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      Pressure sensing devices are essential for monitoring daily activities, health conditions, and 

environmental pressure. These devices make use of transistors to amplify signals from the sensing 

elements. However, the sensors commercially available today are mostly made up of inorganic 

materials of which the drawback of these materials are: they are rigid, require high temperatures, 

and expensive to manufacture. 

       Research into organic materials has made it possible to fabricate pressure-sensing devices 

using organic materials for sensors as well as read-out elements (transistors). However, the high 

power consumption of these pressure sensors hinders the commercial viability of these sensors. 

The reason for the high power consumption is due to the high operation voltage (usually greater 

than 10 V) of organic transistors used in these devices. 

       Recently, our laboratory developed a low-voltage dual-gate organic transistor pressure sensing 

device using P(VDF-TrFE) as the sensor and an OFET with operation voltage of -5 Vfor signal 

amplification. 

       This dissertation focuses on investigating the sensing mechanism of the pressure sensing 

device by quantitative analysis. Firstly, developing a low-voltage OFET using a novel 

biopolyamide as the dielectric. The device showed p-type transfer and output characteristics. In 

addition, using crosslinked poly (vinyl cinnamate) as the dielectric, a low-voltage OFET was 

equally fabricated and characterized. 



 
 

       Secondly, a dual-gate pressure sensor, using the low-voltage OFET as read-out element and 

P(VDF-TrFE) as the sensing element was fabricated and characterized. The device showed a linear 

relationship between the magnitude of pressure exerted on the sensor, and the threshold voltage 

shift displayed. 

       Thirdly, in order to understand the sensing mechanism of the pressure sensor, the quantity of 

charges generated by the piezoelectric film was estimated by developing a low-voltage dual-gate 

OFET using CYTOP as the top-gate dielectric. The threshold voltage could be linearly controlled 

by the top-gate voltage with results similar to the pressure sensing device. 

        Using this information, d33 of the piezoelectric film was quantified to be 72 pC/N. This was 

confirmed directly using a piezoelectric measurement system to be 53 pC/N. Based on these results, 

I was able to conclude that the operation of this device was due to the piezoelectric nature of the 

P(VDF-TrFE) film. 

        In the latter part of the dissertation, the investigation of the magnitude of the electric field 

strength with respect to the initial threshold shift caused by the piezoelectric layer was carried out. 

Results obtained showed that increasing the electric field strength gave rise to an increase in the 

threshold shift. 

       This research is promising because the sensing voltage from the polarized P(VDF-TrFE) 

provides an adequate signal which can be amplified by a low-voltage OFET. This configuration 

of pressure sensors is promising for future wearable devices because of the low power 

consumption involved. 

Keywords: P(VDF-TrFE), Dual-gate OFET; threshold voltage; piezoelectric constant (d33), dual-

gate organic pressure sensor. 
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CHAPTER 1 || INTRODUCTION 

1.1. Organic Devices 

     Printed electronic sensors with low-cost and low-power consumption have to be developed to 

create a smarter and more efficient ecosystem than the one we have today. This system could boost 

safety and living standards. The current goal is to drive societies based on the internet of things 

and big data storage [1-3]. To create societies based on these technologies, trillions of sensors have 

to be easily manufactured and disposed of when damaged or old without causing harm to the 

environment [4]. Increasing the volume of sensors depends mainly on the materials used to 

produce them. Unlike silicon-based devices, organic devices require low-cost, facile solution 

processing conditions, at low temperatures (<= 100 oC) in large areas [5, 6]. Employing solution 

processing methods, organic materials are deposited on various types of substrates, which includes 

flexible substrates such as PET and PEN, therefore making it possible to manufacture flexible 

devices [7, 8]. These devices include organic field-effect transistors (OFETs), organic light 

emitting diodes (OLED), and organic solar cells [9-11]. OFETs have been used to amplify signals 

from sensing signals such as pressure and temperature by utilizing them in connection with sensors 

which can detect pressure, temperature signals [12, 13]. These sensors could be applied for health 

care monitoring by the diagnosis of vital signs such as blood pressure and body temperature [14].  

     In this chapter, various types of pressure sensing elements will be introduced as well as OFET 

based pressure sensing devices. In addition, the current issues facing the commercialization of th 

this type of pressure sensors would be discussed as well as previous research done by former 

students in OFET group will also be discussed.  
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1.2. General Introduction to pressure-sensing devices. 

Pressure sensors may be classified majorly into the pressure ranges (<10 kPa, 10-100 kPa, >100 

kPa)  in which they operate and their transduction mechanism [15]. This section gives a literature 

survey of both in section 1.2.1 and 1.2.2. 

1.2.1. Pressure regimes 

Pressure regimes of pressure sensors could be classified majorly into three categories as seen in 

Figure 1.1.  

 

 

     Using ferroelectret based field effect transistors with the ferroelectret connected to the gate of 

the transistor, such that the sound of 100 dB which corresponds to an ultra-low pressure of 2 Pa 

can be measured [16]. In addition, finger touch with 2 kPa in magnitude in pressure could be 

measured. The uniqueness of this pressure sensor to measure pressure in wide ranges (as low as 2 

Pa to 2 kPa or more) was due to the capacitive and piezoelectric property of the ferroelectret used 

to induce capacitance changes as well as generate a voltage at the gate of the transistor. Pressure 

Figure 1.1. Categories of pressure sensors [14] 
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sensors in this range are useful for touch screens, mobile phones as well as e-skin for robotic 

applications and prosthetic skins [17-20].  

Pressure sensors in the medium range are used to measure blood pressure and for pulse monitoring 

and environmental pressure [21, 22]. One of such pressure sensor is a carbon nanotube transistor 

based pressure sensor used to measure environmental pressure in this range. The output current 

change of the transistor could measure air pressure on the tire of a vehicle as well as to monitor 

the wear and tear of the tire. Pressure sensors in this regime could be used to monitor human 

walking steps and positions [23, 24]. These could have huge potential in societies with an aging 

population to keep track of the wellbeing of adults in care homes. For example, as bed sensors to 

monitor their sleeping patterns and sensor sheets embedded in floor mats to monitor their 

movements [25]. 

1.1.2. Transduction mechanism 

According to their transduction mechanisms, pressure sensors are classified into there (3) as seen 

in Figure 1.2. 

 

 

 

 

 

 

 

 

  

Transduction 

Mechanism 

Piezoresistive Capacitive  Piezoelectric 

Figure 1.2. Transduction mechanism classification 
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Piezoresistive sensors 

Exerting pressure to a piezoresistive material sandwiched between metal electrodes gives rise to 

the change in contact resistance (Rc) between the two materials.  This change in resistance leads 

to an output signal change, which could be current. Figure 1.3(a) shows the piezoresistive sensor 

that is in between two electrodes. When compressed, the piezoresistive material which in this case 

an organic semiconducting material, PEDOT: PSS (poly (3,4-ethylenedioxythiophene)-

poly(styrenesulfonate)) on a compressible PDMS layer of pyramidal structure. Figure 1.3 (b) show 

the chemical structure of PDMS. The current across the metal electrodes increases even further 

because of contact area of the piezoresistive electrode to the bottom metal electrode. The change 

in contact resistance solely depends on the magnitude of the pressure and the contact area change 

between the two materials. An ultra-sensitive pressure sensor was demonstrated using elastic 

microstructured film, polydimethylsiloxane (PDMS) sandwiched between two electrodes [26]. 

When pressure is exerted on the device, the hollow-sphere material increases in the contact area 

with the electrodes, therefore changing the resistance measured. 

 

 

 

 

 

 

 

Fig. 1.3 (a) Schematic diagram of a piezoresistive sensor (b) chemical structure of PDMS 

(a) (b) 
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Capacitive sensors 

When voltage is applied to the parallel plates (Au) of a capacitor, equivalent charges are stored in 

the material. As long as the voltage is applied, the material stores these charges. Applying pressure 

to the sensor causes the deflection of its parallel plates with A, and the capacitance C changes in 

inverse proportion to the change in thickness, d of the sensing material (see Fig 1.4.). The 

capacitance change is given by the equation below: 

C = kεA/d 

Where k, is relative permittivity of the material and ε is the permittivity of free space. One way to 

measure the signal output from capacitive sensors is by integrating them with transistors. 

The output signal generated from the capacitance change modulates the output drain current of the 

transistor. One capacitive material used widely for sensing application is polydimethylsiloxane 

(PDMS). When used in conjunction with an OFET device as gate dielectric, the capacitance 

changes when the PDMS gate dielectric film is compressed leading to a corresponding change in 

the gate potential. For microstructure PDMS gate dielectric, air is displaced when compressed 

leading to a higher change in capacitance in comparison to a PDMS film [21, 27].  

Figure 1.4. Schematic diagram of a capacitive sensor 
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Piezoelectric sensors 

When pressure is exerted on piezoelectric materials, voltage or charges are generated due to dipole 

moments in the material (in blue), leading to separation of equal and opposite charges on the 

electrodes (Au in this case) (Fig. 1.5.). The output signal from the sensor could be measured via a 

wire connected to gate electrodes of a transistor or an oscilloscope. One unique application of 

piezoelectric materials is that they could be used for self-powered sensors [28-30]. To amplify 

signals generated by piezoelectric materials, they are integrated with transistors [31- 33]. The 

transistor semiconducting channel has charge carriers which are modulated by charges/voltage 

generated by the piezoelectric layer when compressed. Voltage emanating from them could 

modulate the threshold voltage of OFETs, just like the top-gate voltage from conventional-dual 

gate OFETs [34]. They are mostly used for measuring dynamic pressure.  

 

 

 

 

 

 

Basic Parameters of Pressure Sensor 

Key parameters to assess the performance of a pressure-sensing device include, limit of detection, 

sensitivity, response time, linearity and stability. 

Figure 1.5. The schematic diagram of a piezoelectric sensor 
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The sensitivity (S) is the output signal divided by pressure. For example, if the output signal is 

current, the change in current, (ΔI) with respect to the minimum current (I0) is divided by pressure, 

(P):  

𝑆 =  
∆𝐼/𝐼0

𝑃
  ………………….. (1) 

Limit of detection is the lowest pressure that gives the most distinguishable change in the output 

signal. 

Linearity depicts the level of performance of a pressure sensor in correlation to a specified 

measured quantity. For example, in OFET based pressure-sensing devices, the linear relation 

between the pressure magnitude and threshold voltage is a typical form of measuring linearity. 

Response time is the time consumed during pressure exertion and release processes. The stability 

of the output signal at a particular pressure magnitude is vital. 

These parameters are essential to determine the quality of organic pressure sensors; however, my 

research focuses on the sensitivity of the pressure-sensing device and its operating voltage. This is 

because the operating voltage determines the power consumption of pressure sensing device. 
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1.3. Organic field effect transistors (OFETs) used as transducers for pressure-sensing devices 

     Organic single crystals [35], small molecules [36, 37], and polymers [38] are semiconductors 

that have been used as active layers in OFET devices. These OFETs have in turn been utilized as 

read-out elements in pressure-sensing devices. Organic semiconducting could either be single 

crystals or in particle form which can be easily dissolved in organic solvents. 

     For physical vapor transport grown organic crystals such as rubrene, with extremely low trap 

states exists between the semiconductor/dielectric interfaces, therefore could turn-on at low 

voltages [39, 40]. This is because the charge carriers fill up the density of states in the channel 

region, therefore the few trap states are easily filled with low gate potential. In addition, they have 

low subthreshold swing, (SS) of 65 mV/dec, which is near the theoretical limit of 58 mV/Dec as 

well as high mobility, 15 cm2/V.s. The crystal is usually transferred between the source-drain 

contact to create a semiconducting channel. Growing the organic crystals and the process of 

moving it to the substrate to complete the device fabrication is not adaptable for the high-

throughput roll-to-roll fabrication of OFETs.  

     Stefan et al. used rubrene based OFET with microstructured polydimethylsiloxane (PDMS) as 

the sensing layer to develop pressure sensor [27]. Fig. 1.6(a) shows the device structure of the 

pressure sensing device with a top-gate ITO/PET electrode. The change in capacitance of the 

PDMS when pressure load is exerted on it gave rise to the change in drain current. Therefore, 

increasing the pressure load lead to an observed change in drain current as seen in Fig. 1.6 (b). The 

device sensitivity is 0.55 kPa-1. The air voids between the microstructure of the film contributed 

to the capacitance change. However, the pressure-sensing devices were fabricated on rigid Si/SiO2 

substrates, which is not flexible. In addition, the single rubrene crystals are not compatible with 
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bendable pressure sensors, therefore the device cannot be applicable for skin-touch wearable 

devices. 

