZA100 was performed. As a result, PS4VBZA50 polymer 

was achieved with a 40% yield. 

2.2.6.4 PS4VBZA33 

4.5 mmol of 4VBZA and 13.5 mmol of St were mixed in the toluene and ethyl acetate 

solvent. The reaction was proceeded using the same method as the P4VBZA100 preparation. 

Then PS4VBZA33 polymer was collected with a yield of 67%. 

2.2.7 Hydrolysis 

The solution of polymer, sodium hydroxide in methanol, water, and THF was mixed 

together. The reaction was done at 37 °C for 30 min. The polymer product in sodium salt form 

was precipitated in tetrahydrofuran (THF) solvent and then dried under vacuum without 

heating. 

2.2.8 Ion exchange 

To do the ion exchange, the polymer in sodium salt form was immersed in 1 M HCl 

solution, shaken until the pale-yellow color of a polymer change to white and become water-

insoluble (around 1 min). Then polymer was separated from the solution using a centrifuge. 

And the new acid solution was replaced, repeated this step for three times. The final polymer 

product, polystyrene-co-4-vinylbenzoic acid (PS4VBA) or poly-4-vinylbenzoic acid 100 

(P4VBA100) were washed with water until the water became neutral. Then it was respectively 

dried under vacuum at room temperature and 35 °C. 

2.2.9 Characterization 

2.2.9.1 Nuclear magnetic resonance (NMR) 

The 1H and 13C nuclear magnetic resonance (NMR, Bruker Avance III (400 MHz) 

spectrometer; Bruker Analytik GmbH) spectra were recorded using dimethyl sulfoxide-d6 

(DMSO-d6), chloroform-d (CDCl3), or deuterium oxide (D2O) as a solvent. The 13C was done 

at a high temperature of 50 °C. 
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2.2.9.2 Infrared (IR) spectroscopy 

The IR spectra of polymers powder were collected by Attenuated total reflection Fourier-

transform infrared (ATR-FTIR, Nicolet 6700; Thermo Fisher Scientific Inc.) spectroscopy in 

the range of 400-4000 cm-1. 

2.2.9.3 Gel permeation chromatography (GPC) 

The weight average molecular weights (Mw) and the polydispersity indexes (PDI) of the 

polymer were estimated by gel permeation chromatography (GPC, LC-2000plus; JASCO). 

DMF with 0.01 M lithium bromide was used as a mobile phase, and polystyrene standards 

(Mw = 786-23.6×103) were applied for the calibration. 

2.2.9.4 Thermogravimetric analyzer (TGA) 

Thermal analyses were performed using the thermogravimetric analyzer (TGA, TG-

DTA2010 SA; NETZSCH) under nitrogen atmosphere. The temperature was increased from 

room temperature to 800 °C with a heating rate of 10 °C/ min. 

2.2.9.5 X-ray photoelectron spectroscopy (XPS) 

The difference in carboxylic acid concentration at the thin film surface between the 

fabricated polymers was confirmed using X-ray photoelectron spectroscopy (XPS). The XPS 

was performed using a delay-line detector (DLD) spectrometer (Kratos Axis-Ultra; Kratos 

Analytical Ltd.) with an Al Kα radiation source (1486.6 eV). 

2.2.9.6 Infrared (IR) p-polarized multiple-angle incidence resolution spectrometry  

(p-MAIRS) 

The p-MAIR spectra were collected by Fourier-transform infrared (FTIR, Nicolet 6700; 

Thermo Fisher Scientific Inc.) spectroscopy installed with a mercury-cadmium-telluride (MCT) 

detector. Figure 2.4 shows the optical configuration. Single-beam spectra were recorded by 

6° steps between the angle of incidence in a range of 38° – 8°. The aperture was fully opened 

in a size of 150. A metal plate with small pores was put in the light path of the incidental beam 

to prevent saturation. Nitrogen gas was flow through the sample chamber to reduce the effect 

of water vapor absorption. For each angle of incidence, 64 scans were performed with a 
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wavenumber resolution of 4 cm-1. The p-MAIRS analysis was proceeded using p-MAIRS 

analyzer software (Thermo Fisher Scientific Inc.).  

 

Figure 2.4. Configuration of the polarized incident beam path and incident angle.31 

2.2.10 Preparation of polymer thin films 

The polymer with 2-4 wt% was dissolved in the dimethylformamide (DMF) and THF (2:3) 

mixed solvent, then spin-coating (ACT-200 spin-coater; Active) on the substrate. Next, the 

quartz substrates were washed with toluene, acetone, and 2-propanol, respectively, followed 

by plasma treatment (Cute-MP; Femto Science Inc., Korea). Then, to eliminate the high boiling 

point solvent, the film was dried overnight under vacuum at 60 °C. Finally, the film thickness 

was determined using a white light interferometric microscope (BW-S506; Nikon Corp.). 

2.2.11 Water uptake measurement 

The polymer thin film’s water uptake ability was estimated by relative humidity (RH)-

controlled in-situ quartz crystal microbalance (QCM) system. A QCM substrate (QA-A9M-

SIO2-S(M)(SEP); Seiko EG&G Co. Ltd.) was connected to a frequency counter (53131 A; 

Agilent Technologies, Inc.). The frequency difference between the bare and film-coated 

substrates was measured. The Sauerbrey equation was used to estimate dry film’s mass 

under a nitrogen atmosphere. 

∆𝑚 =
𝑆 ×  √𝜌𝜇

2 × 𝐹2
⁄  × (−∆𝐹),        (1) 
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where S, ρ, and µ, respectively, denote the electrode’s surface area, density of quartz, and 

quartz shear modulus. F indicates the substrate fundamental frequency. 

The humidity environments were controlled by mixing humidified and dry N2 using a 

relative humidity (RH) controller (BEL Flow; MicrotracBEL Corp.). The hydration number (λ) 

as the moles of water per carboxylate group, was calculated as 

𝜆 = (𝑚
𝑚0⁄ − 1) × 𝐸𝑊

𝑀𝐻2𝑂
⁄ ,         (2) 

where m is the mass of film at each relative humidity (RH) and m0 denotes the mass of dry 

film. Also, EW and MH2O respectively stand for the equivalent weight of the polymer and the 

molecular mass of water. The illustration that represents the QCM measurement was shown 

in Figure 2.5. 

 

Figure 2.5. Schematic represents the structure of polymer thin film on quartz QCM substrate. 

2.2.12 Proton conductivity measurements 

The proton conductivity of polymer thin film was examined inside the RH-controlled and 

temperature-controlled chamber (SH-221; Espec Corp.) using impedance spectroscopy 

measurements obtained with a frequency response analyzer equipped with a high-frequency 

dielectric interface (SI1260 and SI1293; Solartron Analytical). The in-plane conductivity was 

investigated using the two-probe method (Figure 2.6). The electrodes were made with porous 

gold paste (SILBEST No. 8560; Tokuriki Chemical Research Co. Ltd.). The conductivity (σ) of 

the polymer thin film was calculated using the following equation. 
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Figure 2.6. Schematic represents the proton conductivity measurement. 

σ = 𝑑
𝑅𝐿𝑡⁄            (3) 

In the equation above, d stands for the distance between two electrodes. R, L, and t denote 

the resistance value recorded from the impedance, the electrode length contacted with a 

polymer film, and the thickness of polymer film. 

To observe the interfacial proton conduction, the normalized resistance (R’) was calculated 

using the following equation.30 

𝑅′ = 𝑅𝐿
𝑑⁄    (4) 

Since water can be adsorbed on both air/ film and film/ substrate surface interfaces, 

interfacial proton conduction can occur at both interfaces. Therefore, the normalized 

resistance is independent of the film thickness if the interfacial proton conduction dominantly 

happens. In contrast, the normalized resistance depends on the film thickness if the internal 

proton conduction occurs at the thin film interfaces region. 
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The temperature-dependent proton conductivity was observed by measuring the 

conductivity under various temperatures and constant RH of 90%. The activation energy of 

polymer thin film was estimated using the following equation.32 

σT = 𝜎0exp (
−𝐸𝑎

𝑅𝑇⁄ ),          (5) 

where T, σ0, Ea, and R represent the temperature, pre-exponential factor, activation 

energy, and gas constant. 
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2.3 Results and Discussion 

2.3.1 The preparation of monomers 

Styrene monomer was purified through the vacuum distillation technique. The stabilizer, 

4-tert-butylcatechol (TBC), which has a higher boiling point, can be eliminated from St 

monomer in this step. The chemical structure of the purified St monomer was confirmed by 

the 1H-NMR spectrum. The peaks at the region of 5-8 ppm were assigned as protons from the 

St monomer, as shown in Figure 2.7. All peak intensity ratios were conformable with the 

number of protons in each position, approved the success of purification by vacuum distillation. 

 

Figure 2.7. 1H-NMR spectrum and chemical structure of recrystallized St in DMSO-d6 solvent. 

4VBA monomer was also purified but through the recrystallization technique. The chemical 

structure of 4VBA was identified through the 1H-NMR spectrum, as shown in Figure 2.8. A 

singlet peak of the carboxylic acid group was clearly shown at 12.9 ppm. All peak intensity 
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ratios were consistent with the number of protons in the 4VBA structure, confirm the purified 

product of the 4VBA monomer. 

 

Figure 2.8. 1H-NMR spectrum and chemical structure of recrystallized 4VBA in DMSO-d6 

solvent. 

The conversion of a carboxylic acid group in the 4VBA monomer was performed through 

the esterification reaction. The ester product, 4VBZA monomer, was ensured by the 1H-NMR 

spectrum, as shown in Figure 2.9. A peak at 12.9 ppm was completely disappeared from the 

spectrum. On the other hand, a sharp peak of the ester group was shown at 3.8 ppm. This 

information confirms the success of the esterification reaction and chemical structure of the 

4VBZA monomer product. 
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Figure 2.9. 1H-NMR spectrum and chemical structure of recrystallized 4VBZA in DMSO-d6 

solvent. 
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2.3.2 Establishment of polymerization route and characterization 

Their significant polymerization reactivity differences made it difficult to obtain a copolymer 

by mixing St and 4VBA monomers directly into the reaction solution. 4VBA monomer is able 

to interact with other 4VBA monomers through the hydrogen bonding interaction of the 

carboxylic acid group.33–35 This intermolecular interaction might cause the higher reactivity of 

the 4BVA monomer than the St monomer during the polymerization due to the aggregation of 

4VBA monomers. 

To prevent this situation, the hydrogen bonding interaction between 4VBA monomers 

should be relieved. Because of the weaker interaction among the ester groups, converting a 

carboxylic acid group to an ester group is one technique to lessen the effect of hydrogen 

bonding interactions.36,37 Therefore, several styrene polymers with varying quantities of the 

carboxylic group were produced through free-radical polymerization of St monomer and St-

based monomer substituted with ester groups. First, the 4VBA monomer’s acid group was 

converted to the methyl ester, 4VBZA, through an esterification reaction. Then, this lowered 

reactivity monomer was directly polymerized with a St monomer, as shown in Scheme 1. 