 

  

 

 

 

A conjugated polymer (polyisoindigobithiohene-siloxane, (PiI2T-Si)) based OFET device with 

mobility greater than 1 cm2/V.s, was used as a read-out element for pressing sensing [21].  

 

 

 

     Unlike the rubrene single crystal based OFET  

 

 

Unlike the rubrene single crystal-based pressure sensor described above, the device here was 

flexible (see Fig. 1.7.). This is because of the microstructured PDMS film on a flexible PET-ITO 

substrate and semiconducting layer deposited on a flexible substrate. The device sensitivity 

Figure 1.6(a) Rubrene crystal OTFT device and the microstructured PDMS pressure sensing 

layer (b) change in output curve in response to pressure load [27] 

(a) (b) 

(a) (b) 

Figure 1.7. (a) Device configuration of the pressure sensitive transistor (b) change in transfer 

curve with response to pressure load [21]. 
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increased due to capacitance change when pressure was exerted on it. As can be seen in Fig. 1.7, 

when the pressure load was increased, the threshold voltage shifted to the left and the OFF current 

reduced. However, the number of trap states formed at the dielectric interface makes it impossible 

to achieve low-voltage operations (<10 V) using these semiconducting polymers; thus leading to 

an operation voltage of -200 V.  In addition, the mobility of the device is dependent on processing 

temperature (> 100 °C) [41], which is not suitable for plastic substrates with glass transition 

temperatures that are not above 100 °C. The device shows a maximum sensitivity of 8.4 kPa-1 at 

pressure load of 8 kPa.  High sensitivity result achieved by this device in comparison to the rubrene 

based pressure sensor was caused by the triangular microstructure of the PDMS dielectric interface, 

which gave rise to a high change in capacitance when pressure load was exerted on it.  

     Using dinaphtho[2,3-b:2’,3’-f]thieno[3,2-b]thiophene (DNTT) as semiconducting layer, 

resistive pressure sensors have been developed [42]. The organic transistor had high mobility 

between 1 – 2 cm2/V.s. For the fabrication of the pressure sensing device, the Au source-drain 

electrodes  

 

were deposited on the pyramidal microstructure of the PDMS sensing layer as seen in Fig. 1.8(a). 

The device operation was based on the change in channel and contact resistances in response to 

Figure 1.8 (a) schematic diagram of the piezoresistive sensor (b) change in transfer curve with 

response to pressure load [42] 

(a) (b) 
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pressure load. The change in resistance led to an increase in drain current as the pressure load is 

increased as seen in Fig. 1.8(b). However, the drive voltage used for this device was quite high (60 

V); therefore, a battery cell cannot power the sensor. In addition, the Si-based devices are rigid, 

therefore cannot be bent.  

Elsewhere, polymers of diketopyrrolopyrrole terthiophene (PDPPT3) as organic semiconductors 

for OFET devices were used in a suspended gate pressure sensor configuration (see Fig. 1.9 (a)) 

[43]. The mobility of OFETs based on these organic semiconductors is higher than 1 cm2/V.s. 

Similar to PiI2T-Si based OFET, they require high operation voltages, 60 V. When pressure is 

applied to the suspended gate, it makes contact with the poly(perflurobutenylvinylether) (CYTOP) 

dielectric layer. The magnitude of pressure load on the suspended gate displaces air which has a 

low dielectric constant of 1 caused a considerable change in capacitance; the capacitance change 

is huge, hence the reason for the high sensitivity, 192 kPa-1 recorded by this device. 

  

 

 

 

 

Figure 1.9.  (a) Schematic diagram of a suspended gate organic transistor (b) change in 

transfer curve with response to pressure load [43] 

(a) (b) 
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To reduce the operation voltage of OFETs, TIPS-pentacene organic semiconductors have been of 

interest because they form crystals with a dielectric interface; therefore, could record mobility > 1 

cm2/V.s. When blended with insulating polymers such as polystyrene, they could be easily 

solution-processed and crystallized in <= 100 °C annealing temperature [34, 36, 44]. However, 

OFETs based on this semiconducting blend has not been used for pressure sensing applications. 

Possibly, because of the difficulty required to achieve high mobility. For example, a pressure 

sensor with configuration comprising of a low-voltage OFET and PDMS film attached to a floating 

gate has been reported (see device configuration in Fig. 1.10 (a)) [45]. When pressure is exerted 

on the PDMS film, its capacitance changes, causing charges on the floating gate to be dispersed 

such that the mobile charge carriers in the OFET’s semiconducting channel are modulated by this 

process. However, the device recorded a small change in drain current (ΔI/Io), close to 0.04 at 

pressure magnitude of 78 kPa, where ΔI is the drain current change with pressure exerted on the 

film and Io is the drain current at minimum pressure. The small change in drain current observed 

was caused by the small change in capacitance of the PDMS film. 

(a) (b) 

Figure 1.10 (a) schematic diagram of the pressure modulated OFET (b) output current versus 

time for the PMOFET [45] 
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      Using a PVDF piezoelectric layer in connection to a floating gate organic FET, dynamic force 

in range 0 to 3.5 N was measured by the change in drain current (see Fig. 1.11) [46]. The operation 

voltage of the organic transistor was quite low, -3 V. However, the performance of the device is 

limited by parasitic capacitance caused by the proximity of the source, drain, and sensing layer.  

In summary, the sensitivity of pressure sensing devices, do not solely depend on the performance  

 

 

 

 

of the OFET, but also on the sensing layer used to modulate the charge carriers in the active layer 

of these OFETs. The area of the sensing layer was not given, therefore a graph of drain current 

against pressure couldn’t be replotted. 

Table 1 summarises the performance parameters of the OFET based pressure-sensing devices 

mentioned in this chapter. 

 

 

 

 

Figure 1.11  (a) schematic diagram of the organic charge modulated FET with PVDF as sensing 

membrane (b)  drain current change with respect to force [46] 

(b) (a) 
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Table 1. Summary of performance of the pressure-sensing devices mentioned 

 

 

 

 

 

 

 

 

Transduction 

mechanism 
Sensing layer 

Operation 

voltage of 

OFET 

Sensitivity 

or (ΔI/I0) 

Response 

time 
Linearity 

Limit of 

detection 

Capacitive PDMS film [46] -3 V 0.04 - yes 156 kPa 

Capacitive 

PDMS 

microstructure 

[27] 

 

 0.55 kPa-1 4 s yes 3 Pa 

Capacitive 

PDMS 

microstructure 

[21] 

-200 V 8.4 kPa-1 <10 ms yes - 

 

Capacitive 

 

Air [43] 

 

60 V 

 

192 kPa-1 

 

10 ms 

 

yes 

 

0.5 Pa 

Piezoresistive 

 

Conducting 

channel & 

source-drain 

contact [42] 

60 V 514 kPa-1 1.8 ms yes 10 Pa 

Piezoelectric 

 

PVDF [46] 

 

-2 V - - yes 300 Pa 

Piezolectric 

P(VDF-TrFE) 

[33] 

 

-2 V 7.5 pF/N 7 s yes - 

Piezoelectric 
P(VDF-TrFE) 

[34] 
-5 V 155 - yes - 
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1.4. Current studies on OFET based pressure-sensing devices 

     Pressure-sensing devices that are flexible, highly sensitive and can operate at low voltages have 

been of huge of interest. Devices with these properties could drive the display electronics industry   

forward as well as man-machine interface technologies, i.e., electronic skin for robots.  

     Research into electronic sensors that can mimic the human skin is currently ongoing [47]. One 

major drawback of the electronic skin is that they are not as stretchable like the human skin and 

do not cover large areas. Getting to invent electronic skins that mimic the human skin in all 

ramifications could have potential applications for the sensing capabilities of robots. 

     Replacing devices based on Si wafers with organic materials is currently ongoing. One of the 

primary cause of attraction is the cost required in manufacturing these devices in using these 

materials in comparison with Si-based devices. However, compared to Si or other crystalline based 

FETs with field-effect mobility higher than 1000 cm2/V.s [48], the field-effect mobility for organic 

based FETs is quite low (< less than 10 cm2/Vs). Therefore, a need to develop organic insulators 

and semiconductor materials that would boost the mobility of OFETs is needed.  

     Reducing the operation voltage of OFETs used as read-out elements in transistors are currently 

ongoing. The operation voltage of the transistor defines the power consumption of the sensing 

device. High power consumption required for pressure-sensing devices available today inhibit 

their application to wearable devices for daily activities; since they cannot be powered by battery 

cells. Therefore, reducing the power consumption of these sensors is necessary for commercial 

viability of the devices. One such consideration is to develop high-k organic insulators or solution- 

processed metallic oxides such as ZrO2 and HfO2 [49, 50]. This could increase charge carriers 

induced in the semiconducting channel as well as reduce the operation voltage of the transistor. 
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     Another challenge with using OFET as the read-out element for pressure sensing devices is the 

lifetime of the transistors as well as its reliability during operation. Therefore, a dire need in 

developing organic transistors that are reliable and can last as long as Si-based devices are ongoing. 

     The climate is changing because of greenhouse gas emissions caused by fossil fuels and its 

byproducts. One way to end greenhouse gas emission into the stratosphere is by developing 

materials that are eco-friendly and can be readily disposable after their lifetime without causing 

irreparable harm to the eco-system. Therefore, there is a need to develop bio-friendly materials 

that are sustainable and degradable for future transistors. Research is ongoing on possible 

substrates [51, 52], semiconducting [53], insulating materials [54]   that are derived directly from 

the environment. 
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1.5. Previous research by our group 

     Integrating a sensing capacitor with a low-voltage OFET, a pressure sensing device was 

developed [55]. Fig. 1.12(a) is a schematic diagram of the organic pressure sensor. The sensing 

piezoelectric capacitor was connected to the gate electrode of the OFET; more like an extended 

gate. The OFET device operated at a low gate voltage of -5 V, and drain voltage of -6 V. The 

sensing capacitor used was P(VDF-TrFE) film sandwiched between two Al electrodes. The film 

was polarized by contact poling process with a poling voltage of -1000 V. The dipole moments of 

the film was oriented parallel the direction electric field from bottom substrate to the top of the 

film. Applying pressure on the piezoelectric P(VDF-TrFE) film modulated charge carriers in the 

active layer of the OFET; the drain current decreased 16 times below the original value as seen in 

Fig. 1.12(b). In addition, change in drain current was shown for the P(VDF-TrFE) film that was 

unpoled. This suggests that the pressing sensing mechanism of the device was caused by the 

piezoelectric behavior of the polarized P(VDF-TrFE) film. However, the drawback to this device 

is that no change in Vth was observed, which was due to electrostatic charges which caused 

electrical noise during measurement. 

 

 

 

 

 

(a) 
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     To mitigate the problem of electrostatic charges caused directly poling the P(VDF-TrFE) film, 

a novel organic pressure sensor configuration was developed [34]. The same sensing layer as the 

organic pressure sensor with the extended gate structure was used. However, the piezoelectric layer 

was fabricated, and then polarized separately from the low-voltage OFET, therefore circumventing 

the problem of electrostatic charges arising from in-situ poling of the device. Figure 1.13(a) shows 

the device configuration of the organic pressure sensor called the dual-gate organic pressure sensor.  

 

 

 

 

 

 

(b) 

Figure 1.12(a) schematic diagram of the organic pressure sensor (b) drain current response of 

the OFET integrated with the sensing layer. Red (polarized) blue (pristine or unpolarized) [55]. 

(a) 



- 24 - 
 

 

 

 

 

 

     The configuration of the device as seen in Fig. 1.13(a) consists of a poled P(VDF-TrFE) film 

in connection to the semiconducting film of the read-out element. Exerting pressure on the 

piezoelectric layer caused a shift in the transfer curve, suggesting that the polarized P(VDF-TrFE) 

film acted as a top-gate voltage. The left shift of the transfer curve increased based on the 

magnitude of the pressure load, as seen in Fig. 1.13(b). Significant change of ΔI/Io of 155 was 

achieved when pressure load of 300 kPa was exerted on the device. This research focused on 

organic pressure sensor performance caused by its operation conditions and sensing potential. 