The 1H-NMR spectra were used to confirm the chemical structure of polymer products and 

the ester group’s amount ratio, as shown in Figure 2.10. The signal of an ester group was 

appeared at around 3.8 ppm in all polymers’ spectra. According to the ratio of the 4VBZA 

monomer unit, the different ester signal intensity ratio reveals the varied ester group 

concentration in each produced polymer. A polymer in which all monomer units contain an 

ester group (P4VBZA100) shows the highest peak integral ratio followed by PS4VBZA75, 50, 

and 33, respectively. They were compatible with the integral ratio of peak ‘b’, which reduced 

with enhancing an ester group and then vanished entirely in the spectrum of P4VBZA100. 

However, the polymer with a 33% ester group ratio (PS4VBZA33) was obtained from the 1:3 

(25%) 4VBZA monomer initial ratio. The GPC was performed to investigate the Mw of the 

polymer in an ester form, as shown in Table 2.2. 
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Figure 2.10. 1H-NMR spectra and chemical structure of synthesized polymers in DMSO-d6 

solvent: P4VBZA100 (red), PS4VBZA75 (blue), PS4VBZA50 (black), and PS4VBZA33 

(green). 

Table 2.2. The summarized molecular weight and polydispersity index of the synthesized 

copolymers with various ratios of monomer. 

Polymers 
Molar ratio of monomers  

in polymer chain 
(4VBZA:St) 

Mw PDI 

P4VBZA100 4:0 99000 1.7 

PS4VBZA75 3:1 80000 1.9 

PS4VBZA50 2:2 54000 1.8 

PS4VBZA33 1:2 42000 1.4 
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The 13C-NMR spectra (Figure 2.11) show a signal of the carbonyl group around 167 ppm, 

attesting to the existence of an ester group. To identify the block and random copolymer, the 

change of 13C-NMR signals between the block and random copolymers was investigated.38–40 

The random copolymers tend to show split and slightly broad signals due to different 

environments in the polymer chain. In comparison, the block copolymers provide sharp signals 

with less peak splitting.39 The examination of quaternary carbon connected with polymer 

backbone (‘c’ and ‘h’ positions) signals were reported.40 Figure 2.11b displays the slightly 

broader ‘c’ and ‘h’ signals of PS4VBZA75, 50, and 33 copolymers than the P4VBZA100 

homopolymer, leading to the assumption that the synthesized copolymers might be not the 

block copolymers. Moreover, the carbon signals were slightly shifted with the varying ester 

group concentration of copolymers, summarized in Table 2.3. However, the block copolymer 

should not show the chemical shift of the signals due to the almost unchanged environment 

in the polymer chain. Therefore, this trend of chemical shift might be indicated that the 

fabricated copolymers are not block copolymers.  

To confirm the structure of copolymers, the reactivity ratio of two monomers was estimated 

through Fineman-Ross and inverted Fineman-Ross equations, as respectively shown 

below.41–43  

G = 𝑟1H − 𝑟2 ,           (6) 

𝐺
𝐻⁄ = −𝑟2

1
𝐻⁄ +  𝑟1 ,          (7) 

where 

𝐺 =  
(

𝑓1
𝑓2

⁄ ) [(
𝐹1

𝐹2
⁄ ) − 1]

(
𝐹1

𝐹2
⁄ )

⁄ ,        (8) 

𝐻 =  
(
𝑓1

𝑓2
⁄ )2

(
𝐹1

𝐹2
⁄ )

⁄ ,          (9) 
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therein, r indicates the reactive of monomer. F and f respectively denote the mole fraction of 

monomers and mole fraction of each monomer in the copolymer. 

Figure 2.12 represents the Fineman-Ross and inverted plots, including the linear fitting 

line. The reactivity of St (rSt) and 4VBZA (r4VBZA) were estimated as 0.50 and 0.87, respectively. 

Both monomers’ reactivity and the product of rSt×r4VBZA are less than 1, indicating the tendency 

towards an alternating copolymer of the synthesized copolymers.44–46  
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 Figure 2.11. a) 13C-NMR spectra and chemical structure of final polymer products in CDCl3 

solvent: P4VBZA100 (red), PS4VBZA75 (blue), PS4VBZA50 (black), and PS4VBZA33 

(green). b) Enlargement of 13C-NMR spectra a) from 105-153 ppm.  
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Table 2.3. The summarized 13C-NMR signal positions of the synthesized copolymers with 

various ester concentrations. 

Polymers 
Signal position (ppm) 

Carbonyl of 
ester 

Para- of 
4VBZA 

Para- of St 
Methyl of 

ester 
Polymer 

backbone 

P4VBZA100 166.8 127.4 - 52.1 41.0 

PS4VBZA75 166.9 127.6 126.4 52.0 41.0 

PS4VBZA50 167.1 127.7 126.2 52.0 40.9 

PS4VBZA33 167.2 127.8 126.0 52.0 40.9 

 

Figure 2.12. a) Fineman-Ross and b) inverted Fineman-Ross plots for PS4VBZA copolymers.  
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The ester group polymer was then hydrolyzed using a strong base, followed by an ion-

exchange reaction in an acidic solution to restore the carboxylic acid functional group (Scheme 

2.2). The peak of the ester group (3.8 ppm) was vanished after the hydrolysis reaction, as 

shown in Figure 2.13. In addition, the signal of the carboxylic acid group of all polymers was 

clearly visible in the spectra at around 12.7 ppm, as shown in Figure 2.14. The carboxylic acid 

peak intensity ratio is consistent with the amount of an ester group present before the 

hydrolysis reaction for all polymers spectra, indicating the 100% success of hydrolysis and ion 

exchange procedures. Moreover, these 1H-NMR spectra also ensure the various carboxylic 

acid concentrations for each prepared polymer. 

 

Figure 2.13. 1H-NMR spectra and chemical structure of synthesized polymer in sodium salt-

form after hydrolysis reaction in D2O solvent: P4VBZNa100 (red), PS4VBZNa75 (blue), and 

PS4VBZNa50 (black), and in MeOD-d4 solvent for PS4VBZNa33 (green). 
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Figure 2.14. 1H-NMR spectra and chemical structure of synthesized polymers in DMSO-d6 

solvent: P4VBA100 (red), PS4VBA75 (blue), PS4VBA50 (black), and PS4VBA33 (green). 

Then ATR-FTIR spectroscopy was performed to examine the produced polymer products. 

The bands of C=O (1690 cm-1) and C-O (1250 cm-1) were examined, confirming the existence 

of the carboxylic acid group in the polymer chain (Figure 2.15).47,48 The thermal stability of the 

produced polymer was investigated using TGA (Figure 2.16). Two steps weight loss was 

observed in all polymers. The first weight loss attribute to the evaporation of water in the 

polymer, starting from 50 °C. The second weight loss is attributable to polymer backbone 

degradation, which started at 350 °C. After 500 °C, the polymers were degraded entirely, and 

the amount of char47 leftover from chemical interactions with organic substances was similarly 

agreed with the amount of carboxylic acid group in the polymer chain. The carboxylic acid 

group might cause dehydration, carbonization, and oxidation, resulting in a higher amount of 

char left in the higher carboxylic acid concentration polymer. 
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Figure 2.15. ATR-FTIR spectra of final polymer products: P4VBA100 (red), PS4VBA75 (blue), 

PS4VBA50 (black), and PS4VBA33 (green). All polymers show the band of C=O (1685 cm-1), 

C-O (1250 cm-1), and the hydrogen-bonding interaction (1420 cm-1). 
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Figure 2.16. TGA thermograms of P4VBA100 (red), PS4VBA75 (blue), PS4VBA50 (black), 

and PS4VBA33 (green).  
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2.3.3 The characterization of fabricated polymers thin films 

The polymer thin films were prepared by spin-coating technique. The polymer solution was 

dropped on a clean substrate, and the solvent can be evaporated during the spin-coating 

process. However, the high boiling point DMF, which is difficult to evaporate at room 

temperature, was used for polymer dissolution. Therefore, a post-treatment of prepared 

polymer thin film is required. Figure 2.17a shows the IR spectra of DMF comparing with 

PS4VBA75. The peak position of C=O in DMF was different from that in PS4VBA75 polymer, 

in which a peak in PS4VBA75 appeared at a little higher frequency. With this difference, Figure 

2.17b (red) confirmed the existence of residue DMF in PS4VBA75 thin film after spin-coated 

at room temperature. In addition, a small peak of C=O from DMF can be observed along with 

a C=O peak from PS4VBA75 polymer. However, this small peak from DMF vanished after 

heated the thin film at 60 °C under vacuum, as shown in Figure 2.17b (blue). 
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Figure 2.17. a) IR spectra represent the different peak positions of the carboxylic acid group 

in DMF and PS4VBA75. b) The IR spectra of PS4VBA75 thin film after spin-coated at room 

temperature (RT) (red) and after heating the film under vacuum at 60 °C (blue).  
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Moreover, as shown in Figure 2.18, an IR pMAIRS technique was used to examine the 

polymers’ thin-film structure. The different bands’ shapes between in-plane (IP)×2 and out-of-

plane (OP) directions of the carbonyl (C=O) group from 1670 to 1750 cm-1 were observed. 

The strong absorption band at 1691 cm-1 and 1729 cm-1 were respectively assigned as the 

carbonyl groups of carboxylic acids in a cyclic dimer and free carboxylic acid group.49,50  

In various carboxylic acid concentration polymers, the absorbance ratios of free carboxylic 

acid groups to cyclic dimer carboxylic acid groups were observed (Table 2.4). The larger the 

amount of free carboxylic acid groups, the higher the ratio values of polymeric thin films 

increase with carboxylic acid concentration. This superior amount of free carboxylic acid 

groups might benefit the internal proton conduction because the free carboxylic acid group 

can interact with water molecules and facilitate the hydrogen bonding network formation. The 

lower ratio in polymers with lower carboxylic acid concentrations refers to the thin films’ 

significantly bigger number of cyclic-dimer carboxylic groups. In polymers with lower 

carboxylic acid concentrations, the increased number of cyclic-dimer carboxylic acid groups 

may hinder internal proton conduction. Because cyclic dimers do not provide a free proton 

carrier for long-distance transit, lesser water molecules can engage with carboxylic acid 

groups to extend the hydrogen bonding network. 

By comparing the absorbance ratios of free to dimer carboxylic acid groups with 

decreasing thicknesses in PS4VBA50 and 33 thin films, the distribution of carboxylic acid 

groups in thin films was examined. The more influence of the film interfaces region was 

expected to be found when the film has lower thickness. Figure 2.18 shows that the 

absorbance ratios increase with decreasing of film thickness in both IP and OP directions. The 

fact that the free carboxylic acid groups are more concentrated at the interfacial film area is 

suggested by this film thickness-dependent trend. 