Nevertheless, a quantitative explanation, as well as a scientific description of the operation of the 

devices, is yet to be proven. 

 

 

 

 

 

Figure 1.13(a) schematic diagram of the dual-gate organic pressure sensor (b) transfer 

curve shift with respect to the load [34]. 

(b) 
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1.5. Aims of this study (My research) 

      This study focuses on the quantitative description of the device operation of a low-voltage 

dual-gate organic pressure sensor with the following objectives: 

 Proposing a scientific explanation for the operation mechanism of the device 

 Quantitative clarification of the device’s sensing mechanism 

 A scientific explanation of the piezoelectric effect caused by the sensing layer to the 

transfer curve shift observed without pressure load. 

     To achieve these objectives, the dual-gate pressure-sensing device already reported by the 

previous student in the laboratory has to be reproduced. To fabricate the dual-gate organic 

transistor based pressure sensor, a low-voltage bottom-gate OFET was fabricated in chapter 2 

using dielectrics such as poly (vinyl cinnamate) (PVCN) and an environmentally friendly and 

degradable biopolyamide. The photochemical crosslinking process was carried out to make the 

PVCN insulator chemically resistant to chlorobenzene solvent while the biopolyamide material 

was characterized to confirm if it was chemically resistant to chlorobenzene. Using these insulators, 

the OFETs operated in a low voltage range, 1 V to -5 V, because of the reduced interface traps the 

dielectrics formed with the TIPS-Pentacene/polystyrene semiconducting blend. The few trap states 

allowed for charge carriers to fill up the sub-gap density of states thus leading to a small 

subthreshold slope of values 108 mV/decade for the biopolyamide based OFET and 110 

mV/decade for the PVCN based OFET. The mobility of the OFETs was 0.27 cm2/V and 0.18 

cm2/V for the biopolyamide and PVCN respectively. The results obtained using the biopolyamide 

increases the prospects of eco-friendly organic transistors available for use in the nearest future. 

In chapter 3, a dual-gate pressure sensor device was successfully fabricated. A linear graph of the 

pressure load against Vth was obtained. The transfer curve shifts by the pressure load were similar 
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to conventional dual-gate OFET. Therefore, in chapter 4, a low-voltage dual-gate OFET using 

CYTOP as top-gate dielectric was successfully fabricated. From these results, the quantity of 

charges on the polarized P(VDF-TrFE) film was estimated. 

     In Chapter 5, a quantitative analysis to get the polarized P(VDF-TrFE) piezoelectric constant, 

d33 using the change in threshold voltage shift, (Vth) obtained from the transfer characteristics shift 

results,  results from a conventional dual-gate OFET was carried out. In addition, d33 quantitatively 

determined was in the same order with directly measured value, 53 pC/N.  Chapter 6, the surface 

charges on the polarized PVDF-TrFE layer required to cause the initial Vth shift, with respect to 

the magnitude of electric field used to polarize the P(VDF-TrFE) layer was quantified. Chapter 7 

summarizes the results achieved in the previous chapters, future research as well as prospective 

applications of this work. 
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CHAPTER 2 || LOW-VOLTAGE ORGANIC FIELD-EFFECT 

TRANSISTOR* 

In this chapter, low-voltage organic field-effect transistors (OFET) were fabricated and 

characterized using poly (vinyl cinnamate) (PVCN) and novel biopolyamide as dielectric layer. 

The biopolyamide surface properties and resistance to chlorobenzene was characterized. The 

OFET performance parameters with poly (vinyl cinnamate) as dielectric are:  μ = 0.18 cm2/Vs, Vth 

= -0.15 V, on/off ratio = 1.13 × 106, SS = 125 mV/decade.  While the performance parameters for 

devices with the biopolyamide as dielectric are: μ = 0.27 cm2/Vs, Vth = 0.18 V, on/off ratio = 9.3 

× 105, SS = 108 mV/decade. 

 

 

 

 

 

 

 

 

 

*“Biopolyamide as gate dielectric for low-operation voltage solution-processed organic field-

effect transistors” (manuscript in preparation) 



- 33 - 
 

2.1. Introduction  

2.1.1. Poly (vinyl cinnamate) as a dielectric for low voltage OFET 

     The dielectric plays a significant role in reducing the operation voltage of OFET devices 

fabricated by solution processes. From the subthreshold swing, SS equation (1), it is possible to 

reduce the gate potential by either increasing the capacitance of the gate dielectric, in this case 

using high-k dielectrics. Since high-k dielectrics have large charge density, the charges easily fill-

the trap states allowing low Vth to be achieved, hence low-voltage operation of the transistor.  

However, some high-k dielectrics may easily be polarized by an electric field leading to energetic 

disorder and localized states at the semiconducting interface [1-5].  

SS = In 10. kbT/q (1 + Cch/CG) 

Where kb is the Boltzmann's constant, T is the temperature, CG is the gate capacitance, q is the 

electron charge, Cch is the effective channel capacitance. The dipoles formed at the 

dielectric/semiconducting layer interface causes a broadening of the density of state leading to 

many trap states; leading to an increase in threshold voltage [6]. In addition, reducing the insulating 

material thickness of increases the capacitance of the dielectric layer. This causes an increase in 

charge density required to fill the trap states, therefore leading to lower Vth.  The most common 

polymers used as gate dielectrics in OFET are poly (4-vinyl phenol) and poly (vinyl alcohol) [7, 

8]. However, the hydroxyl group present in these polymers make them unsuitable: they form 

dipoles, which leads to slow polarization in the bulk of the gate dielectric [9]. In addition, high 

gate leakage current and hysteresis are caused by numerous trapping sites formed at the interface. 

Reducing gate leakage current requires curing, which may add to the fabrication process, hence 

additional time to complete the device fabrication. PVCN is a low-k polymer with reduced 
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hydroxyl groups. It does not require thermal crosslinking process making it suitable for high-

throughput manufacturing processes. However, photocrosslinking is vital to achieving a low-

leakage gate current. Crosslinking makes the polymers chemically resistant to organic solvents. 

The process by which the moieties of the polymer become linked together is known as 2+2 

cycloaddition (Fig. 2.1.), which leads to an increase in the breakdown field of the dielectric in 

comparison to pristine films [10]. In addition, adequately crosslinked PVCN films are patternable 

using lithography processes. 

 

 

 

 

 

     In this chapter, PVCN film 300 nm in thickness was used as a dielectric for the OFET device. 

A low-voltage of -5 V was enough to induce holes in the dielectric/semiconductor interface of the 

OFET. The device operation was hysteresis-free indicating the absence of hydroxyl ions.  

     A blend of TIPS-Pentacene (small molecule) and polystyrene (polymer) was used as the 

semiconducting material.  Figure 2.2(a) & (b) show the chemical structure of TIPS-Pentacene and 

polystyrene respectively. The reason for blending the acene with the polymer is to improve 

solution deposition process. Jihoon Kang et al. compared the use of TIPS-Pentacene/polymer 

blend to TIPS-pentacene as the semiconducting layer for OFET device, the mobility of the blend 

Fig. 2.1. Chemical structure of poly (vinyl cinnmate) (left) and photocrosslinked poly (vinyl 

cinnmate) (right) 
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film, 0.3 cm2/Vs was higher in comparison to only TIPS-pentacene, 0.05 cm2/ Vs [11].  This was 

likely due to a change in the physical and chemical structure of the blend with the dielectric 

interface. 

 

 

 

 

 

 

In addition, the TIPS-pentacene/polystyrene blend forms a tri-layer film, with TIPS-pentacene at 

the interface of the bottom dielectric and top dielectric (in the case of a dual-gate OFET) and the 

polymer in the middle [11]. 

2.1.2. Biopolyamide as dielectric for low-voltage OFET 

The advantages of using biopolymer materials for OFET devices are numerous: they are eco-

friendly, biodegradable and renewable. However, they are mostly hydrophilic which makes them 

unsuitable for use in water-sensitive devices. In addition, their low surface energy makes it uneasy 

to use them for solution-processed organic semiconductors, when used as a bottom-gate dielectric 

layer.  Biomaterials such as chicken albumen, silk fibroin, cross-linked DNA have been utilized 

as gate dielectrics for OFETs [12-15]. However, the use of biomaterials as dielectric for OFET 

based on organic semiconducting blends of small-molecules and polymers, deposited by solution 

process is yet to be reported. These semiconducting blends of organic materials have been 

Figure 2.2. Chemical structure of (a) TIPS-pentacene (b) Polystyrene 

(a) 
(b) 
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deposited on OFET devices based on low-k organic dielectric based such as PVCN that are 

resistant to organic solvents. 

In this section, we report an ultrastrong, transparent and thermally stable bio-based polymer 

(polytruxillamides) as the dielectric layer in an all solution-processed low voltage OFET with 

negligible hysteresis and excellent electrical properties. Figure 2.3 shows the chemical structure 

of the biopolyamide  

 

 

 

 

 

 

This biopolyamide was synthesized from 4-aminocinnamic acid monomer, which was genetically 

engineered from glucose [16]. To save time during fabrication, this material did not require 

crosslinking to reduce the gate leakage current as observed in some polymers used as dielectric in 

OFETs. When annealed, the biopolyamide film is chemically impervious to common organic 

solvents such as chlorobenzene. Similar to PVCN, a voltage of -5 V was sufficient to modulate the 

field effect of the channel. In addition, the operation showed negligible hysteresis and low-gate 

leakage current of < 10-9A. This may be due to the absence of hydroxyl groups and the high glass 

transition temperature of 273 °C of the material. In contrast to PVCN, this material does not require 

a crosslinking process during device fabrication, therefore reduces the complexity of the 

Fig. 2.3. Chemical structure of biopolyamide 
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fabrication process. Vth of the device was low (-0.85 V), indicating that the gate potential was 

sufficient to induce charges to fill the trap states at the semiconducting blend/dielectric interface.  

   In this chapter, the fabrication process and characterization of a low-voltage OFET was done 

using PVCN and a novel biopolyamide material as insulators. The OFET devices were 

characterized to as read-out element for low-voltage pressure sensing devices in the next chapter.  
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2.2. Experimental Methods 

The glass substrates were cleaned in acetone for 5 minutes to remove organic dirt and contaminants, 

then in IPA for 10 minutes to remove the residual Acetone on the glass substrate. The glass 

substrates surface were further cleaned to remove any residual contaminants using a UV ozone 

cleaner for 30 minutes. Figure 2.4, shows the fabrication process of the OFET. The dielectric films 

were sandwiched between Al and Ag electrode to form a 2-mm2 capacitor. 30-nm Al gate electrode 

was evaporated on the clean glass substrate by the vacuum evaporation method.  

2.2.1. Poly(vinyl cinnamate) dielectric based OFET: 300 nm PVCN dielectric film was formed 

by spin-coating 40 mg/ml concentration of PVCN in chlorobenzene. Residual chlorobenzene 

solvent in the film was evaporated by annealing the film on a hot plate for 1 h after crosslinking it 

by UV (λ = 254 nm) treatment for 50 min. Source/drain Ag electrodes (50 nm) where deposited 

by vacuum evaporation method with a shadow mask defining the channel length and width to be 

50 μm and 2 mm, respectively. In order to form a good interface with the semiconducting layer, 

the Ag source, drain electrodes where immersed in pentafluorobenzenethiol solution (0.005 mol/L) 

for 2 min. The electrodes were exhaustively rinsed with ethanol, then dried briefly on a hot plate. 

Spin-coating 10 mg/ml of Polystyrene (Mw = 600,000, Sigma Aldrich) and TIPS-pentacene 

(Ossila) with 3:1 ratio at1000 rpm formed the semiconducting layer. Furthermore, the film form 

was annealed for 30 min at 100 °C (all in dry nitrogen). The thickness of the semiconducting layer 

was measured to be 70 nm.  