The averaged orientational angle, as the angle from the surface normal, from pMAIR 

spectra was estimated to investigate the molecular orientation of the carboxylic acid group 

using the following equation.50 
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φ = 𝑡𝑎𝑛−1√2𝐼𝐼𝑃
𝐼𝑂𝑃

⁄          (5)  

The estimated angles are about 40° for the free carboxylic acid group and about 45° for 

the dimer carboxylic acid group, respectively. Since the angle of the free carboxylic acid group 

is far from the magic angle of 54.7°,51 assuming that the C=O stretching vibration mode is 

oriented in the thin films. Considering the direction of the C=O stretching vibration mode along 

with the orientational angle, it is suggested that carboxylic acid groups are oriented in a 

direction perpendicular to the substrate surface rather than parallel to the substrate since the 

stronger absorbance was observed in the OP direction. The perpendicular orientation of the 

carboxylic acid group with respect to the substrate may contribute to proton transport at the 

interface. 
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Figure 2.18. IR pMAIR spectra of prepared polymers thin films with various film thicknesses. 

P4VBA100 a) 70 nm, b) 190 nm; PS4VBA75 c) 80 nm, d) 230 nm; PS4VBA50 e) 65 nm, f) 

190 nm; and PS4VBA33 g) 80 nm, h) 170 nm. 
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Table 2.4 IR pMAIR absorbance ratio of free carboxylic acid groups (1729 cm-1) to dimer 

carboxylic acid groups (1691 cm-1).  

Polymers 
Film thickness 

(nm) 

Free to dimer carboxylic acid group 
absorbance ratio 

IP×2 OP 

P4VBA100 
70 0.70 1.17 

190 0.73 1.11 

PS4VBA75 
80 0.72 1.06 

230 0.68 0.94 

PS4VBA50 
65 0.67 0.88 

190 0.63 0.79 

PS4VBA33 
80 0.55 0.65 

170 0.50 0.56 

 

Moreover, C 1s XPS spectra (Figure 2.19) of polymer thin films confirm the various 

carboxylic acid concentrations at the surface of films. The presence of C-C, C-O, and C=O 

bands was respectively shown at the binding energy of 284.5 eV, 285.7 eV, and 288.9 eV. 

The weak band of π-π* interaction presences at a binding energy of 291.0 eV for all polymers. 

The P4VBA100 polymer with the highest carboxylic acid concentration shows the highest C=O 

(289±0.1 eV)52–54 relative intensity, respectively following by PS4VBA75, 50, and 33. Thus, 

the various carboxylic acid concentrations for each polymer thin film are confirmed by all of 

the data. We summarize that the free-radical polymerization of styrene-based monomer in 

ester form was able to control the ester or carboxylic acid concentration in the styrene-based 

copolymers. 
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Figure 2.19. XPS spectra of a) P4VBA100, b) PS4VBA75, c) PS4VBA50, and d) PS4VBA33. 

e) The dependence of XPS peak intensity of C=O on the ratio of the carboxylic acid 

concentration of synthesized polymers.  
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2.3.4 Influence of carboxylic acid concentration on water uptake 

Because water molecules can form a hydrogen bonding network, the water adsorption 

behavior of polymers must be considered. These networks operate as a proton-conducting 

pathway that facilitates proton conduction. The carboxylic acid group can adsorb and interact 

with water molecules to form the hydrogen bonding network.4–7,18 Therefore, the presence of 

the carboxylic acid group in the materials is intended to influence its water uptake behaviors. 

The water uptake ability of prepared polymers was examined using a QCM system under 

varied RH. Due to the few water molecules in the atmosphere at low RH, all thin films have 

identical water adsorption capabilities, as shown in Figure 2.20. After that, increasing the RH 

resulted in an increase in water uptake. The high carboxylic acid concentration might improve 

the water uptake of P4VBA100 thin-film by enhancing the film hydrophilicity and providing 

better extensive hydrogen bonding networks. P4VBA100, on the other hand, has a water 

uptake that is nearly identical to that of other PS4VBA polymers. For all polymers at 60 % RH, 

at least one water molecule was adsorbed by half of the carboxylic acid groups. It is also worth 

noting that when the carboxylic acid concentration rises, the total amount of water molecules 

adsorb in the polymer thin film. The information mentioned above can be stated as follows: 

the carboxylic acid groups of all manufactured polymers can adsorb water molecules and may 

act as a transporter for protons. 
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Figure 2.20. The relationship of humidity and the number of adsorbed water molecules per 

carboxylate group for polymer thin films (70-80 nm): P4VBA100 (red), PS4VBA75 (blue), 

PS4VBA50 (black), and PS4VBA33 (green). 
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2.3.5 Influence of carboxylic acid concentration on in-plane proton transport 

properties of polymer thin films 

The effect of carboxylic acid concentrations on proton transport properties was examined 

using the in-plane proton conductivity of manufactured polymeric thin films. As stated by the 

water uptake at 60 % RH, 50% of the carboxylic acid groups might be able to adsorb water 

molecules. As a result, there is a chance that 50% of the proton will dissociate from the 

carboxylic acid group and become transportable. The interfacial proton conduction might 

happen in the case of a high pKa weak carboxylic acid, depending on the concentration of the 

acid group and the number of adsorbed water molecules.  Proton transport at the surface of 

fully protonated poly(aspartic acid) thin films had previously been reported.30 Consequently, it 

is possible that interfacial conductivity occurs in thin films that have been created rather than 

internal conductivity. The hydration number of four polymer thin films was found to be almost 

comparable. As a result, the proton transport mechanism and the effect of carboxylic acid 

concentrations were examined. The interfacial proton conductivity of all-polymer thin films was 

examined using the same approach. The conductivities of polymer thin films of various 

thicknesses were then investigated. Figure 2.21 shows the RH dependence of polymer thin 

films’ proton conductivity. Only P4VBA100 has a conductivity independent of film thickness, 

whereas all PS4VBA thin films have a conductivity dependent on film thickness, with 

decreased conductivity in thicker films. Internal conductivity is usually expected to be 

unchanged regardless of film thickness.30 Therefore, interfacial proton transport must be taken 

into account.55,56 
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Figure 2.21. Relative humidity dependence of an in-plane proton conductivity for polymer thin 

films with different film thicknesses: P4VBA100 (red), PS4VBA75 (blue), PS4VBA50 (black), 

and PS4VBA33 (green). 

The normalized resistance or R’ was then estimated to explain the interfacial proton 

conduction. Figure 2.22 displays the impact of film thickness on R’. As displayed in Figure 

2.21, P4VBA100 thin film had a unique tendency than PS4VBA thin films. The R’ dependence 

of the film thickness was discovered in P4VBA100, which indicates the internal proton 

transport. PS4VBA50 and 33, on the other hand, show a similar pattern of film thickness 

independence. The interfacial proton conduction of PS4VBA50 and 33 films is confirmed by 

the film thickness dependence of conductivity. It is important to note that PS4VBA75 thin film 

shows film thickness-dependence of R’ and proton conductivity (Fig. 2.21). The PS4VBA75 

thicker film has lower R’, which provides both internal and interfacial proton conduction. 
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Figure 2.22. Relative humidity dependence of the normalized interfacial resistance for 

polymer thin films with various film thicknesses: P4VBA100 (red), PS4VBA75 (blue), 

PS4VBA50 (black), and PS4VBA33 (green). 

The presence of a high carboxylic acid group encourages proton carrier density, improves 

proton transport characteristics.4 Additionally, the water molecules induce the expansive 

hydrogen-bonding network and carboxylic acid group dissociation to provide proton carriers.57 

Therefore, it was hypothesized that films with a high carboxylic acid content would have higher 

proton transport abilities. The conductivity of all polymers was examined at a similar film 

thickness of 70–80 nm, as shown in Figure 2.23. The RH dependence of proton conductivity 

was discovered in all polymers which the conductivity enhanced with the increasing of RH. 

This RH-dependent proton conductivity can be clarified by the improvement of the hydrogen 

bonding network. When the quantity of water molecules in the polymer thin film grows, the 
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hydrogen bonding network can extend more effectively under high RH circumstances, 

promotes proton conduction, and improves proton conductivity. Despite the fact that the proton 

carrier density was predicted to be variable, the conductivity of all polymers is nearly the same. 

It is worthy to note that the conductivity shown in Fig. 2.23 originates from different proton 

conduction pathways. The proton conductivities of PS4VBA50 and 33 films were originated 

from the interfacial proton conduction. Due to the fewer water molecules and the high number 

of cyclic dimer carboxylic acid groups, the hydrogen bonding network inside the polymers’ film 

was severed at low RH. 

Moreover, free carboxylic acid groups are more positioned at the thin film interfaces. Even 

though the number of water molecules in the polymers’ film increased under higher RH, the 

continuous hydrogen bonding network was not significantly improved due to the poor density 

of the carboxylic acid group. Therefore, in low carboxylic acid concentration polymeric thin 

films such as PS4VBA50 and 33, interfacial proton conduction was dominant for all RH 

regions. The conductivity of the P4VBA100 thin-film dominantly originated from internal proton 

conduction. Inside the film, a highly effective hydrogen bonding network can emerge, resulting 

in internal proton conduction and increased conductivity with RH. In the PS4VBA75 thin film, 

however, both internal and interfacial proton conduction occurred. Because the lower 

carboxylic acid content may result in a less efficient hydrogen bonding network inside the film 

than the P4VBA100 thin film, interfacial conductivity is preferred at low RH. Then, the internal 

transport happened due to the hydrogen bonding network expansion inside the film at high 

RH (Fig.2.22b). Furthermore, the internal proton conductivity is influenced by proton carrier 

density. As shown in Fig. 2.23, at 95% RH, the proton conductivity of PS4VBA75 was lower 

than that of P4VBA100. The increased proton carrier density of P4VBA100 compared to 

PS4VBA75 may have influenced the difference in internal proton conductivity, resulting in 

better internal proton conductivity. 
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Figure 2.23. Relative humidity dependence of an in-plane proton conductivity for polymer thin 

films (70-80 nm): P4VBA100 (red), PS4VBA75 (blue), PS4VBA50 (black), and PS4VBA33 

(green). It is important to note that the conductivity derives from different proton transport 

behaviors. The conductivities of PS4VBA50 and 33 were derived from the interfacial proton 

conduction. 

The fact that the results above lead to the supposition of a relationship between carboxylic 

acid content and the proton transport characteristics is particularly interesting. Table 2.5 shows 

the summarized main proton conduction pathway of fabricated thin films. The polymer films 

with high carboxylic acid concentrations, P4VBA100 and PS4VBA75, tend to allow internal 

proton transport. While the films of lower carboxylic acid concentration polymers, such as 

PS4VBA50 and 33, prefer interfacial proton conduction over internal proton transport. The 

carboxylic acid concentration, which affects the water channel or the proton transport pathway, 

is responsible for this difference in the main proton conduction behavior. A large number of 
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free carboxylic acid groups in high carboxylic acid concentration polymers (Figure 2.18 and 

Table 2.4) benefit the hydrogen bonding network formation between water molecules and free 

carboxylic acid functional groups, thereby facilitating internal proton transport. 

Table 2.5. The summarized main proton transport pathway of the synthesized polymer thin 

films with various carboxylic acid concentrations (+, observed; -, non-observed).  

Polymers 
Proton transport 

Internal Interfacial 

P4VBA100 + - 

PS4VBA75 + + 

PS4VBA50 - + 

PS4VBA33 - + 

 

Low carboxylic acid concentration films with a high amount of cyclic dimer carboxylic acid 

groups, on the other hand, resulted in poor proton transport channels inside the films, as 

shown in Figure 2.24. Therefore, the internal proton conduction is not favored in PS4VBA50 

and 33 thin films. The interfacial proton transport occurred since the free carboxylic acid is 

more located at the film’s interfaces. On the other hand, PS4VBA75 prefers both internal and 

interfacial proton conduction. Because of relatively high carboxylic acid concentration, the 

hydrogen-bonding network can be boosted under high RH. The internal proton transport can 

also occur together with the interfacial proton transport. This discussion is supported by the 

fact that the number of free carboxylic acid groups in the film has grown. 
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Figure 2.24. Schematic representation of the dependence of main proton transport pathway 

in polymer thin film on the carboxylic acid group concentration. 

The influence of carboxylic acid concentration on the activation energy of polymer thin 

films was investigated. The conductivity measurement was performed under 90% RH, where 

P4VBA100 and PS4VBA75 exhibit internal proton conduction, whereas PS4VBA50 and 33 

provide interfacial proton conduction. As shown in Figure 2.25, the activation energy of thin 

films with internal proton conduction has slightly lower activation energy than that of the films 

with interfacial proton conduction. This trend of higher activation energy in interfacial proton 

transport thin films might be caused by the low carboxylic acid group density, resulting in more 

difficulty for proton transportation in the films. While the films with high carboxylic acid 

concentration, which facilitates the proton conduction under high RH, show lower activation 

energy. The information above supports the influence of the carboxylic acid group on the 

proton transport properties of the films. 
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Figure 2.25. Temperature dependence of an in-plane proton conductivity for polymer thin films 

(65-80 nm): P4VBA100 (red), PS4VBA75 (blue), PS4VBA50 (black), and PS4VBA33 (green). 
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2.4 Conclusions 

Several St-based copolymers were synthesized via free-radical polymerization of ester 

derivative monomers, 1H-NMR, TGA, and XPS techniques were applied to verify the 

carboxylic acid concentrations of the prepared polymers. Free and cyclic dimer carboxylic acid 

groups can be found in the IR pMAIR spectra. In films with larger concentrations of carboxylic 

acid groups, a superior ratio of free carboxylic acid groups to dimers was identified, facilitating 

the extension of hydrogen bonding networks in the films. In all thin films, approximately the 

same number of water molecules were adsorbed per carboxylic acid group, according to the 

water uptake results. The in-plane proton transport was studied via impedance spectroscopy. 

The R’ was also estimated to study the possibility of proton conduction through interfaces. 

Internal proton transport was observed in the films containing high carboxylic acid 

concentrations, while interfacial proton transport was found in films containing low carboxylic 

acid concentrations. The two forms of carboxylic acid groups, free and cyclic dimer, were 

addressed in connection to differences in proton conduction pathways. Polymers thin films 

with high carboxylic acid concentration contain appropriate free carboxylic acid groups inside, 

facilitating an internal proton transport. Low carboxylic acid concentration polymers thin films 

contain a relatively high number of cyclic dimer carboxylic acid. Interfacial proton conduction 

is also caused by more free carboxylic acid groups on the film interfaces. The results above 

show that carboxylic acid concentration in polymers influences the proton transport behavior 

of the thin films.  
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Chapter 3 

The development of the parallel-shaped field-effect transistor  

electrodes for alternative current impedance measurement 

 
Abstract 

The investigation of proton transport properties is essential for better understanding the 

various biological systems. The use of protonic field-effect transistors (H+-FETs), which an 

applied voltage can modulate the proton transport, is a promising candidate for bridging 

biological and electronic systems. In previous H+-FETs, the protonic current was generated 

from a PdHx electrode under the H2 atmosphere and a direct current (DC). This Pd electrode 

reaction might affect the electrical properties of proton conductive material in H+-FETs. 

Therefore, in this study, the electrical properties measurement of relatively low proton 

conductivity material in devices with Au electrode and alternative current (AC) was newly 

developed to avoid the effect of electrode reaction. Compared to the DC method, the AC 

method gives us more information and separation of each component depending on the 

frequency. The H+-FET-like devices were designed as a small parallel-shaped of 500-750 µm 

width and 50-150 µm length, named PFET. The fabricated weak-acid functionalized styrene-

based copolymer’s electrical properties from the previous chapter were successfully 

investigated using Au electrodes and AC-impedance measurement. However, due to the 

relatively low proton conductivity and high resistance of the fabricated polymer thin film, the 

electrical response of polymer thin film was dominated by the electrode/ polymer thin film 

interfacial response. In order to improve the H+-FETs performance, the modification of PFETs 

design with short channel length and wide channel width or long electrode length was 

expected to reduce the resistance of polymer thin film. 
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3.1 Introduction 

Proton transport plays an essential role in many biological systems.1–14 To understand 

more insight into proton transport in biological systems, the investigation of proton transport is 

necessary. Protonic field-effect transistors (H+-FETs) have recently received much attention 

from the researcher because of their ability in the proton transport controlling through an 

applied voltage.15–19 With this reason, the H+-FETs are promising candidates for bridging 

biological and electronic systems.18–21 As shown in Figure 3.1, the H+-FETs also consist of 

three electrodes of source (S), drain (D), and gate (G) as same as other types of FETs, but 

the charge carrier in this device is positive charge protons (H+) instead of electrons.19 

Therefore, the proton conductive materials that can support proton conduction are critical parts 

of H+-FETs. 

 

Figure 3.1 The schematic represents protonic field-effect transistor (H+-FETs). The pink area 

represents the proton conductive material. The yellow part denotes the metal electrode. The 

blue and purple areas represent the insulating oxide layer (i.e., SiO2) and a gate electrode. 

The H+-FETs with biopolymers that can support the proton transport have been intensively 

investigated. Zhong et al. developed a polysaccharide-based bioprotonic transistor that can 

conduct proton (H+).20 Deng and co-workers fabricated an H+-FET with a maleic-chitosan as 

an active layer.22 The H+-FETs with a reflectin film containing amino acid groups were 

reported.18,23 The proton conductivity of electrospun chitosan nanofibers in FETs was also 
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reported.19 However, the critical part of these devices is a pair of palladium (Pd) electrodes, 

hydrogen (H2) atmosphere, and direct current (DC) because the Pd electrodes can react with 

H2 and continuously provide protons as charge carriers by forming PdHx, as shown 

below.19,21,22,24 

 

Therefore, this Pd electrode reaction is necessary for the relatively low proton conductivity 

materials, including biopolymers. However, the proton produced by the Pd electrode reaction 

as an extra proton might affect the amount of proton carrier or proton carrier density of 

conductive material, which might also affect the electrical properties of proton conductive 

materials.20  

In this study, to avoid the effect of the electrode reaction, the gold (Au) was selected as an 

electrode material since Au is considered as one of the suitable contact metal FET with no 

significant contribution from electrode reaction.25,26 And the impedance measurement was 

performed under an alternative current (AC) for electrical properties investigation. In this case, 

the effect of the extra proton carrier produced by the Pd electrode reaction on the material’s 

electrical properties can be prevented. Therefore, the development of proton transport 

properties investigation in H+-FET using Au electrodes and AC conditions is challenging and 

promising. The H+-FETs with small parallel-shaped channels were designed and named as 

PFETs. The relatively low proton conductivity carboxylic acid functionalized styrene-based 

copolymers from the previous chapter were applied to the FETs, and the electrical properties 

of these H+-FETs were studied. The carboxylic acid functionalized polymers are suitable for 

application with PFETs due to their low water adsorption ability, leading to less suffering from 

the swelling effect of polymer thin film. 
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3.2 Materials and methods 

3.2.1 Materials 

Silicon wafer (Si-wafer) with 100 nm thick thermal oxide insulating layer and <100> crystal 

direction was purchased from Seiren KST Corp., Japan. The MicropositTM LOLTM 2000 liftoff 

layers and MicropositTM remover 1165 were purchased from Dow Chemical Company. 

Positive photoresist TSMR-8900 and tetramethylammonium hydroxide (NMD-W, 2.38% w/w) 

were purchased from Tokyo Ohka Kogyo Co., Ltd. Acetone (99.8%, EL grade) was purchased 

from Kanto Chemical Co., Inc. Hydrofluoric acid (HF, 48 wt% in H2O) was purchased from 

Sigma-Aldrich Co., LLC. All the chemicals were used as received. The fabricated proton 

conductive polymer functionalized with a carboxylic acid group from Chapter 2, PS4VBA50, 

was used in this chapter study. 

3.2.2 PFETs pattern design 

The parallel-shaped channel FET or PFETs were designed with two parallel electrodes, 

as shown in Figure 3.2a. Figure 3.2b shows the pattern designed using Autodesk AutoCAD 

2021. The channel length of 150, 100, and 50 µm and width of 750, 500, and 300 µm were 

chosen. As shown in Figure 3.2, the PFETs were designed on the substrate size of 2 cm × 2 

cm and the electrodes were designed with a long straight line of 0.4 mm and a small square 

for the electrical connection.  
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Figure 3.2 a) The schematic shows the design of PFET’s channel shape. b) The pattern 

design of PFETs with the channel length 150,100 and 50 µm, and channel width of 750, 500, 

and 300 µm on the area of 2 cm × 2 cm.  

3.2.3 Preparation of PFETs 

The surface of the Si wafer was cleaned by plasma treatment (FA-1 plasma etching 

system; Samco) of 15 W for 3 min. The liftoff material, MICROPOSITTM LOLTM 2000, was spin-

coated (1H-DX2 Mikasa spincoater; Mikasa) on the Si-wafer then baked on a hot plate at 

180°C for 3 min. The photoresist, TSMR-8900, was then spin-coated on top of the liftoff 

material layer then baked on a hot plate at 110°C for another 1.5 min. After cooled down, the 

prepared wafer was protected from ultraviolet (UV) light by wrapping it with aluminum foil. The 

photolithography was done using the radiation wavelength of 504 nm on the designed 

electrode pattern area. The exposure parts of photoresist and liftoff material layers were 

washed away with 2.38% w/w NMD-W solution for 55 seconds, followed by rinsing with water 

for a minute and dried with a nitrogen blower. Then the devices’ surface was cleaned again 

by plasma treatment at 50 W for 1 min.  