2.2.2. Biopolyamide dielectric based OFET: 40 mg/ml of the biopolyamide dissolved in 

dimethylformamide was spin-coated at 1000 rpm to form a dielectric layer of thickness 366 nm 

measured using a nanoscale hybrid microscope (VN-8000, Keyence). To complete the bottom-
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gate bottom contact OFET device, the same experimental procedure was carried out as PVCN 

based OFET in 2.2.1 above. Figure 2.5 shows the device configuration of the biopolyamide and  

 

 

 

 

 

 

 

 

 

 

 

PVCN dielectric based OFET (see Figure 2.5 (a) and (b) respectively). 

(a) (b) 

(c) (d) 

Figure 2.4. Schematic diagram of the fabrication procedure (a) 30 nm Al gate electrode on glass 

substrate; (b) dielectric layer on gate electrode; (c) Ag source-drain electrodes; (d) TIPS-

pentacene/polystyrene semiconducting blend. 

Figure 2.5. Bottom-gate bottom contact OFET with (a) PVCN as dielectric (b) biopolyamide as 

dielectric. 

(a) (b) 
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2.3. Results and Discussion 

Here the results of the obtained from the characterization of PVCN and biopolyamide based OFET 

is discussed in section 2.3.1 and 2.3.2 respectively. 

2.3.1. Characterization of Poly (vinyl cinnamate) dielectric for low voltage OFET 

UV-vis characterization of the PVCN layer was used to check the photocrosslinking effect on the 

polymer; this is also known as (2+2) cycloaddition. Independent PVCN films were fabricated by 

spin-coating on an Al electrode/glass substrate, then inserted in a UV irradiation machine for 

different photochemical curing duration.  

 

 

 

 

 

 

The C=C breaking of the aliphatic bonds in the cinnamate group led to decrease in the UV-vis 

absorbance peak seen in Fig.2.6. The wavelength in the range of 280 – 300 nm is consistent with 

Figure 2.6. UV-vis crosslinking of PVCN before and after for time duration 50, 60, 70, 80, 90,100 

minutes. 
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the C=C aliphatic bond [17, 18]. At a duration of 50 minutes, the crosslinking process is sufficient. 

To confirm the robustness of the PVCN film, current density-voltage characteristics using a metal 

insulator metal configuration seen in Fig. 2.7 below. The pristine PVCN current density is > 10-

7A at -5 V while the photocrosslinked PVCN film is as low as 10-11 A/cm2. This implies that the 

crosslinking of the polymer for 50 minutes was sufficient. However, increasing the crosslinking 

duration, increased the breakdown voltage of the PVCN dielectric film to 15 V with current density 

mostly less than 10-8 A/cm2. The periodic change in the current density is possibly due to slow 

sweep voltage condition applied to the characterization system for measurement. 

2.3.2. Characterization of biopolyamide dielectric for low voltage OFET 

To investigate the resistance of the biopolyamide film to solution deposition of organic solvents, 

we spin coated chlorobenzene on it. We measured the surface morphology of the dielectric layer 

before and after this process using an atomic force microscope. Figure 2.8(a) and (b) shows the as-

prepared biopolyamide film has a uniform morphology with root-mean-square of 0.1 nm and 

increased slightly to 0.6 nm when chlorobenzene was spin-coated on the dielectric layer. Thickness 

Figure 2.7. Current density-voltage electrical characterization of the PVCN film. (a) Pristine 

PVCN (in blue), (in red) (inset is the MIM device structure UV exposed PVCN film (50 mins) 

and (b) 2 h. 
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of the film slightly reduced from 366 nm to 361 nm. It confirmed that the morphology of the 

biopolyamide was relatively unchanged when a commonly used organic solvent for OFET devices 

was deposited on it. The resistance to organic solvents makes the biopolyamide a suitable dielectric 

candidate for OFET devices other solution deposition methods. Using a contact angle meter 

(Kyowa Interface Science Co. Ltd DMs-401) the water contact angle of the biopolyamide was 

measured to 59o.  It also has a low surface energy of 44.7 mJ/m2. The value of the surface energy 

is consistent with a hydrophobic hexamethyldisilazane (HMDS)-treated SiO2 (43.6 mJ/m2) and 

less than an untreated SiO2 dielectric (61.4 mJ/m2) [19]. Its surface energy is also similar to that of 

triacetate cellulose biopolymer [13] (41.3 mJ/m2) therefore confirming the hydrophobic nature of 

the biopolyamide. The hydrophobic nature of the biomaterial showed that the material properties 

would not be affected by water vapor when exposed in the air. This makes the biopolyamide 

suitable for waterproof devices. To confirm the resistance of the biopolyamide to chlorobenzene 

solvent, the gate leakage current density and capacitance of the device were measured by 

sandwiching the biopolyamide dielectric in between Ag and Al electrodes to form a parallel plate 

capacitor. Figure 2.9(a) shows the current density against the voltage of the bio-based polyamide 

to be 10-11A cm-2 at 5 V. Figure 2.9(b) shows the measured capacitance per unit area to be 

Fig. 2.8. AFM images of biopolyamide film cross-section before (a) and after (b) 

chlorobenzene spin-coating on it. 

(a) (b) 
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independent of frequency in the frequency range: 102 Hz to 104 Hz. The relative constant 

capacitance value in this frequency range indicates that the polymer has few ionic impurities [7, 

8]. The capacitance per unit area was extrapolated to be 12.25 nF cm-2 at 1000 Hz. Assuming a 

parallel plate capacitor, we calculated the dielectric constant of the biopolyamide to be 3.4. 

According to Veres et al. [7], low-k insulators were suggested to have a dielectric constant ranging 

from 2 to 18 by; therefore, this is a low-k dielectric material.  

     

 

 

 

 

 

Figure 2.9. (a) Electric field leakage current density plot and (b) Frequency-dependent 

capacitance density for the biopolyamide film using the MIM device structure. 

(a) (b) 
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2.4. Basic Parameters of OFET 

2.4.1. Poly (vinyl cinnamate) 

Fig. 2.10(a) shows transfer characteristics of the low-voltage OFET by sweeping gate voltage, (VG) 

from 1 V to – 5 V while keeping the drain voltage, (VD) constant at -5 V. The field-effect mobility 

can be calculated from the saturation regime when VD > VG. The mobility, μ was calculated from 

drain current in the saturation regime equation: 

𝐼Dsat =
𝑊𝐶𝑖

2𝐿
𝜇(𝑉G − 𝑉th)2 

Where W and L are the width and length of the channel 2 mm and 50 μm respectively. Ci is the 

capacitance of PVCN, 7.5 nF/cm2. ON/OFF ratio of the device is 1.17 ×106; μ is the mobility of 

the device in the saturation region, 0.18 cm2/Vs; Vth was deduced to be -0.15 V from the intercept 

of the root of drain current against VG; In addition, the subthreshold swing, (SS), 125 mV/decade 

was deduced from the equation below: 

𝑆𝑆 =  
𝜕log𝐼𝐷

𝜕𝑉𝐺
, 

For the output characteristics, the drain current ID was measured while VD was varied at constant 

VG. As seen in Figure 2.10(a) the low-voltage OFET exhibited typical p-type transfer 

characteristics with a linear increase in ID at low VD, then a saturation region is established by a 

constant VD. The device showed negligible hysteresis because of the absence of hydroxyl ions in 

the PVCN material. The gate current was quite low 10-12 A, thus confirming that the 

photocrosslinked polymer withstood the electric field strength within the range of 1 V to -5 V gate 

voltage applied.  
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2.4.2 Biopolyamide based OFET 

Figure 2.11(a) and (b) shows the transfer and output characteristics curve of the biopolyamide 

based OFET, respectively. Both show typical behavior of p-type OFETs with a drain current 

switching from linear to saturation region by scanning VG from 1 V to -5 V at step 0.1 V. The 

negligible hysteresis observed may be due to the slow polarization effect and a few mobile ions or 

impurities in the film [7, 8]. The output and transfer characteristics show pinch-off current and 

saturation current curves. The device recorded a high on/off current ratio of 9.3 × 105, a low 

threshold voltage (Vth) of -0.85 V, and subthreshold swing (SS) of 108 mV/decade. The dielectric 

showed the great insulating property as the gate current, (IG) recorded was about 3 × 10-11A as seen 

in the transfer characteristics curve. The saturation field-effect mobility of the OFET is 0.27 

cm2/Vs. The high mobility is due to the crystallized semiconducting channel caused by the smooth 

surface of the biopolyamide. This is higher in comparison to other OFET based biopolymer 

dielectric materials, such as triacetate (0.031 cm2/Vs) [13] and silk fibroin (0.21 cm2/Vs) [20] in 
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which the semiconducting solutions were deposited via spin-coating. The OFET device was 

fabricated with maximum processing temperature of 100 °C; and operation voltage of -5 V. 

 

 

 

 

 

 

  

Figure 2.11. (a) Transfer and (b) output characteristics curves from the OFET devices with the 

biopolyamide as the dielectric. 

-5 -4 -3 -2 -1 0 1
10-13

10-12

10-11

10-10

10-9

10-8

10-7

10-6  Drain Current (A)

 Gate Current (A)

|D
ra

in
 C

u
rr

e
n
t 
(A

)|

Gate Voltage (V)

VD= - 5 V

(a) (b) 

-5 -4 -3 -2 -1 0 1
0.0

-0.2

-0.4

-0.6

-0.8

-1.0

-1.2

D
ra

in
 C

u
rr

e
n
t 
(

A
)

Drain Voltage (V)

Gate voltage 

step: 1 V to -5 V



- 47 - 
 

2.5. Conclusion 

In summary, low-voltage OFETs using PVCN and a novel biopolyamide were fabricated and 

characterized. Both polymers showed significant resistance to chlorobenzene and formed good 

interface with a semiconducting blend of TIPS-pentacene and PS. The performance of the devices 

showed typical p-type transfer and output characteristics with negligible hysteresis, and low gate 

leakage current. The OFET devices were fabricated by solution-processing technologies, which 

are compatible to high-throughput printing of organic electronic devices in large areas. 
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CHAPTER 3 || Dual-gate pressure sensor using P(VDF-TrFE) as top-

gate dielectric* 

In this chapter, a dual-gate organic pressure sensor composed of polarized P(VDF-TrFE) film and 

a low-voltage OFET allows measuring pressure in high ranges (> 100 kPa) is reported. When 

pressure is applied on the piezoelectric layer, the voltage generated modulates holes in the OFET’s 

semiconducting channel, therefore, causing shift in threshold voltage (Vth). The pressure load 

applied varies linearly with Vth shift. 

 

 

 

 

 

 

 

 

 

 

*O.O. Ogunleye, H. Sakai, Y. Ishii, H. Murata., Org. Electron., 75 (2019) 

  



- 51 - 
 

3.1. Introduction 

     Organic based piezoelectric materials show strong potential for applications in touch sensing 

devices for future robotic applications. One of such material is PVDF (poly vinylidene fluoride) 

which exists in various phases: α, β, γ and δ. These phases are classified based on the orientation 

of the hydrogen and fluorine molecules with respect to the centre of the polymer chain. With the 

co-polymer TrFE, β phase P(VDF-TrFE) can easily be achieved by solution-processing methods. 

Figure 3.1. shows a schematic representation of α and β phases of P(VDF-TrFE) films respectively. 

Piezoelectricity cannot be achieved when P(VDF-TrFE) films are in α phase because of the random 

orientation of dipoles leading to a net cancellation. For surface charges to be generated, the dipoles 

need to align parallel to each other into a β phase structure. This phase orientation could be 

achieved by electrical poling or stretching.  

 

 

      

This organic material has been explored for both piezoelectric and pyroelectric sensing 

applications [2, 3]. In addition, its ferroelectric property has made it suitable for memory devices 

[4]. Its copolymer P(VDF-TrFE) (poly(vinylidene fluoride trifluoroethylene)) show a higher 

piezoelectric property compared to PVDF and are ferroelectric when deposited by solution process 

[5, 6]. When annealed at 140 °C, the polymer is crystallized and the β phase orientation of the 

polymer is automatically formed without mechanical stretching. The ratio of the VDF to TrFE 

molecules plays a strong role in the β phase formation of the dipoles. The molar mass of the TrFE 

Figure 3.1. Schematic structure of (a) α and (b) β phase P(VDF-TrFE) films 

copolymer 

(a) (b) 
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molecules is between 15 to 40 % of the P(VDF-TrFE) total molar mass [3].  The solid film, 

mesoporous, film or nanofiber forms of the material has been used as sensing layer in 

nanogenerators and pressure sensors [7-12].  

     The orientation of the CF2 molecules of this polymer depends on annealing temperature ranging 

from 130 °C to 160 °C.  When polarized by an electric field, the direction of the net dipole moment 

of the polymer is oriented perpendicular to the substrate and in the same direction of the electric 

field.  Therefore, applying pressure parallel to the polarization direction induces the generation of 

charges on its surface; this is due to the strain exerted on the piezoelectric material.  

     Since the crystal structure of P(VDF-TrFE) is orthorhombic, it has a crystal symmetry of C2v 

[14]. This implies that the matrix form of its piezoelectric tensor, dij is reduced to five independent 

non-zero piezoelectric coefficients, as shown below: 

 

 

Here, dij is the piezoelectric tensor with i as the electric field direction and j as stress/pressure 

direction. Figure 3.2 shows the schematic diagram of the P(VDF-TrFE) film where direction 3 is 

normal to the film. The direction of polarization is also depicted to be downward.  

     This research focuses on d33 because the direction of stress and the direction of the electric field 

is normal to the surface of the piezoelectric film as well as the direction of polarization. Using 

electric fields greater than 1 MV/cm for the poling procedure, an enhanced d33 of 47 pC/N was 

achieved; however, the device fabrication process is expensive and not compatible with the high-
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throughput fabrication process. In addition, the operation voltage of the TFT was 15 V, which is 

not reliable for wearable devices [15]. Using crystalline silicon MOS with high mobility of up to 

85 cm2/V.s, and a polarized 2.5 μm thick P(VDF-TrFE) layer spin-coated on the gate, a 

piezoelectric oxide field effect transistor pressure sensor was fabricated [16]. 

 

 

 

 

 

      

     This device has enormous applications for touch sensing because of its excellent measurement 

of dynamic normal forces [17]; however, it is not compatible with a non-planar surface such as the 

human skin.  

     In this chapter, the fabrication process and characterization of an organic pressure sensor with 

-5 V operation voltage is discussed [13]. The sensing layer used is a polarized P(VDF-TrFE) with 

low-voltage OFET as the read-out element. The sensor measured pressure between 113 kPa-451 

kPa. A linear relation between the threshold voltage and pressure was obtained, therefore showing 

the reliability of the device. Unlike crystalline silicon MOS and TFT, solution processes were used 

Fig. 3.2. Schematic diagram of the P(VDF-TrFE) film showing the directions 1, 2, and 3 

representing the drawn, transverse and thickness directions respectively. 
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to deposit the device active layers, which is compatible with roll-to-roll manufacturing of these 

pressure sensors. A proposed operation mechanism for the low voltage dual-gate organic transistor 

based pressure sensor was discussed based on the direction of polarization, the interaction of bound 

charges of the P(VDF-TrFE) with the mobile charge carriers accumulated in the semiconducting 

channel of the organic transistor. 
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3.2. Experimental Methods 

     To fabricate the dual-gate OFET pressure sensor, first, a low-voltage OFET was fabricated. The 

glass substrate was cleaned in acetone for 5 min, then in IPA for 10 min. The glass substrates 

surface were further cleaned to remove any residual contaminants using a UV ozone cleaner for 

30 min.  

     300 nm PVCN dielectric film was formed by spin-coating 40 mg/ml concentration of PVCN in 

chlorobenzene. Residual chlorobenzene solvent in the film was evaporated by annealing the film 

on a hot plate for 1 h after crosslinking it by UV (λ = 254 nm) treatment for 50 min. Source/drain 

Ag electrodes (50 nm) where deposited by vacuum evaporation method with a shadow mask 

defining the channel length and width to be 50 μm and 2 mm, respectively. In order to form a good 

interface between the Ag source, drain electrodes where immersed in pentafluorobenzenethiol 

solution (0.005 mol/L) for 2 min. The electrodes were exhaustively rinsed with ethanol, then dried 

briefly on a hot plate. Spin-coating 10 mg/ml of Polystyrene (Mw = 600,000, Sigma Aldrich) and 

TIPS-pentacene (Ossila) with 3:1 ratio at1000 rpm formed the semiconducting layer. Furthermore, 

the film form was annealed for 30 min at 100 °C (all in dry nitrogen). The thickness of the 

semiconducting layer was measured to be 70 nm.  

     The sensing layer was fabricated by blade coating P(VDF-TrFE) solution (0.15 g/ml) in N-

methyl-2-pyrrolidinone solvent 3 times on a Si wafer, then heating the film for 1 h at 140 °C to 

crystallize the film. 75:25 is the molar ratio of VDF to TrFE (Kureha Corp.). To improve the 

piezoelectric property of the crystallized 12 μm-thick polymer film the film was polarized with a 

poling voltage of -1000 V by forming a capacitor which included the bladed coated Si/P(VDF-

TrFE) film with a Si substrate placed on the film. The contact poling process was carried out by 
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grounding the top Si electrode while applying a poling voltage on the other Si electrode. The 

resistivity of the Si substrates ranges from 0.1-100 Ωcm. To complete the dual-gate gate organic 

pressure sensor, the P(VDF-TrFE) layer was superimposed on the active layer of the low-voltage 

OFET with the piezoelectric layer facing the active layer of the OFET. Independently fabricating 

the OFET and P(VDF-TrFE) sensing layer prevents orthogonality problem arising from the N-

methyl-2-pyrrolidinone solvent and the TIPS-pentacene/polystyrene semiconducting layer of the 

OFET.  A quasistatic piezoelectric measurement system (see Fig. 3.3) was used to measure 

piezoelectric constant of the P(VDF-TrFE) films [18]. A charge amplifier was used to measure 

electric charges that flowed between the probe and Si substrate when an 8.0 mm diameter disk-

shaped metallic probe was loaded periodically on the films. This procedure occurred in an interval 

of approximately 2.9 s with the periodically applied load and preload to be 6.0 N and 4.0 N, 

respectively. To get d33, the produced charge by the film was divided by the given difference of 

the loads (2.0 N).  

      

 

 

 

 

 

 
Figure 3.3. Schematic diagram of the contact poling process 



- 57 - 
 

3.2.1. Blade Coating process 

     Blade coating process was used to make the P(VDF-TrFE) films. 0.15 g/ml concentration of 

P(VDF-TrFE) solution in N-methyl-2-pyrrolidinone was stirred on a hot plate overnight. The 

solution was then blade coated on a silicon substrate using a mask. Figure 3.4 shows a picture of 

the blade coating process with the solution deposited onto the silicon substrate. The blade coated 

film was placed on a hot plate at 140 °C for 3 minutes to evaporate. The same blade coating process 

was repeated 2 times consecutively. After the third time, the films were annealed for hours to 

crystallize the P(VDF-TrFE) films. The thickness of the film measured was 12 μm. Figure 3.4 

shows a schematic diagram of the contact poling process used to polarize the P(VDF-TrFE) layer. 

 

 

 

 

 

Figure 3.4. Picture showing of blade coating process: Al mask placed on the Si substrate 

attached to a magnet and solution deposited on the Si substrate. 
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Figure 3.5 shows a schematic diagram of the contact poling process utilized to polarize the films. 

In Fig. 3.5(a), the PVDF-TrFE film was blade coated on a Si substrate. It was then crystallized by 

annealing the film at 140 °C for 1 h. The films were polarized by contact poling at room 

temperature conditions. To carry out the poling process, the crytallized film was sandwiched 

between bottom silicon electrode and a top Si electrode (see Fig. 3.5(b)). The top Si electrode was 

grounded while a d.c. poling voltage of -1000 V was applied to the bottom Si electrode for at least  

 

45 min. Fig. 3.5 (c) shows the  the top-Si electrode removed from the polarized P(VDF-TrFE) film 

leaving the film polarized. To check the the polarity of the surface potential induced by polarizing 

the P(VDF-TrFE) film, the film was placed not more than 10 mm away from a digital low voltage 

static meter seen in Fig. 3.5. The static sensor detector is to the right of the main unit unit which 

records the static voltage on the surface of the film. Therefore, surface potential of the P(VDF-

TrFE) film was confirmed to be positive using a Digital Low Static Meter (MODEL KSD-3000) 

seen in Fig. 3.6. 

 

 

Figure 3.5. Schematic diagram of the contact poling process 

(a)  (b) (c) 

Figure 3.6. Digital low voltage static meter showing positive surface potential value of the 

polarized P(VDF-TrFE) film. 
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3.3. Results and Discussion 

The bottom-gate OFET was first electrically characterized. The typical transfer characteristics of 

the bottom-gate OFET is shown in Fig. 3.7(a). The gate voltage (VG) was swept from 1 to -5 V in 

steps of 0.1 V at a constant drain voltage (VD) of -5 V. The output characteristics of the OFET is 

shown in Fig. 3.7(b). VG was scanned from 1 to -5 V in steps of -1 V while the VD was swept from 

1 to -5 V in steps of 0.1 V. The field-effect mobility, on/off ratio, subthreshold swing (SS) and Vth, 

value were extracted to be 0.8 cm2/Vs, 1.1 × 106, 115 mV/decade and 0.18 V respectively.  

 

These results agree that the device operated at a low-voltage and is consistent with low-voltage 

OFET devices using TIPS-pentacene/polystyrene film as the semiconducting layer and PVCN as 

dielectric [13]. Figure 3.8(a) shows a schematic diagram of a polarized P(VDF-TrFE) layer stacked 

on the bottom-gate OFET. Figure 3.8(b) shows the polarized P(VDF-TrFE) layer placed on the 

active layer of the fabricated low voltage OFET and the gate, drain voltage of the OFET were 

applied. The surface potential of the TIPS-pentacene layer is changed by the surface charges on 

the piezoelectric film.  

 

Fig. 3.7. OFET (a) transfer (b) Output characteristics  



- 60 - 
 

 

 

 

 

 

 

 

 

 

This led to a shift in the transfer curve, therefore confirming the polarization of the P(VDF-TrFE) 

film.  This shift agrees with a previous study indicating that the P(VDF-TrFE) layer is polarized 

[13], therefore, the surface potential on the polarized P(VDF-TrFE) film and the TIPS-

pentance/polystyrene layer induces the initial shift in Vth when in contact. Figure 3.8 (c) shows the 

surface charges at the interface of the piezoelectric and semiconducting layer. When pressure is 

exerted on the piezoelectric film, the polarization of the film is changed producing electric field. 

Furthermore, the magnitude of the electric field depends on pressure exerted on the piezoelectric 

Figure 3.8. Schematic diagram of the (a) P(VDF-TrFE) film above the low-voltage OFET dual-

gate pressure sensor (b) P(VDF-TrFE) film placed on the low-voltage OFET (c) pressure load 

exerted on the P(VDF-TrFE) film. 

(c) 

(b) (a) 
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film. The pressure load on the piezoelectric layer gives rise to a shift in transfer characteristics 

which depends on the magnitude of the pressure load as seen in Fig. 3.9(c).  This caused the 

production of surface charges at the region of the piezoelectric and semiconducting layer causing 

an electric field which opposes the gate field. This caused the depletion of mobile charge carriers 

accumulated in the channel of the OFET (in black, see Fig. 3.8(c)). To compensate for mobile 

charge carriers depleted, the gate voltage increases because more mobile charge carriers have to 

be injected to create the semiconducting channel. The correlation between the initial shift of the 

transfer curve and the magnitude of the surface potential of the P(VDF-TrFE) layer was described 

in chapter 6. The transfer characteristics at different pressure loads on the device is shown in Fig 

3.9(b). ID-VG sweeps were carried out at each pressure value. Pyroelectric effect was mitigated 

because measurements were carried out at room temperature. During measurements, the top-gate 

Si electrode was grounded. The pressure load was increased from 113 kPa to 451 kPa leading to 

transfer curve shifts which returned to the original position when the pressure load was removed 

showing that this device operated as a pressure sensor. Figure 3.9 (c) shows relationship between 

Vth shift and pressure load is linear. The amount of charges, Q the piezoelectric film produces is 

approximately proportional to the force applied, F, with d33 as the piezoelectric constant [15, 16, 

19]. However, when a positive voltage is used to polarize the P(VDF-TrFE) film, the induced 

screening charges in the surface of the semiconducting layer are negative (see Fig. 3.10 (a)). The 

electric field interaction between the negative screening charges and the mobile charge carriers 

leads to an accumulation of charge carriers in channel, therefore a shift to the right of the transfer 

curve is observed in Fig. 3.11. 
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This may be due to the enhancement of the gate field by the electric field between the mobile 

charge carriers and the screening charge. When 100 kPa pressure load is placed on the P(VDF-

TrFE) film the device is ON at 0 V gate potential due to the enhanced electric field caused by 

negative screened charges formed on the piezoelectric film [20] (see Fig. 3.11).  