The source (S) and drain (D) metal electrodes were prepared by radio frequency (RF) 

sputtering technique. A layer of titanium (Ti) was sputtered as a first layer, followed by a gold 
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(Au) layer, in which the total thickness of the metal electrode is 180 nm. The non-electrode 

part was removed by immersed in MICROPOSITTM remover 1165 at 80°C. Figure 3.3 shows 

the PFETs preparation from the photolithography process (Mark Less Aligner, Heidelberg 

Instruments MLA150) to wash photoresist and liftoff material. After that, the devices were 

sonicated in acetone, rinsed with water, and dried with a nitrogen blower. Each set of devices 

on the Si-wafer was separated in the size of 3.5 cm × 3.5 cm. A small part of the SiO2 layer at 

the edge of the Si wafer substrate was etched by buffered HF for the gate (G) connection. The 

metal electrode thickness was examined using a step profiler (Alphastep D-500). 

 

Figure 3.3 The schematic diagram represents the electrode patterning process.  
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3.2.4 Preparation of polymer thin film on PFETs 

The surface of PFET was cleaned by the plasma treatment before use. Then the polymer 

functionalized with a carboxylic acid group, PS4VBA50, was dissolved, spin-coated, and dried 

on the prepared PFETs using the same procedure as in Chapter 2. The polymer thin films 

were prepared with a similar thickness of 70-80 nm. The excess film outside the channel and 

gate (G) area was removed using methanol as a solvent, as shown in Figure 3.4.  

 

Figure 3.4 The schematic diagram represents the thin film preparation on the PFETs process. 

The pink, gold, and blue areas represent proton conductive polymer thin film, electrodes, and 

silicon wafer substrate, respectively. The small area of SiO2 at the edge of the substrate as a 

gate (G) was removed.  
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3.2.5 Proton conductivity measurements  

The polymer thin film’s proton conductivity on PFET was investigated in the relative 

humidity (RH)-controlled and temperature-controlled chamber (SH-221; Espec Corp.) using 

an AC-impedance spectroscopy measurement system obtained with a frequency response 

analyzer equipped with a high-frequency dielectric interface (SI1260 and SI1293; Solartron 

Analytical). Both electrodes were connected with Au wire and substrate holder using a porous 

gold paste, as shown in Figure 3.5. The gate electrode (G) was connected with Au wire by 

porous paste for the S-G resistivity measurement.  

 

Figure 3.5 The schematic displays the impedance measurement setup for study the electrical 

properties of PFETs.  



Chapter 3 
 

88 
 

3.3 Results and discussion 

3.3.1 The preparation of PFETs 

The PFETs with parallel-shaped electrodes were successfully fabricated on Si-wafer 

substrate, as shown in Figure 3.6a. The thickness of the Ti and Au sputtered electrode was 

examined using a step profiler. Figure 3.6b shows the thickness profile of the metal electrode, 

which is around 180 nm.  

 

Figure 3.6. a) The image of prepared PFETs. b) The thickness of metal deposited electrode 

on PFET measured by step profiler. 
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3.3.2 Electrical properties of weak-acid functionalized styrene-based copolymer thin 

films in PFETs 

3.3.2.1 The impedance response in PFETs  

The electrical properties of polymer thin film on PFETs with different channel sizes were 

successfully investigated using an AC-impedance spectroscopy measurement system. Figure 

3.7 shows the Nyquist plots of PS4VBA50 thin film on 500×50 and 750×150 PFETs. According 

to the polymer thin film’s resistance on quartz substrate from Chapter 2, the expected 

resistance of the film on 500×50 and 750×150 PFETs at 60%RH were around 3×1011 Ω and 

6×1011 Ω, respectively. However, the impedance response of PS4VBA50 thin films on both 

PFETs channel sizes did not show the semicircle response. Usually, the impedance response 

of conductive materials should have shown a semicircle response at the high-frequency region 

and a vertical-line-like response at the low-frequency region.27–33 The semicircle response 

provides the film resistance and capacitance, while the vertical-line-like response represents 

the capacitive behavior.25,33–38 The electrical properties of polymer thin film as the resistance 

and capacitance can be observed from the semicircle response, which changes with 

temperature, film thickness, chemical atmosphere, and RH.25 The observed vertical-line-like 

response of PS4VBA50 thin film on PFETs may be caused by the polymer thin film’s high 

resistance and low conductivity, as predicted above according to the previous chapter data. 

Figure 3.8 shows the impedance and capacitance, which are possible to present in our 

measurement.25,39 Rf and Cf respectively represent the resistance and capacitance of polymer 

thin film. The resistance originating from the Au wire connection was assigned as Rs. It is 

necessary to consider the Si-wafer substrate and interface region between Au electrode and 

Si-wafer substrate. ReSi and CeSi are the resistance and capacitance of the Au electrode/ Si-

wafer substrate interface. The resistance of the Si-wafer substrate (RSi) is significantly high, 

so only the SiO2 capacitance of the substrate (CSi) was considered. The response from the 

polymer thin films in Figure 3.7 might be dominated by the double layer capacitance response 

between polymer thin film and Au electrode interface (Cfe), as shown in Figure 3.8. Rfe could 

be ignored because the faradaic charge across the interface was negligible since Au is a non-
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reactive electrode and acts as a blocking electrode.25 Therefore, due to the high resistance, 

only Cfe can be observed at this interface region.  

 

Figure 3.7 The Nyquist plots of PS4VBA50 thin film at various RH on the PFETs with the 

channel size of a) 500 µm width and 50 µm length (500×50) and b) 750 µm width and 150 µm 

length (750×150). 
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Figure 3.8 The schematic represents the possible impedance and capacitance components 

in the polymer thin film on silicon wafer (Si-wafer) substrate with gold electrodes. Yellow, pink, 

and purple areas represent the gold electrodes, proton conductive polymer thin film, and SiO2 

layer of Si-wafer substrate, respectively. R and C denote resistance and capacitance, 

respectively. Rs represent a serial resistance originated from the electrode contact. The 

subscripted f and Si represent the R/ C of the film and SiO2 layer, respectively. The R and C 

of the interfacial region between the polymer film/ Au electrode were written as Rfe and Cfe. 

ReSi and CeSi denote the R and C of Au electrode/ Si-wafer substrate.25,39 

It is essential to consider the resistance of the dielectric layer (ReSi). If the impedance 

response was obtained from the dielectric layer, the impedance response from PFETs with 

different channel lengths should be the same. In contrast, the impedance response should 

change with the device’s channel length if the response was derived from the polymer thin 

film. The PFETs with the same channel width of 750 µm but different channel lengths of 50 

and 150 µm were examined, as shown in Figure 3.9. The change of impedance response with 

PFET’s channel length while the channel width was fixed referring to the impedance 

responses of the polymer thin film. However, even at high RH, where the conductivity of 

polymer thin film was expected to be improved, the semicircle response still cannot be 

observed in both PFETs. Therefore, even both PFETs with a smaller channel size of 500 µm 
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width and 50 µm length (500×50) and a larger channel size of 750 µm width and 150 µm length 

(750×150) tend to show the RH dependence response, referring to the response obtained 

from the polymer thin film, the resistance of polymer thin film (Rf) could not be estimated. 

 

Figure 3.9 The Nyquist plots of PS4VBA50 thin film at a) 60%RH and b) 80%RH on the PFET 

with a fixed channel width of 750 µm but different channel length of 50 µm (blue ) and 150 

µm (red ).  

The impedance response between two Au electrodes without polymer thin film, S-D, was 

investigated and compared with the response of polymer thin film, as shown in Figure 3.10a. 

The S-D impedance response shows a similar vertical-line-like response to the response of 

polymer thin film. This information confirms that the resistance of polymer thin film is 

excessively high and comparable to the Au electrode/ air resistance. Moreover, the impedance 

response between electrode and gate, S-G, or the resistance of the insulating layer was 

observed, as shown in Figure 3.10b. The curve-line response was observed, referring to the 

partially short-circuit between S-G. This result confirms the high resistance of polymer thin 

film, which is comparable to or higher than the insulating layer’s resistance. Therefore, the 

reduction of polymer thin film resistance on PFETs is necessary to investigate low conductivity 

polymer thin film. 
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Figure 3.10 a) The Nyquist plots of PS4VBA50 thin film at 60%RH on the PFETs with 500 µm 

width and 50 µm length (500×50) and 750 µm width and 150 µm length (750×150) channel 

sizes comparing to the impedance of source (S) and drain (D). b) The impedance of S and 

gate (G) at 60%RH. 
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3.3.2.2 The effect of channel size on impedance response in PFETs and the proposed 

method for the performance improvement   

The influence of PFET’s channel size on the impedance response was investigated. The 

Nyquist plots of smaller channel size, 500×50, and larger channel size, 750×150, were 

compared in Figure 3.11a-d to evaluate the influence of channel size. Even though the channel 

size was different, a similar response was obtained. However, the response of PFET with 

500×50 channel size tends to show a more RH dependence trend. The impedance response 

of 500×50 and 750×150 PFETs were compared with 750 µm width and 50 µm length (750×50) 

PFET to identify more in detail of the effect of channel size, as shown in Figure 3.11e. The 

response of polymer thin film on 750×50 PFET shows different impedance responses from 

polymer thin film responses on 500×50 and 750×150 PFETs. The response of polymer thin 

film on a wide channel width of 750 µm and a short channel length of 50 µm PFET might be 

less suppressed by the double layer capacitance response. If this assumption was correct, 

the impedance response of the polymer thin film might be able to improve by reducing channel 

length and increasing channel width.  
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Figure 3.11 The comparison of the Nyquist plots of PS4VBA50 thin film between PFET with 

the channel size of 500 µm × 50 µm (500×50) and 750 µm × 150 µm (750×150) at a) 60%RH, 

b) 80%RH, c) 90%RH, and d) 95%RH. e) The Nyquist plots of PS4VBA50 thin film on 500×50, 

750 µm × 50 µm (750×50), and 750×150 PFETs at 60%RH. 
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The channel’s design needs to be adjusted to improve PFETs performance with low 

conductivity polymer thin film. According to the conductivity equation below (equation 1), the 

width (W) and length (L) of the channel or the channel size directly affect the resistance. 

σ = 𝐿
𝑅𝑊𝑡⁄ ,           (1) 

Where σ, R, and t represent the proton conductivity of polymer thin film, the resistance 

value collected from the impedance, and the film’s thickness, respectively. 

In order to improve the performance in electrical properties investigation, one possible 

method is to reduce the resistance of polymer thin film. Equation 1 can be rearranged as 

below. 

𝑅 = 𝐿
σ𝑊𝑡⁄ ,           (2) 

From equation 2, it was shown that the resistance increased with the increase of the 

channel length (𝐿 ∝ 𝑊 ) but decreased with the increase of the channel width (𝑅 ∝  1
𝑊⁄ ). 

Consistent with the above assumption, the device with a short channel length provided a better 

polymer thin film impedance response. Therefore, the design of FET with short channel length 

and wide channel width was expected to reduce the resistance of polymer thin film.  
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3.4 Conclusions 

The devices for electrical properties investigation of polymer thin film with a parallel-

shaped channel, PFETs, were successfully fabricated with different channel sizes. The 

electrical properties of the fabricated weak-acid functionalized styrene-based copolymer thin 

film, PS4VBA50, in PFETs were investigated using AC-impedance measurement to prevent 

the electrode reaction. The Nyquist plots of polymer thin film on the PFETs show the vertical-

line response, indicating that Au electrodes/ polymer thin film interfacial double layer 

capacitance was involved and dominated. This dominant response might be caused by the 

relatively low proton conductivity of fabricated PS4VBA50 thin film. The PFET with a short 

channel length and wide channel width tends to provide a slightly better RH dependence 

impedance response. The method for RH dependence response improvement was discussed. 

The reduction of channel length and the extension of the channel or electrode width were 

expected to reduce the polymer thin film’s resistance. After the device’s channel structure 

modification, the semicircle-response, which represents the response of polymer thin film, 

might be obtained using the AC-impedance measurement and Au electrodes.  
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Chapter 4 

The development of comb-shaped field-effect transistors electrodes 

for low conductivity polymer thin films investigation 

 
Abstract 

The investigation of proton transport in biopolymers or bioinspired materials is essential 

since these materials can be applied in many applications and leads to more understanding 

of the mechanism in biological systems. However, due to the low proton conductivity of these 

biomaterials, the investigation of electrical properties without using the influence of extra 

proton from the Pd electrode is challenging. The devices with highly extended channel width 

and short channel length comb-shaped gold electrodes (CFETs) were fabricated to reduce 

the resistance of polymer thin films. The low proton conductivity polymer thin film was applied 

to the designed CFETs, and its electrical properties were successfully investigated using the 

AC-impedance measurement. The polymer thin film’s impedance response obtained from 

CFETs was clearly shown without the dominated by the double layer capacitance response. 

The semicircle and relative humidity (RH) dependence responses were also observed, 

confirming the response of polymer thin film’s proton conduction, and the electrical properties 

of low conductive polymer thin film can be estimated. The influence of channel length shows 

that CFETs with shorter channel lengths are better in the polymer thin film’s resistance 

reduction. Moreover, the effect of the substrate surface on the films’ electrical properties was 

discovered. The type of substrate surface strongly influences the main proton transportation 

at the film/ substrate surface interface region. This study overcomes the drawbacks of 

dominating double layer capacitance response and the short circuit between two electrodes 

through the thin dielectric layer in the AC-impedance measurement method. 
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4.1 Introduction 

Even though these bioinspired materials provide relatively low proton conductivity 

compared to the proton conductivity of commercial NafionTM, the study of proton transport 

properties in biopolymers is still gaining much attention from many researchers to its efficient 

proton transfer along the amino acid pathway.1–3 The study of proton transport in biomaterials 

also leads to more understanding of proton translocation in biological systems. For example, 

Zhong and co-workers studied the proton transport in maleic-chitosan nanofibers.4 The proton 

conductivity of pyridine chitosan, a biomaterial, has been investigated.5 The electrical 

properties of cephalopod biopolymers also have been examined recently.6–10 Amdursky and 

co-workers examined the proton conduction across the bovine serum albumin mat.11 Table 

4.1 summarized proton conductivity of the reported biomaterials in a range of 1×10-5-0.7 mS 

cm-1. Therefore, due to the low conductivity of these biomaterials, many studies used the 

palladium (Pd) electrodes for electrical properties investigation since Pd electrodes can 

provide extra protons when reacting with H2 using a direct current (DC) measurement.6,12–14 

To prevent the influence of electrode reaction that can affect the electrical properties of proton 

conductive materials, developing the device for biopolymer’s electrical properties 

measurement without using Pd electrode is challenging. 

Table 4.1 The summarized proton conductivity of NafionTM and reported biomaterials. 

Materials Proton conductivity (mS cm-1) 

NafionTM15 78 

Keratin Sulfate3 0.5 

Maleic-chitosan nanofibers4 0.7 

Pyridine chitosan5 1×10-5 

Melanin8 0.02 

Reflectin9 0.1 

Bovine Serum Albumin11 0.05 
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From the previous chapter, Chapter 3, the parallel-shaped FETs (PFETs) were 

successfully fabricated for the alternative current (AC)-impedance measurement using gold 

(Au) electrodes. The effect of electrode reaction can be prevented using an AC-measurement 

system, and the information of each component, depending on the frequency, can be 

investigated. However, the electrical properties of polymer thin film cannot be identified due to 

its high resistance and low conductivity. The response of double layer capacitance dominated 

the response of polymer thin film. The proposed solution to improve this situation is to reduce 

the channel length and extend the channel width.  

Previously, many studies of charge transport in a small device as FETs were published. 

For example, maleic chitosan proton transport properties were investigated in FET devices 

with channel width and length of 3.5µm and 8.6  µm, respectively.4 Mondal and co-workers 

studied the proton transport of protein biopolymer using devices with only 70-100 µm channel 

length.16,17  The proton conductivity of thiourea-based polymer membranes was examined in 

the transistor device with a narrow channel length of 100 µm and wide channel width of 5 cm.6 

The channel size of FET for investigation of cephalopod protein’s proton transport properties 

also relatively small with 50 µm long and 400 µm width.18 The FETs for organic semiconductor 

thin films were also reported with a broad channel width of 1000-2000 µm and a short channel 

length of 10-20 µm.19–21 This trend of channel size suggests that a relatively wide and short 

channel might be preferable for the electrical properties’ investigation of conductive materials 

with low proton conductivity and high resistance. Even though our previous PFETs were 

comparable to the size of these devices, 50-150 µm long and 500-750 µm wide. It is important 

to note that we use a gold electrode and AC-impedance system for our measurement, which 

no extra proton involved. Therefore, increasing channel width and decreasing channel length 

of FETs were expected to improve polymer thin film impedance response. 

A shorter and broader channel is required to change the PFET pattern. In this chapter, the 

devices with comb-shaped electrodes or CFETs were designed and fabricated. The channel 

width can be dramatically increased using comb-shaped electrodes. At the same time, the 

channel length was designed to be narrower in order to decrease the polymer thin film 
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resistance. Moreover, the relatively low proton conductivity carboxylic acid functionalized 

styrene-based copolymer from the Chapter 2 was applied to the CFETs to examine electrical 

properties using a gold electrode and AC-impedance measurement. 
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4.2 Materials and methods 

4.2.1 Materials 

Silicon wafer (Si-wafer) with 100 nm thick thermal oxide insulating layer and <100> crystal 

direction was purchased from Seiren KST Corp., Japan. 1,1,1,3,3,3-Hexamethyldisilazane 

(HMDS) was purchased from Tokyo Chemical Industry Co. Ltd., Japan. Positive photoresist 

TSMR-8900 and tetramethylammonium hydroxide (NMD-W, 2.38% w/w) were purchased 

from Tokyo Ohka Kogyo Co., Ltd. MicropositTM remover 1165 was purchased from Dow 

Chemical Company. Acetone (99.8%, EL grade) was purchased from Kanto Chemical Co., 

Inc. All the chemicals were used as received. The fabricated proton conductive polymers 

functionalized with a carboxylic acid group from Chapter 2, P4VBA100 and PS4VBA33, were 

selected for study in this chapter. 

4.2.2 Comb-shaped FETs pattern design 

The FET with the comb-shaped electrode, as shown in Figure 4.1a, was designed to 

increase the channel width or electrode length of FETs. The CFET patterns with different 

channel lengths were drawn by Autodesk AutoCAD 2021. The total channel width was fixed 

at around 22 cm. The channel length was varied from 5, 10, and 15 µm to investigate the 

influence of channel length on the resistance of polymer thin film. As shown in Figure 4.1b-d, 

the CFETs were designed on the substrate size of 1.5 cm × 1.5 cm, and the electrodes contact 

area was designed as same as in the previous design of PFETs.  
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Figure 4.1 a) The schematic shows the design of CFET’s channel shape. And the pattern 

design of CFETs with the channel length of b) 5 µm, c) 10 µm, and d) 15 µm.   

4.2.3 Preparation of CFETs 

The preparation of CFETs was similar to the preparation of PFETs in the previous chapter. 

Start from the surface cleaning of Si-wafer substrate by plasma treatment. HMDS was spin-

coated on the Si-wafer surface for better adhesion of the photoresist layer, baked at 110°C for 

5 min. After cooled down, the photoresist TSMR-8900 was spin-coated as a top layer then 

baked at 110°C for another 1.5 min. The photolithography was done using the same radiation 

wavelength of 504 nm on the designed electrode pattern area (Mark Less Aligner, Heidelberg 

Instruments MLA150). The exposure parts were washed away with NMD-W 2.38% w/w 

solution and rinsed with water for a minute before being dried with a nitrogen blower. The 

devices’ surface was cleaned by plasma treatment before the metal sputtering. Titanium (Ti) 

was sputtered as a first layer by radio frequency (RF) sputtering technique, followed by a gold 

(Au) layer. The photoresist layer was removed by MICROPOSITTM remover 1165, then 
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sonicated in acetone, rinsed with water, and dried. Each set of devices on the Si-wafer was 

separated in the size of 2 cm × 2 cm.     

4.2.4 Preparation of polymer thin film on CFETs 

The surface of CFET was cleaned by solvent and plasma treatment before use. Then the 

thin film of styrene-based polymer functionalized with a carboxylic acid group was prepared 

on CFETs using the same procedure as in Chapter 2. The polymer thin films were prepared 

with various thicknesses by spin-coating technique. The excess film outside the channel was 

removed using methanol as a solvent, as shown in Figure 4.2. 

 

Figure 4.2 The schematic diagram represents the thin film prepared on the CFETs. The pink, 

gold, and blue areas represent proton conductive polymer thin film, electrodes, and SiO2 layer 

of wafer substrate, respectively.  

4.2.5 Proton conductivity measurements  

As same as in the electrical properties investigation of PFETs from the previous chapter, 

the proton conductivity of polymer thin film on CFET was investigated in the RH-controlled and 

temperature-controlled chamber (SH-221; Espec Corp.) using an AC-impedance 

spectroscopy measurement system obtained with a frequency response analyzer equipped 

with a high-frequency dielectric interface (SI1260 and SI1293; Solartron Analytical). The 

CFET’s Au electrodes were connected with Au wire and substrate holder using a porous gold 
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paste, as shown in Figure 4.3. The proton conductivity (σ) of polymer thin film was calculated 

using the following equation. 

σ = 𝐿
𝑅𝑊𝑡⁄ ,           (1) 

L and W respectively denote the channel length or the distance between the electrodes 

and channel width or the length of the electrode. R, and t represent the resistance value 

collected from the impedance and the film’s thickness, respectively. 

 

Figure 4.3 The schematic displays the impedance measurement setup for the polymer thin 

film’s electrical properties investigation on CFETs. 