 

. 

Fig. 3.9. (a) Threshold shift when polarized P(VDF-TrFE) was placed on the active layer. (b) 

Transfer curve shifts corresponding to pressure load. (c) linear relation between pressure load 

and threshold voltage. 
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Exerting pressure load on the piezoelectric film displaces fixed charges in the piezoelectric film, 

causing an increase in the induced charges at the region of the semiconducting layer and P(VDF-

TrFE) film (see Fig. 3.10(b)).This phenomenon agrees with the conventional operation mechanism 

of dual-gate OFET in which applying a positive voltage to the top gate electrode reduces the 

number of charge carriers or holes collected at the drain electrode of the bottom-gate OFET [21]. 

However, applying a negative top-gate voltage leads to more charge carriers collected in the drain 

electrode of the bottom-gate OFET. 

Fig. 3.11. Transfer curve shift when P(VDF-TrFE) film is positively poled 

[20] 

Figure 3.10. Schematic diagram of (a) P(VDF-TrFE) film placed on the low-voltage OFET (b) 

pressure load exerted on the P(VDF-TrFE) film. 

(b) (a) 
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3.4. Conclusion 

In summary, an organic pressure sensor consisting of a polarized P(VDF-TrFE) film and low-

voltage OFET was successfully fabricated and characterized. The polarized P(VDF-TrFE) film 

acted as a top-gate sensing voltage induced by a pressure load causing Vth shift in the transfer 

characteristics curve. This Vth shift is linear to the pressure load, thus confirming the successful 

operation of the pressure sensor. A proposed sensing mechanism to describe the interface 

interaction between the bound charges produced by the polarized P(VDF-TrFE) material and the 

semiconducting layer was discussed. 
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CHAPTER 4 || Low-voltage Dual-gate OFET using CYTOP as top-gate 

dielectric 

In this chapter, dual-gate OFETs device using CYTOP as top-gate dielectric and PVCN as bottom-

gate dielectric were fabricated and characterized. The on/off ratio and mobility remained 

approximately the same, despite shift in the threshold voltage. The bias top-gate voltage controlled 

the threshold voltage of the bottom gate potential. A linear relation was established between the 

top-gate voltage and the threshold voltage. The top-gate induced electrostatic potential led to a 

depletion of holes accumulated at the dielectric/semiconductor interface causing threshold shift.  
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4.1. Introduction 

Organic materials are solution-processable, therefore easily used to manufacture large-area, low-

cost, transparent, lightweight and flexible devices [1-3]. One of such device is the organic field 

effect transistor (OFET) which has been used as read-out elements for sensing applications [4-6]. 

However, they are most unstable when exposed to the atmosphere, thus must be encapsulated when 

used in ambient air. The electrical performance of the device also degrades with time. One such 

electrical parameter that changes over time due to the instability of the organic semiconducting 

layer is the threshold voltage (Vth). According to Spijkman et al., Vth defines the gate voltage at 

which the depletion current is lowest, and the accumulation current is highest [7]. Thus, Vth defines 

the sensitivity of sensors, the noise margin in logic devices as well as the performance of an OFET 

device [8, 9]. To achieve high sensitivity in sensor devices, Vth has to be controlled to obtain 

maximum results. Also, for electronic logic circuits, the Vth has to be controlled to maximize the 

noise margin. 

Various methods have been studied on controlling Vth of OFETs which include self-assembled 

monolayers (SAM) [10]. The drawback, in the end, the SAM may destroy or change the chemistry 

of the organic layers of the device, yielding to unreliable results. Another method tried has been 

the use of passivation layers to shield the organic layers from the air, therefore protecting the 

device. This may not be efficient on an industrial scale because of the extra costs required to carry 

out this process.  

This has led to the dual-gate OFET device (see Fig. 4.1), in which electrostatic potential from the 

top-gate (or bottom gate) voltage depletes, or modulated charge carriers accumulated in the bottom 

(or top) channel of the device [11-13]. These charge carriers in the bottom channel are induced by 

the gate potential applied to the bottom gate of the device. The concentration of charge carriers 
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depleted in channel corresponds to the electrostatic potential generated by the gate voltage, 

therefore leading to controllable Vth shift without destroying the organic layers.  

 

 

 

 

 

The total charge (Qtotal) induced by both gates is given by equation (1) [7]: 

𝑄total = 𝐶bottom𝑉bottom + 𝐶top𝑉top  ………………….. (1) 

Where Ctop the capacitance of the top-gate dielectric, while Cbottom is the capacitance of the bottom-

gate dielectric. The total charge at the threshold voltage, Vth is zero, therefore, equation (1) 

becomes 𝐶bottom𝑉bottom = −𝐶top𝑉top. For a p-type semiconducting layer, with a negative bias 

bottom-gate voltage, with a fixed top-gate voltage, the threshold voltage, Vth could be deduced 

from the equation (2) shown below [7]: 

𝑉th = −
𝐶top

𝐶bottom
𝑉TG ………………………… (2) 

In this chapter, a dual-gate OFET with top and bottom gate dielectric, PVCN and CYTOP were 

fabricated and characterized. The results of the device showed a controllable Vth shift of the 

bottom-gate potential when a biased VTG was applied. CYTOP solution was used because TIPS-

pentacene is easily dissolvable by most organic solvents [14].  

  

Fig. 4.1. Schematic structure of the dual-gate OFET 
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4.2. Experimental methods 

The device structure of the dual-gate OFET can be seen in Fig. 4.2. A low voltage OFET device 

was fabricated on a glass substrate. The glass substrate was cleaned for 5 minutes using Acetone 

and then using IPA for 10 minutes, all in an ultrasonic bath. The glass substrates were then dried 

using a spin-coating machine. Then further dried on a hot plate at 100 °C for 3 min. 30 nm thick 

Al gate electrodes were vacuum evaporated on the glass substrates. 

 

 

 

 

 

 

 300 nm PVCN dielectric film was formed by spin-coating 40 mg/ml concentration of PVCN in 

chlorobenzene. Residual chlorobenzene solvent in the film was evaporated by annealing the film 

on a hot plate for 1 h after crosslinking it by UV (λ = 254 nm) treatment for 50 min. Source/drain 

Ag electrodes (50 nm) where deposited by vacuum evaporation method with a shadow mask 

defining the channel length and width to be 50 μm and 2 mm, respectively. In order to form a good 

interface with the semiconducting layer, the Ag source, drain electrodes where immersed in 

pentafluorobenzenethiol solution (0.005 mol/L) for 2 min. The electrodes were exhaustively rinsed 

with ethanol, then dried briefly on a hot plate. Spin-coating 10 mg/ml of Polystyrene (Mw = 

600,000, Sigma Aldrich) and TIPS-pentacene (Ossila) with 3:1 ratio at1000 rpm formed the 

Fig 4.2. Device configuration of a dual-gate OFET 
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semiconducting layer. Furthermore, the film form was annealed for 30 min at 100 °C (all in dry 

nitrogen). The thickness of the semiconducting layer was measured to be 70 nm. The dual-gate 

OFET device was completed by depositing a 950 nm-thick top gate dielectric layer by spin-coating 

CYTOP (CTL-809M) at 2000 rpm on the semiconducting film. The Cytop dielectric film was 

dried on a hot plate at 100 °C for 20 min. 
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4.3. Basic Parameters of dual-gate OFET 

Figure 4.3(a) and (b) show the transfer and output characteristics of the dual-gate OFET when the 

top-gate voltage, VTG is grounded.  The transfer characteristics of the low-voltage OFET was 

measured by sweeping the gate voltage, (VG) from 1 V to – 5 V while keeping the drain voltage, 

(VD) constant at -5 V. The field-effect mobility can be calculated from the saturation regime when 

VD > VG. The mobility, μ was calculated from drain current in the saturation regime equation: 

 

𝐼Dsat =
𝑊𝐶𝑖

2𝐿
𝜇(𝑉G − 𝑉th)2, 

Where W and L is the width and length of the channel respectively. The width of the channel is 2 

mm while its length is 50 μm. Ci is the capacitance of PVCN, 7.5 nF/cm2. ON/OFF ratio of the 

device is 1.13 ×106, μ is the mobility of the device in the saturation region, 0.48 cm2/Vs; Vth was 

deduced to be 0.12 V from the intercept of (ID)0.5 against VG; In addition, the subthreshold swing, 

(SS), 110 mV/Dec was deduced from the equation below: 

𝑆𝑆 =  
𝜕log𝐼𝐷

𝜕𝑉𝐺
, 

Figure 4.3. (a) Transfer and (b) output characteristics of the dual-gate OFET with VTG grounded. 
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For the output characteristics in Fig. 4.3(b), the drain current ID was measured while VD was varied 

at constant VG. As seen in Fig. 4.3(a) the low-voltage OFET exhibited typical p-type characteristics 

with a linear increase in ID at low VD, as well as saturation region with the increase in VD.  
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4.4. Mechanism Discussion 

When bottom-gate voltage, VBG is swept from 1 V to -5 V, charge carriers are accumulated at the 

bottom channel of the OFET. At VTG = 0, the top-gate electrode is grounded, the device 

performance is similar to a bottom-contact bottom gate OFET. When a positive top-gate voltage 

is applied, a controllable Vth shift is observed at constant VD of -5 V, as seen in Fig. 4.4(a) and (b).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4. (a) Vth controllable transfer curves of transistors (b) square root of drain current 

curves as a function VBG. 
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The ON/OFF ratio remains 106 notwithstanding the change of VTG. Vth is extracted from |ID|0.5 

against VBG curves shown in 4.4. (b); the μ remains the same regardless of the change in |ID|0.5
 

caused by the change in VTG. Fig. 4.5 shows an in increase VTG corresponding to a linear increase 

in Vth.  

 

 

 

  

 

 

 

The values of Vth are -0.125 V and -2.0625 V with VTG values 0 V and 10 V respectively. The 

controllable increase of Vth is approximately 0.4 V. From parallel-plate capacitor, the capacitance 

of Cytop is calculated to be 1.9 nF/cm2 given the relative permittivity of Cytop to be 2.0 and 

thickness of 950-nm. The capacitance of PVCN bottom dielectric layer is 7.5 nF/cm2. Substituting 

the capacitance of Cytop and PVCN in equation (2) the Vth shift is approximately 0.5 V given VTG 

to be 2 V. The estimated Vth shift is slightly consistent with Vth shift obtained experimentally by 

change in VTG.   

Since there are no electrons induced at the CYTOP/TIPS-pentacene interface (p-type 

semiconducting channel), the charge carriers in the bottom channel are not shielded from the 

electrostatic potential. Applying voltage to the top-gate electrode, VTG caused the charge carrier 

depletion in the channel, which establishes a shift in Vth. Increasing VTG leads to a corresponding 

Figure 4.5. Graph of VTG against Vth. 



- 76 - 
 

increase in the electrostatic potential, which implies that more charge carriers in the channel are 

depleted. Hence, a similar Vth shift is observed as seen in Fig. 4.4 (a).  This is consistent with results 

of a dual-gate OFET [11-13]. In addition, the CYTOP layer encapsulates the device, therefore 

protecting the device from ambient air and possible degradation [15]. 
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4.5. Conclusion 

In summary, a dual-gate OFET was successfully fabricated and characterized. The Vth from the 

bottom gate potential was controlled by biasing the VTG. The relation between the Vth and VTG is 

linear, agreeing with the results reported for dual-gate OFETs. Vth of the low-voltage bottom OFET 

was controlled perfectly. This research may be useful to low-voltage OFETs with unreliable Vth 

values due to instability of their organic layers.  
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CHAPTER 5: SENSING MECHANISM OF THE LOW-VOLTAGE 

DUAL-GATE PRESSURE SENSOR* 

Dual-gate organic pressure sensors consist of piezoelectric P(VDF-TrFE) sensor in combination 

with a low-voltage OFET as read-out element. The depletion of charge carriers in the channel of 

the OFET was caused by pressure-induced voltage from the piezoelectric layer leading to a shift 

in Vth depletes charge carriers accumulated in the channel of the OFET, causing a shift in threshold 

voltage. Results obtained from both the dual-gate pressure sensor and a conventional dual-gate 

OFET, showed that the piezoelectric constant of the sensing layer to be 72 pC/N. This value is in 

the same order with the piezoelectric constant of the film measured directly confirming that the 

dual-gate pressure sensor operation mechanism was caused by piezoelectric behavior of the 

P(VDF-TrFE) layer used in the device. 