The normalized resistance (R’) was calculated using the following equation to investigate 

the interfacial proton conduction.22 

𝑅′ = 𝑅𝑊
𝐿⁄ ,         (2)   
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4.3 Results and discussion 

4.3.1 The preparation of CFETs 

The CFETs with extremely wide channel width and narrow channel length were 

successfully prepared. As shown in Figure 4.4a, four CFETs with the same channel length 

were deposited together on one substrate. The comb-shaped electrodes were checked using 

an optical microscope to confirm that there was no connected part of two electrodes which 

caused a short circuit. Figure 4.4b-d show that the comb-shaped electrodes were successfully 

deposited without any connection between electrodes in all devices. The thickness of 

deposited metal electrodes was observed using a step profiler. The thickness profile in Figure 

4.5 shows the uniform thickness metal electrode of around 100 nm. The above data confirms 

the readiness of fabricated CFETs for the polymer thin film’s electrical properties investigation.  

 

Figure 4.4 a) The image of prepared CFET with 10 µm channel length. And the optical 

microscopic images of b) 5 µm, c) 10 µm, and d) 15 µm channel length CFETs.   
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Figure 4.5. The thickness of metal deposited electrode on CFET measured by step profiler.    

4.3.2 Electrical properties of weak-acid functionalized styrene-based copolymer thin 

films in CFETs 

4.3.2.1 The impedance response in CFETs  

The electrical properties of styrene-based copolymer functionalized with the carboxylic 

acid group thin film, P4VBA100, was successfully examined on the new CFETs using the AC-

impedance measurement. The proton conductivity of polymer thin film was observed with a 

fixed temperature of 25°C and under various RH from 60-95%. Figure 4.6a and b show the 

impedance response of the polymer thin film on CFET with 15 µm channel length at various 

RH. The semicircle response, which derives from the film resistance and capacitance, and the 

vertical-line response or a tail part representing the capacitive behavior at the low-frequency 

region were presented at all RH.23,24 The impedance response with two parts of a semicircle 

and a tail part was found in conductive materials.16,17,23–28 Usually, the electrical properties of 

a low proton conductivity polymer thin film need to be observed at the low-frequency region, 

which might be dominated by the response from the double layer capacitance between 

polymer thin film and Au electrode interface.23,24 However, in this measurement, the semicircle 

and tail responses were separated. The separation between the two responses indicates that 
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the semicircle response of the polymer thin film did not dominate by the double layer 

capacitance response and was derived only from the polymer thin film.  

Moreover, the dielectric layer’s resistance (ReSi) also decreased when the electrode length 

increased because of the high contact area between the metal electrode and substrate. Figure 

4.7 presents the possible equivalent circuit model of CFET with ReSi.24,29 It is essential to 

consider the RH dependence of the impedance response since the response from the 

dielectric layer does not change with RH while the conductive materials do.23,24,30–32 As shown 

in Figure 4.6, the semicircle response shows the RH dependence, in which the resistance 

decreased with the increasing of RH. The end of the semicircle response, or the joint between 

the semicircle and tail response, moved to the lower resistance region when the RH increased. 

This RH dependence trend was consistent with the results when the proton conductivity of 

polymer thin film was observed on a quartz substrate (Chapter 2). Furthermore, this RH 

dependence of the obtained impedance response confirms that the semicircle response was 

obtained from proton conduction in the polymer thin film. The CFETs with 5 and 10 µm channel 

lengths also show both semicircle and tail part in their impedance response, and a similar 

trend of RH dependent was also observed.  
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Figure 4.6 The Nyquist plots of P4VBA100 thin film at various RH on the CFETs with the 

channel length of a) and b) 15 µm, c) and d) 10 µm, and e) and f) 5 µm. b), d), and f) are 

zoom-in of the low resistance region. 
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Figure 4.7 The schematic represents the possible impedance and capacitance components 

in the polymer thin film on silicon wafer (Si-wafer) substrate with gold electrodes. Yellow, pink, 

and purple areas represent the gold electrodes, proton conductive polymer thin film, and SiO2 

layer of Si-wafer substrate, respectively. R and C denote resistance and capacitance, 

respectively. Rs represent a serial resistance originated from the electrode contact. The 

subscripted f and Si represent the R/ C of the film and SiO2 layer, respectively. The C of the 

interfacial region between the polymer film/ Au electrode was written as Cfe. ReSi and CeSi 

denote the R and C of Au electrode/ Si-wafer substrate interface. Only Cfe and CSi were shown 

here since the Rfe and RSi could be negligible, as explained in the previous chapter.  

The impedance of the electrode and gate electrode (S-G) was examined to confirm the 

resistance of the dielectric layer. The gate electrode was prepared by etched the SiO2 layer 

then connected the Au wire with Au paste. Figure 4.8 shows the impedance response between 

electrode and gate electrode. The impedance response almost did not change with RH, and 

no semicircle response was observed at both RH. This S-G impedance affirms that the 

impedance responses in Figure 4.6 were obtained from the polymer thin film. 
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Figure 4.8 The Nyquist plot of the source and gate electrodes (S-G) at 60%RH (blue ) and 

80%RH (red ). 

The impedance response between two Au electrodes, without polymer thin film, of 15 µm 

channel length CFET was examined and compared with the response of polymer thin film on 

the CFETs with the same channel length.  As shown in Figure 4.9, the different response 

shape between S-D and polymer thin film response was observed at all RH. The S-D 

impedance did not show a semicircle response, which can be observed in polymer thin film’s 

impedance. This information also affirms that the response of polymer thin film was collected. 

From the above information, it can be concluded that the CFETs with the long channel can be 

used for the electrical properties’ investigation of low proton conductivity polymer thin film 

using the AC-impedance with Au electrode measurement. Moreover, the resistance 

measurement between two electrodes is a piece of evidence that these CFETs overcome the 

drawback of the short circuit through the thin dielectric layer (SiO2 100 nm) in the AC method.  
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Figure 4.9 The Nyquist plot of P4VBA100 thin film compared with the plot of source-drain (S-

D) electrodes at various RH of a) 60%RH, b) 80%RH, c) 90%RH, and d) 95%RH.  

The impedance response of PS4VBA33 thin films was also examined using CFETs with 

different channel lengths under various RH. Figure 4.10 shows the semicircle and RH-

dependent responses, confirming the response of polymer thin film. Similar to polymer thin 

film with internal proton conduction, the electrical properties of polymer thin film with interfacial 

proton conduction can also be observed and estimated using CFETs with Au-electrodes and 

an AC impedance system. 
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Figure 4.10 The Nyquist plots of PS4VBA33 thin film at various RH on the CFETs with the 

channel length of a) and b) 15 µm, c) and d) 10 µm, and e) and f) 5 µm. b), d), and f) are 

zoom-in of the low resistance region. 
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4.3.2.2 The influence of channel length on the decreasing of resistance in CFETs 

The influence of channel length on the resistance of polymer thin film was examined. Since 

the channel length of CFET was expected to reduce the resistance of polymer thin film, the 

impedance of polymer thin film on different channel length CFETs was compared. As shown 

in Figure 4.11, 12, and Table 4.2, both internal and interfacial portion conductive thin films 

show the decreasing resistance of polymer thin film when the channel length decreased. The 

CFET with 5 µm channel length provides the lowest polymer thin film’s resistance in all RH 

range. On the other hand, the highest polymer thin film’s resistance was observed in the film 

on 15 µm length CFET. Consistent with the assumption that the short channel would lower the 

polymer thin film’s resistance.  

Therefore, the decreasing distance between electrodes or the reducing channel length is 

one of the promising ways to lower the resistance of polymer thin film with low proton 

conductivity and high resistance, preventing the dominant of double-layer capacitance 

between polymer thin film and Au electrode interface when measuring at low-frequency 

region.24    
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Figure 4.11 The Nyquist plot of P4VBA100 thin film compared between 15, 10, and 5 µm 

channel length at a) 60%RH, b) 80%RH, c) 90%RH, and d) 95%RH.  
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Figure 4.12 The Nyquist plot of PS4VBA33 thin film compared between 15, 10, and 5 µm 

channel length at a) 60%RH, b) 80%RH, c) 90%RH, and d) 95%RH.  
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Table 4.2 Resistance of polymer thin film on different CFETs with channel length at various 

RH. 

Polymers 
Device CFETs 

Channel length (µm) 5 10 15 

P4VBA100 
Resistance 

(R/ Ω) 
%RH 

60 2.2×10
8
 4.1×10

8
 9.5×10

8
 

80 2.1×10
7
 5.3×10

7
 1.3×10

8
 

90 3.1×10
6
 1.9×10

7
 4.7×10

7
 

95 1.1×10
6
 3.8×10

6
 1.7×10

7
 

PS4VBA33 
Resistance 

(R/ Ω) 
%RH 

60 6.1×10
8
 1.7×10

9
 5.5×10

9
 

80 7.8×10
7
 3.0×10

8
 5.7×10

8
 

90 2.3×10
7
 1.1×10

8
 2.0×10

8
 

95 9.1×10
6
 4.2×10

7
 9.7×10

7
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4.3.2.3 The electrical properties of polymer thin film on CFETs 

The proton conductivity of P4VBA100 polymer thin film on both CFET and quartz substrate 

was estimated and compared. Figure 4.13a shows the proton conductivity comparison of the 

polymer thin film on quartz substrate and CFETs. Typically, P4VBA100 polymer thin film 

proton conductivity, which provides internal proton conduction, should show a film thickness 

independent. Therefore, polymer thin film proton conductivity on both quartz substrate and 

CFETs should be similar regardless of film thickness. However, Figure 4.13a displays the 

slightly lower conductivity of polymer thin film on CFETs than the polymer thin film on quartz 

substrate at high RH, while it was comparable at 60%RH. This difference in the conductivity 

at high RH might be due to the different water adsorption behavior in the polymer thin films on 

the different substrate surfaces of quartz substrate and CFETs. The more hydrophobicity of 

the thermal oxide layer on CFETs might cause a poor water adsorption ability at the polymer 

thin film/ substrate interface, resulting in lower proton conductivity of the polymer thin film on 

CFETs than that on the quartz substrate.  

PS4VBA33 polymer thin film with interfacial proton conduction shows a significant 

difference in conductivity compared to the film’s conductivity on a quartz substrate, as shown 

in Figure 4.13b. Interestingly, the films of 85 and 255 nm thickness on 5 µm CFETs also show 

a trend of film thickness independent of proton conductivity, referring to the internal proton 

conduction even though PS4VBA33 should provide a film thickness dependent of proton 

conductivity referring to the interfacial proton conduction.22 This information might suggest 

that, in this case, the internal proton conduction dominates the interfacial proton conduction 

due to the change of substrate surface. 
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Figure 4.13 The proton conductivity of a) P4VBA100 and b) PS4VBA33 thin films on quartz 

substrate obtained from Chapter 2 (blue ), CFET with 15 µm channel length (red ), CFET 

with 10 µm channel length (black ), and CFET with 5 µm channel length (green ). 