 

 

 

 

 

 

 

 

*O.O. Ogunleye, H. Sakai, Y. Ishii, H. Murata., Org. Electron, 75 (2019). 
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5.1. Introduction  

     In order to use OFETs operating with low voltages for pressure sensors, charge carriers 

accumulated in the semiconducting channel could be controlled by signal output from pressure 

load. Conventional dual-gate OFETs demonstrate that a top-gate voltage could modulate mobile 

charge carrier accumulated in the channel of a bottom-gate OFET [1, 2]. Sandwiched between the 

top and bottom gate electrodes is the organic semiconducting layers as well as equivalent organic 

insulating layers. By biasing the bottom gate with a specific voltage, accumulated charges are 

induced at dielectric/semiconductor interface. When top gate is applied, charge carriers 

accumulated in the channel are depleted causing a change in Vth. 

     Polarized P(VDF-TrFE) material produces charges or voltages in response to pressure load 

placed on them [3, 4]. The dipoles aligned parallel in the film produces surface charges when force 

is placed on it. The charge carriers induced the semiconducting channel of the OFET are modulated 

by the surface charges which is similar to the functionality of a top-gate voltage in a dual-gate 

OFET [5].   

     Recently, the piezoelectric property displayed by P(VDF-TrFE) inspired the development of a 

low-voltage dual-gate OFET based pressure sensor, with low operation voltage of -5 V. The 

configuration of the novel device was made up of a piezoelectric P(VDF-TrFE) film laminated on 

the active layer of the OFET [6]. A significant ΔI/Io of 155 was achieved when pressure load of 

300 kPa was exerted on it. The dual-gate OFET based pressure sensor makes use of the 

piezoelectric dielectric layer as the top gate insulator, which eventually generates this top-gate bias 

voltage when pressure exerted on it. This is similar to the operation of a dual-gate OFET of which 

top-gate applied caused a shift in the transfer curve. Previously, a qualitative operation mechanism 
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of the dual-gate OFET based pressure sensor was suggested but a quantitative clarification was 

lacking.   

     In this chapter, dual-gate organic pressure sensor operation mechanism was investigated. The 

operation of the dual-gate OFET based pressure sensor was shown to be caused by the piezoelectric 

behavior of the polarized P(VDF-TrFE) sensing layer. Charge carriers in the channel of the OFET 

were controlled by the sensing layer which agrees with the performance of the OFET used for 

pressure sensing. Also, the shift in Vth as well as shift in transfer characteristics is consistent with 

that of a dual gate organic pressure sensor. The amount of holes depleted in the channel of the 

OFET could then be estimated by pressure exerted on the piezoelectric layer. In addition, d33 (72 

pC/N) of the sensing layer was obtained from results of both devices. This agreed with the value 

(53 pC/N) obtained when d33 of the sensing layer was directly measured. 
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5.2. Quantitative Analysis 

To unveil the dual-gate OFET based pressure sensor operation mechanism, d33 of P(VDF-TrFE) 

layer in the dual-gate OFET based pressure sensor was estimated from correlation between the 

applied pressure and Vth shift. The Vth shift was caused by a change in the sensing voltage as a 

function of the applied pressure, giving rise to the possibility that Vth shift is caused by piezoelectric 

effect. If this were to be the case, the d33 value of the P(VDF-TrFE) calculated based on pressure 

response of the pressure sensor would agree with d33 value of P(VDF-TrFE) film measured.  

Equation (1) below was used to estimate d33 of P(VDF-TrFE) layer in the dual-gate OFET based 

pressure sensor: the quantity of charges (Q) generated by the piezoelectric sensing layer is 

proportional to force applied (F), with d33 as the piezoelectric constant of P(VDF-TrFE) [7, 8].  

Q = d33 F … … … (1) 

Taking into consideration the relation between F and Q, equation (1) is rearranged to give equation 

(2): 

Q/A = d33F/A … … … (2) 

Where F/A is simply pressure exerted on the sensor. The pressure load required to obtain per unit 

amount of change in the Vth shift is the slope described as F/A × Vth
-1 and extrapolated to be c.a. 

11.2 × 105 Pa/V from Fig. 5.1(b). When pressure is applied to the piezoelectric sensing layer, (Q/A) 

produced by the piezoelectric sensing layer is accumulated at the P(VDF-TrFE)/TIPS-pentacene 

interface layer. As shown in Fig. 5.1 (a), these charges may have caused the Vth shift, which is 

equivalent to the top-gate voltage (VTop) applied on the conventional dual-gate OFET. A 
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conventional dual-gate OFET was fabricated and characterized to estimate Q/A generated by the 

piezoelectric layer. 

 

  

 

 

 

 

 

 

 

The top-gate dielectric layer of the conventional dual-gate OFET differs from that of the dual-gate 

organic pressure sensor. However, the bottom-gate OFET used for both devices are similar as well 

as the operation voltage applied. Therefore, the quantity of Q/A that leads to the Vth shift of the 

OFET is considered to be consistent. The transfer curves of the conventional dual-gate OFET. Is 

shown in Fig. 5.2(a). The transfer curve shifts in line with the magnitude of VTop. The depletion of 

Figure 5.1 (a) Transfer curve shifts corresponding to pressure load (b) graph of pressure load 

against threshold voltage 
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charges in the OFET channel is caused by the electrostatic potential changes which is not shielded 

by the semiconducting layer [9]. 

 

 

 

 

 

Fig. 5.2 (b) shows that the relationship between the VTop and Vth is linear.  This shift in Vth was 

caused by positive VTop which is typical of a dual-gate OFET. Q/A accumulated at the interface 

between the TIPS-pentacene semiconducting layer and top-gate dielectric (Cytop) VTop was 

estimated from the equation (3) [2]. 

Fig. 5.2. (a) Threshold shift of the OFET corresponding to top-gate voltage (b) graph of Top 

gate voltage against threshold voltage (c) graph of threshold voltage against charge per unit 

area.  

(a) (b) 
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Q/A = CT VTop … … …. (3) 

Where CT (1.9 nF/cm2) capacitance of the Cytop layer and A is the unit area of the CYTOP layer. 

From this calculation, the relation between Vth and VTop can be replotted as the relation between 

Q/A and VTop (Fig. 5.2(c)). The value of Q/A to obtain per unit amount of change in the Vth shift 

can be described as Q/A×Vth
-1, which is the slope of Fig. 4(c) and calculated to be 8.1 nC/cm2V. 

Here, the F/A and Q/A quantitative correlation in equation (2) with respect to unit change in Vth 

shift is achieved. Furthermore, by inserting the values into the equation (2), the absolute value of 

d33 was calculated to be 72 pC/N. The reason for the high value of d33 estimated could possibly be 

due to an overestimation of Q/A from the device analysis. Capacitive coupling of bottom gate 

dielectric (PVCN) layer to the CYTOP dielectric of the dual-gate OFET led to a reduced Vth shift, 

hence leading to a high Q/A estimated as charges produced by the P(VDF-TrFE) sensing layer. 

Therefore, more studies using P(VDF-TrFE) as top-gate dielectric for the dual-gate OFET may 

give accurate d33 values estimated. 
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5.3. Summary and Conclusion 

In this chapter, the dual-gate organic pressure sensor operation mechanism was investigated by 

estimating d33 of the P(VDF-TrFE) sensing layer to be 72 pC/N. This value reasonably agrees with 

d33 of the P(VDF-TrFE) films directly measured. Furthermore, a sensing voltage lead to Vth shift 

when pressure was exerted on the film; this was due to the piezoelectric behavior of the film. The 

Vth was typical of a dual-gate OFET with a top-gate OFET equivalent to the sensing voltage 

produced by the P(VDF-TrFE) film. This gave rise to the conclusion that the device is a dual-gate 

OFET based organic pressure sensor with polarized P(VDF-TrFE) sensing voltage and low-

voltage bottom-gate OFET when a pressure load is placed on it. These results could be of interest 

for the development of organic pressure sensors using dual-gates, with one gate producing sensing 

voltage in response to pressure load and the other gate controlling the OFET operation. 
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CHAPTER 6: Polarized P(VDF-TrFE) surface potential investigation 

In this chapter, the threshold voltage shift caused by surface charges on a polarized P(VDF-TrFE) 

film is quantitatively analyzed. The polarized P(VDF-TrFE) film was placed on the active layer of 

the OFET and a corresponding shift in transfer characteristics curve of the OFET was observed.  

The surface charge density on the polarized P(VDF-TrFE) layer was directly measured to be 1.42 

nC/cm2; while the surface charge density on the film was estimated to be 0.4 nC/cm2 from results 

from a conventional dual-gate OFET.  
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6.1. Introduction 

In chapter 3, dual-gate pressure sensor, using P(VDF-TrFE) as the sensing layer and a low-voltage 

OFET as amplifier was developed. When the electric field is passed through P(VDF-TrFE) film 

sandwiched between two parallel conductors, they could easily be polarized. This is due to the 

orientation of the dipole moments formed by the parallel C-F atom and C-H bonds leading to 

charges of equal and opposite magnitude on the surface of the film.  Figure 6.1(a) and (b) shows 

the α and β phase of P(VDF-TrFE), respectively.           

 

 

 

 

The β-phase orientation of the molecules induces these dipole moments. Due to their unique 

characteristics, they have been used for sensors, microgenerators and in microelectromechanical 

systems (MEMS) [1-6]. An initial shift in the transfer characteristics curve was observed when the 

polarized film was laminated on the active layer of the OFET [7]. This initial shift was due to the 

surface potential of the film when in contact with the active layer. The surface potential was 

induced by a poling voltage, which polarized the film, therefore, displacing the dipole moment per 

unit volume. The polarization of the film is proportional to the magnitude of the poling voltage or 

electric field. In addition, the polarization in the film is equal to the density of surface charges [8].  

In chapter 3, only -1000 V of poling voltage was applied to polarize the film. In this chapter, the 

magnitude of the poling voltage was changed. The electrical output response of the polarized film 

Figure 6.1. Chemical structure of (a) α-phase P(VDF-TrFE) (b) β-phase P(VDF-TrFE) 

 Hydrogen  Carbon  Fluorine 
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to different was recorded. A shift in the transfer characteristics curve is linear to the poling voltage. 

Thus, suggesting that the density of surface charges on the film is dependent on the magnitude of 

the poling voltage.  The charges on the surface of the film were estimated using results from a 

conventional dual-gate OFET [9-11]. The values determined would be confirmed in future 

experiments from directly measuring the surface potential on the P(VDF-TrFE) film. 
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6.2. Experimental Methods 

Glass substrates were cleaned in an ultrasonic bath using acetone for 5 min to remove organic 

contamination or residue. The glass substrates were further cleaned in semicol clean for 10 min. 

The glass substrates were rinsed in water for 5 min twice. Finally in IPA for 10 minutes. The 

substrates were dried using IPA vapor from boiling IPA at 240 °C for 3 min. Then further dried 

on a hot plate at 100 °C for 3 min. 30 nm Al gate electrodes were vacuum evaporated on the glass 

substrates. 210 nm PVCN dielectric film was formed by spin-coating 40 mg/ml concentration of 

PVCN in chlorobenzene. Residual chlorobenzene solvent in the film was evaporated by annealing 

the film on a hot plate for 1 h after crosslinking it by UV (λ = 254 nm) treatment for 2 h. 

Source/drain Ag electrodes (50 nm) where deposited by vacuum evaporation method with a 

shadow mask defining the channel length and width to be 50 μm and 2 mm, respectively. In order 

to form a good interface with the semiconducting layer, the Ag source, drain electrodes where 

immersed in pentafluorobenzenethiol solution (0.005 mol/L) for 2 min. The electrodes were 

exhaustively rinsed with ethanol, then dried briefly on a hot plate. Spin-coating 10 mg/ml of 

Polystyrene (Mw = 600,000, Sigma Aldrich) and TIPS-pentacene (Ossila) with 3:1 ratio at1000 

rpm formed the semiconducting layer. Furthermore, the film form was annealed for 30 min at 

100 °C (all in dry nitrogen). The thickness of the semiconducting layer was measured to be 70 nm.  

To complete the dual-gate OFET fabrication process, a 950 nm-thick top gate dielectric layer was 

deposited by spin-coating CYTOP (CTL-809M) on the semiconducting layer at 2000 rpm. The 

film formed was dried by annealing on a hot plate for 20 min at 100 °C. 

This was then followed with annealing for 30 min at 100 °C. Similar to blade-coating procedure 

in chapter 3, a metal-insulator-metal capacitor was fabricated by placing another atomically clean 
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si substrate on the P(VDF-TrFE) film. The film was formed by blade coating 3 times for 3 minutes 

duration intervals during which the substrate is placed on a hot plate at 140 °C. To further 

crystallize the film formed, it was annealed at 140 °C for 2 hrs. To polarize the film dc voltage 

was applied to polarize the P(VDF-TrFE) film at -250 V, -500 V, -750 V and -1000 V respectively.  

The film was laminated on the active layer of a bottom-gate OFET after each polarization condition 

and the electrical output changes recorded. Direct measurement of the surface potential induced 

by polarizing the P(VDF-TrFE) film done by using a Digital Low Static Meter (MODEL KSD-

3000). 
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6.3. Basic Parameters of OFET 

Figure 6.2(a) and (b) show the transfer and output characteristics of the dual-gate OFET when the 

top-gate voltage, VTG is grounded.  Figure 6.2(a) shows the transfer characteristics of the low-

voltage OFET by the sweeping gate voltage, (VG) from 1 V to – 5 V while keeping the drain voltage, 

(VD) constant at -5 V. The field effect mobility can be calculated from the saturation regime when 

VD > VG. The mobility, μ was calculated from drain current in the saturation regime equation (1): 

𝐼Dsat =
𝑊𝐶𝑖

2𝐿
𝜇(𝑉G − 𝑉th)2,…. ….. …. (1) 

 

Where W and L are the width and length of the channel 2 mm and 50 μm respectively. Ci is the 

capacitance of PVCN, 13.4 nF/cm2. ON/OFF ratio of the device is 2.32 ×106; μ is the mobility of 

the device in the saturation region, 0.46 cm2/Vs; Vth was deduced to be -0.06 V from the intercept 

of (ID)0.5 against VG; In addition, the subthreshold swing, (SS), 117 mV/decade was deduced from 

the equation below (2): 

𝑆𝑆 =  
𝜕log𝐼𝐷

𝜕𝑉𝐺
,    …. ……. … (2) 

Figure 6.2. (a) Transfer and (b) output characteristics of the bottom-gate OFET  

-5 -4 -3 -2 -1 0 1

10-12

10-11

10-10

10-9

10-8

10-7

10-6

|D
ra

in
 C

u
rr

e
n

t 
(A

)|

Gate Voltage (V)

 Drain Current

 Gate Current

         VD = - 5 V

(a) 

-5 -4 -3 -2 -1 0 1

0.0

-0.5

-1.0

-1.5
D

ra
in

 C
u

rr
e

n
t 

(A
)

Drain Voltage (V)

 VG: 1 V to - 5 V

(b) 



- 96 - 
 

For the output characteristics (see Fig. 6.2(b)), the drain current ID was measured while VD varied 

with a constant VG. As seen in Figure 6.2(a) the low-voltage OFET exhibited typical p-type 

characteristics with a linear increase in ID with at low VD, as well as saturation region with the 

increase in VD.  
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6.4. Surface potential Discussion 

     When the polarized P(VDF-TrFE) was placed on the active layer of the OFET (TIPS-

pentacene), the shift in threshold voltage was observed; this shift depends on the magnitude of the 

poling voltage. The surface potential generated by charges on the surface of the P(VDF-TrFE) 

layer with poling voltage of -250 V lead to Vth shift from 0.025 V to -0.005 as seen in Fig. 6.3(a). 

On increasing the magnitude of the poling voltage to -500 V, Vth shift was observed to have 

increased to -0.02 V. No Vth change was observed when the poling voltage was increased from  
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-500 V to -750 V. This may be due to the incomplete polarization of the piezoelectric film, since 

the magnitude of electric field strength required to polarize the P(VDF-TrFE) film adequately is 

80-100 V/μm [11]. Figure 6.3 (b) shows the relation between the threshold voltage and the poling 

voltage while Fig. 6.3 (c) shows the graph of poling voltage against threshold voltage shift with 

the initial threshold voltage value taken to be zero. 

The β-form crystal orientation of the film strongly depends on the magnitude of the poling voltage. 

Excessive poling of the P(VDF-TrFE) film may have created trapping sites for charges injected 

into the film due to continuous application of electric field to polarize the film [12]. Increasing the 

poling voltage may have increased the β-form content of the material, hence the degree of 

polarization exhibited by the material. The surface potential created at the interface of the 

piezoelectric layer and the semiconducting layer may be due to charges injected into the film by 

continuous poling coupled with the β-form induced surface charges that screened the mobile 

charge carriers in the semiconducting channel of the OFET, hence, the shift in transfer curve 

observed in Figure 6.3(a).  

     The top-gate voltage/surface potential generated by the polarized P(VDF-TrFE) film can be 

estimated from the surface charges per unit area, Q/A using equation (3): 

𝑄/𝐴 = 𝜀𝑃(𝑉𝐷𝐹−𝑇𝑟𝐹𝐸)𝑉/𝑑 …. …. ….  (3) 

Where V and d (12 μm) is the surface potential and thickness of the polarized P(VDF-TrFE) film 

respectively; and 𝜀𝑃(𝑉𝐷𝐹−𝑇𝑟𝐹𝐸)  is the permittivity of P(VDF-TrFE). The surface potential was 

measured to be an average value of -213.7 V when the film was polarized with a poling voltage of 

-1000 V. Given the capacitance of the P(VDF-TrFE) film to be 6.741E-12 Farad, and substituting 

the permittivity of P(VDF-TrFE) into equation (3) the surface charge density on the piezoelectric 
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film was calculated to be 1.42 nC/cm2. This is the surface charge density on the polarized film 

when measured directly. 

     In order to confirm the surface charge density measured directly, the quantity of surface charge 

per unit area (Q/A) generated by the polarized P(VDF-TrFE) film when placed on the OFET active 

layer can be estimated from results of a conventional dual-gate OFET [13,14] using equation (4): 

                                                            Q/A = CTVTop …..…...….. (4) 
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Where CT (1.9 nF/cm2) is the capacitance per unit area of Cytop. Figure 6.4 (a) shows shift in the 

transfer characteristics curve with increasing top gate voltage. Vth increased from -0.435 V to -

1.195 V when VTG was applied from 1 V to 4 V in step 1 V. A graph of the top-gate voltage against 

Vth shows a linear relation (see Fig. 6.4(b)). Using equation 4, the number of charges on the 

piezoelectric film was estimated. A linear relation between the surface charges per unit area to Vth 

is shown in Fig 6.4(c). Using this information, the surface charge density per unit Vth is determined 

from the slope of the graph to be -10 nC/cm2 per V. Taking initial Vth to be zero, the graph of 

surface charge density against change in Vth is shown in Fig. 6.4 (d). Therefore, to extrapolate the 

surface charge density on the piezoelectric layer, Vth shift induced by the poling voltage is matched 

with equal value of Vth shift from the dual-gate OFET result shown in Fig. 6.4(d). In Fig. 6.3(c), 

using a -1000 V poling voltage, the Vth shift observed is -0.0575 V. The estimated surface charge 

density was extrapolated from Fig. 6.4(d) to be approximately 0.4 nC/cm2. The estimated surface 

charge density on the polarized film is 72 percent lower than the surface charge density measured 

directly from the polarized film; thus, this experiment has to be repeated so as to give a more 

holistic comparison of the surface charge density estimated to that directly measured.  
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6.5. Conclusion 

In summary, the surface charges density on a polarized P(VDF-TrFE) film induced by an electric 

field at different magnitude was investigated. A relation between the poling voltage and 

corresponding Vth shift was obtained. Using results from a dual-gate OFET, the surface charge 

density per unit Vth on the polarized P(VDF-TrFE) film when laminated to the semiconducting 

layer was estimated to be 72 percent lower than the surface charge density measured directly. 

Therefore, further investigation is required to explain differences in the results obtained. 
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CHAPTER 7 || CONCLUSION AND FUTURE WORK 

7.1. Conclusions 

     Studies on the sensing mechanism of a dual-gate pressure sensor based on P(VDF-TrFE) as 

sensing film and a low-voltage OFET as amplifier was thoroughly researched on. The piezoelectric 

constant, d33 of the film was estimated to be 72 pC/N. This value agrees with directly measured 

d33, 53 pC/N of the film using a piezoelectric measurement system. In addition, the magnitude of 

surface potential to the degree of polarization was partly investigated. However, before getting to 

this final point of the research, some results had to be achieved as summarized below: 

Chapter 1 

     A broad introduction of dual-gate pressure sensor was carried out. It started with the sensing 

regimes to transduction mechanism then further down to OFET based pressure-sensing devices. 

This chapter echoes the use of high operation voltage OFET for pressure sensing devices as well 

as the imperative for carrying out this research. 

Chapter 2 

     In this chapter, low-voltage OFET devices were fabricated and characterized. First, using 

PVCN as dielectric, second, using a novel biopolyamide as the dielectric. Transfer and output 

characteristics were typical of a p-type OFET. While the PVCN layer required curing (UV 

crosslinking), the already synthesized biopolyamide did not require curing, therefore less time 

consuming during the OFET fabrication process. 
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Chapter 3 

     In this chapter, a dual-gate pressure sensor was fabricated. First, the read-out element was 

fabricated using reproducible experimental conditions in chapter 2, then the P(VDF-TrFE) film 

was formed by blade coating. The crystallized film was laminated on the active layer of the low-

voltage OFET, and a shift in threshold voltage was observed. Vth was shown to be linear to the 

corresponding applied pressure. 

Chapter 4 

     In this chapter, a 950 nm thick CYTOP was deposited on the active layer of the low-voltage 

OFET described in chapter 2. This formed the top-gate dielectric of a dual-gate OFET; then 50 nm 

thick Al electrode was vacuum evaporated on the CYTOP film to complete the fabrication 

procedure of a dual-gate OFET. Applying top-gate voltage, the Vth could be controlled, such that 

the relationship between it and the top-gate voltage is linear. 

Chapter 5  

     The sensing mechanism of the pressure sensor was confirmed by quantitatively determining the 

piezoelectric constant, d33 of the piezoelectric (PVDF-TrFE) film to be 72 pC/N. In addition, this 

value was confirmed by measuring d33 of the film directly to be 53 pC/N. 

Chapter 6 

The surface potential on the P(VDF-TrFE) film was partly investigated by changing the poling 

voltage condition. Increasing the poling voltage led to a corresponding increase in Vth shift 

indicating that the polarization of the film was equally increased. The surface charges per unit area 

required to cause a unit shift in Vth was also quantified.  
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7.1. Future Work  

   The dual-gate organic pressure sensor in this research measures pressure signals above or equal 

to 100 kPa; therefore, there is a need to reduce the pressure region in which these pressure sensors 

could function. Reducing the pressure region below 113 kPa means they could for electronic skin 

which is a relevant topic today because of the possible applications for health care and robotics 

    For the pressure sensor, the OFET device was fabricated on a glass substrate, while the sensing 

element P(VDF-TrFE) was on a Si substrate. Therefore, the pressure sensor has its drawback, 

which means it cannot be used for flexible devices. Using flexible substrates such as polyethylene 

naphthalate (PEN) and polyethylene terephthalate (PET) the flexible dual-gate organic pressure 

sensors could be fabricated. 

   For commercial use of these pressure sensors, a high-throughput production process is required. 

Hence, the pressure sensing devices could be printed once on large flexible substrates in a timely 

fashion.  
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