Furthermore, the normalized resistance, R’, of polymer thin films on CFETs was also 

considered and compared with the films on the quartz substrate. Figure 4.14 and Table 4.3 

show that R’ of both P4VBA100 and PS4VBA33 thin films on all CFETs are higher than the R’ 

of the film on the quartz substrate, especially at high RH. The difference of R’ between 

P4VBA100 thin film on quartz and CFETs, as shown in Figure 4.14a, supports the different 
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water adsorption behavior of the thin film on quartz substrate and on CFETs. The difference 

in substrate surface hydrophilicity might be one of the factors for the different water adsorption.  

From Figure 4.14b, R’ of PS4VBA33 thin films also show the difference of R’ between 

quartz and CFETs, referring to the effect of the substrate surface on the R’ values. Also, the 

film thickness dependent of R’ confirms the internal proton conduction of PS4VBA33 thin film 

on CFETs. The change of proton transport pathway from an interfacial to internal conduction 

supports the substrate surface effect on thin films’ electrical properties. The poor water 

adsorption ability at the film/ CFET substrate surface interface was unsuitable for interfacial 

proton conduction, so the transport pathway shifted from interfacial to internal conduction. The 

lower proton conductivity than the film on quartz substrate might be caused by the low density 

of the free carboxylic acid group at the film’s internal region. Moreover, the shift of the proton 

transport pathway when changing the substrate surface might indicate that the proton 

transport at the film/ substrate surface interface region is dominating rather than the proton 

transport at the air/ film interface. The above result attributes a strong effect of the substrate 

surface on the polymer thin film’s electrical properties. Especially for the film with interfacial 

proton conduction as PS4VBA33, the substrate surface effect was more significant since the 

interfacial region is the main proton transport pathway. 
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Figure 4.14 The normalized resistance of a) P4VBA100 and b) PS4VBA33 thin films on quartz 

substrate obtained from Chapter 2 (blue ), CFET with 15 µm channel length (red ), CFET 

with 10 µm channel length (black ), and CFET with 5 µm channel length (green ). 
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Table 4.3 Resistance, proton conductivity, and normalized resistance of polymer thin film on 

different channel lengths CFETs compared with polymer thin film on the quartz substrate. Two 

different PS4VBA33 film thicknesses of 85 and 255 nm on 5 µm CFET were investigated. 

Polymers 

Device Quartz CFETs 

Channel length 5 mm 5 µm 

(85* and 255** nm) 

10 µm 15 µm 

P4VBA100 

Resistance 
(R/ Ω) 

%RH 

60 7.7×10
12

 2.2×10
8
 4.1×10

8
 9.5×10

8
 

80 4.2×10
11

 2.1×10
7
 5.3×10

7
 1.3×10

8
 

90 7.5×10
10

 3.1×10
6
 1.9×10

7
 4.7×10

7
 

95 1.8×10
10

 1.1×10
6
 3.8×10

6
 1.7×10

7
 

Log  
(σ/ S cm-1) 

%RH 

60 -7.8 -7.9 -7.9 -8.0 

80 -6.5 -6.9 -7.0 -7.1 

90 -5.8 -6.1 -6.6 -6.7 

95 -5.2 -5.6 -5.9 -6.2 

Log (R’/ Ω) %RH 

60 12.9 13.1 13.0 13.0 

80 11.7 12.3 12.1 12.0 

90 10.9 11.8 11.6 11.1 

95 10.3 11.4 10.9 10.7 

PS4VBA33 

Resistance 
(R/ Ω) 

%RH 

60 6.0×10
12

 1.7×10
9* 6.1×10

8** 1.7×10
9
 5.5×10

9
 

80 2.2×10
11

 1.2×10
8* 7.8×10

7** 3.0×10
8
 5.7×10

8
 

90 4.6×10
10

 5.6×10
8* 2.3×10

7** 1.1×10
8
 2.0×10

8
 

95 1.2×10
10

 1.0×10
7* 9.1×10

6** 4.2×10
7
 9.7×10

7
 

Log  
(σ/ S cm-1) 

%RH 

60 -7.6 -8.8* -8.8** -8.6 -8.8 

80 -6.2 -7.9* -7.9** -7.8 -7.8 

90 -5.5 -7.3* -7.4** -7.4 -7.3 

95 -5.0 -7.0* -7.0** -7.0 -7.0 

Log (R’/ Ω) %RH 

60 12.8 13.8* 13.4** 13.6 13.9 

80 11.4 13.0* 12.5** 12.8 12.9 

90 10.7 12.3* 12.0** 12.4 12.5 

95 10.1 12.1* 11.6** 12.0 12.1 
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4.4 Conclusions 

The devices with highly long electrodes length and short channel lengths of a few microns 

were successfully fabricated for the electrical properties’ investigation of low proton 

conductivity polymer thin film. The Au-deposited electrodes were designed as comb-shaped 

with around 22 cm long. The channel length or the distance between the two electrodes was 

varied from 5 to 15 µm. The electrical properties of the fabricated weak-acid functionalized 

styrene-based copolymer thin film, P4VBA100 and PS4VBA33, on CFETs were investigated 

using AC-impedance measurement. The Nyquist plots of polymer thin film on all CFETs clearly 

show a semicircle response of proton conduction in polymer thin film and a tail response of 

the capacitance. The RH dependence of semicircle response was also observed, confirmed 

that the obtain impedance response was derived from the polymer thin film and did not 

dominate by the double layer capacitance, as included in Chapter 3. Thus, these CFETs 

overcome the drawbacks of dominated double layer capacitance response and the short 

circuit between two electrodes through the thin dielectric layer in the AC-impedance 

measurement method. 

Furthermore, the influence of CFET’s channel length was investigated. The CFET with the 

shortest channel length of 5 µm provides the lowest polymer thin film’s resistance, consistent 

with the assumption from the proton conductivity equation. This difference in proton 

conductivity and normalized resistance of the films on quartz and CFETs might cause by the 

different water adsorption abilities on the surface of the substrates. The film with interfacial 

proton conduction shifted to internal proton conduction due to the poor water adsorption ability 

at the film/ substrate surface interface region. In conclusion, the CFETs were successfully 

prepared and used for the electrical properties’ investigation of relatively low proton 

conductivity using AC-impedance measurement and Au electrodes.  
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Chapter 5 

General conclusion and future prospects 

  

5.1 General conclusion 

First, several St-based copolymers with various carboxylic acid concentrations were 

successfully synthesized. Then, 1H-NMR, TGA, FTIR, and XPS were applied to verify polymer 

and thin film’s various carboxylic acid concentrations. The IR pMAIR spectra of the polymer 

thin films provide both free and cyclic dimer carboxylic acid groups. The polymer thin film with 

a higher concentration of carboxylic acid group had a larger ratio of free carboxylic acid groups 

to dimers, allowing for more hydrogen bonding networks. The water uptake measurements 

show a similar quantity of adsorbed water molecules per carboxylic acid group in all thin films. 

The impedance spectroscopy examined the in-plane proton transport and the normalized 

interfacial resistance (R’) of polymer thin film to explore the interfacial proton transport. Thin 

films with higher carboxylic acid concentrations and a larger ratio of free carboxylic acid groups 

to dimers were discovered to have internal proton transport. On the other hand, interfacial 

proton transport was found in lower carboxylic acid concentration films with more free 

carboxylic acid groups positioned at the interfaces. The above results provide that the 

polymers’ carboxylic acid concentration influences films’ proton transport behavior. 

Second, the electrical properties of the fabricated carboxylic acid functionalized styrene-

based copolymer thin film on the devices with the parallel-shaped channel, PFETs, were 

investigated using gold (Au) electrodes and AC-impedance measurement. The electrode 

reaction can be prevented using this measurement method. The Nyquist plots of polymer thin 

film on the PFETs response were dominated by the Au electrodes/ polymer thin film interfacial 

double layer capacitance due to the relatively low proton conductivity of the fabricated thin 

film. In addition, the PFET with a short channel length and wide channel width tends to provide 

a slightly better RH dependence impedance response. Therefore, the reduction of channel 
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length and the extension of the channel width or electrode length were expected to reduce the 

polymer thin film’s resistance. 

Lastly, the electrical properties of fabricated low proton conductivity polymer thin film were 

successfully investigated using the highly long electrodes and short channel length devices 

and AC-impedance measurement. The semicircle and RH dependence impedance response 

confirm the electrical properties of both internal and interfacial proton conductive polymer thin 

films without being dominated by double-layer capacitance. In addition, the resistance of the 

electrode and gate electrode was examined. This study overcomes the drawback of 

dominating double-layer capacitance response and the short circuit between two electrodes 

through the thin dielectric layer in the AC-impedance measurement method. The CFET with 

the shortest channel length provides the lowest polymer thin film’s resistance. The substrate 

surface strongly affects the proton transport properties of the films since the differences in 

conductivity and normalized resistance were observed between quartz and CFET substrate. 

However, CFETs were successfully used for the electrical properties’ investigation of relatively 

low proton conductivity using AC-impedance measurement and Au electrodes. 
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5.2 Future prospects 

The results and new findings in this research can provide more opportunities to study 

various related topics. 

First is the investigation of proton conductivity control in carboxylic acid-containing polymer 

thin films modulated by a field-effect transistor (FETs). Our fabricated copolymer can be 

applied with our comb-shaped FETs (CFETs). The charge carrier density of the polymer thin 

film may be modulated through the different external gate voltage (VG) applying. With the gold 

electrodes and AC-impedance methods, the electrical properties of polymer thin film when the 

VG was applying can be investigated without the effect of palladium (Pd) electrode reaction. 

Another related topic is the influence of carboxylic acid group concentration of polymer 

thin film on the electrical properties of FETs. Many parameters, such as carrier density and 

mobility, affect the FET’s performance. Also, the number of proton donors significantly affects 

polymer thin film’s charge carrier density and mobility. The applied VG may differently modulate 

the number of proton carriers in polymer thin film with various carboxylic acid concentrations. 

Therefore, the influence of different carboxylic acid group concentrations in the synthesized 

polymer thin films on the CFET’s electrical properties is challenging. 
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Abstract of minor research 
 

Biosensors attracted the attention of researchers for use in many applications. Containing 

nucleic acid biosensor can be used as a high specific sensor for biochemical species due to 

hybridization events of the target fragments and probe fragments. The use of an amine-

functionalized surface is one of the methods to immobilized DNA probes on the biosensor 

surfaces. The density of DNA probes at the biosensor surface needs to be considered 

because the efficiency of the hybridization event depends on the number of DNA probes. 

However, too crowded with DNA probes will hinder the hybridization event. In this study, the 

effect of different DNA probe ratio between short- and long-chain DNA on DNA probe density 

and DNA hybridization event were investigated. The surface morphology and electrical 

response of prepared DNA-based FET biosensor devices was observed. However, the 

electronic response after the DNA hybridization event was barely changed. Therefore, the 

DNA immobilization and hybridization techniques significantly affect the performance of the 

devices and need to be improve. 
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