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Abstract 

 

 

Paper-based organic electronics. 

 

With the current advances in semiconductor physics, material science, and material 

engineering, some developments have been reported in the performance and 

fabrication of cheap light weight electronic components. These electronic 

components include those made from organic material driven electronic devices such 

as organic thin film transistors, organic diodes, etc. all having a wide range of 

applications in various fields including science, technology, engineering, and 

entertainment. 

Large area organic thin film transistors can be fabricated on various substrates such 

as glasses, flexible and rigid plastics, thin-films, etc. to suit different design 

applications. This thesis work describes the fabrication of organic thin film transistors 

on biodegradable light-weight flexible paper substrates, and some basic electronic 

circuitries made from this environmental friendly paper based transistors. This work 

also highlights possible future work that can be carried out for achieving better 

performance in some of the circuit applications reported in this thesis. 

Current research in the performances and characteristics of the environmental 

friendly transistors has shown that it possesses strong potential for direct applications 

in biosensors, food technology, histology, biophysics, electrotherapy, computing and 

electronics. With the light weight paper technology, these devices can be engineered 

at a low cost into any form and shape to suit design and thus have strong commercial 

potential that can drive future electronics. 

  



 

  



 

 

Acknowledgement 
 

I would like to express my sincere appreciation to my thesis supervisor Prof. Ronald 

Österbacka of the Department of Natural Sciences/Physics, Åbo Akademi University 

for his guidance, and as well for providing me with all the materials and support 

necessary for the completion of this work.  

 

I would also like to express my sincere gratitude to Dr. Fredrik Pettersson for his 

mentorship and valuable contributions to this thesis. Without his guidance, this 

research work would have not been successfully conducted. 

I would also like to acknowledge Prof. Markus Lindberg of the Department of 

Natural Sciences/Physics, Åbo Akademi University. I am gratefully indebted to his 

valuable comments on this thesis. 

My sincere thanks also goes to the entire staff and student of the Department of 

Natural Sciences/Physics for their support over the years. 

  



 

  



Table of Contents 
 

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

Acknowledgement ................................................................................................................ v 

Table of Contents ...............................................................................................................vii 

 

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

1.1 Semiconductors ......................................................................................................... 1 

1.2 Inorganic Semiconductors ........................................................................................ 2 

1.3 Organic Semiconductors ........................................................................................... 3 

1.4 Paper Electronics ...................................................................................................... 5 

 

2 Theory ............................................................................................................................. 7 

2.1  Organic Transistor Structure ..................................................................................... 7 

2.3 Dielectrics ................................................................................................................. 8 

2.4 Ion-conductors ........................................................................................................ 10 

2.5 Transistors and their working operation ................................................................. 13 

2.6 Circuitries................................................................................................................ 19 

2.6.1 Logic Gates ..................................................................................................... 19 

2.6.2 Ring Oscillators and their working operation ................................................. 22 

2.6.3 Latches and their working operation ............................................................... 24 

 

3 Experimental .............................................................................................................. 27 

3.1 Materials ................................................................................................................. 27 

3.2 Device fabrication ................................................................................................... 29 

3.3 Measurements ......................................................................................................... 33 

 

4 Results and discussions ............................................................................................ 34 

4.1 The p-channel OFET on paper ................................................................................ 34 

4.2 The n-channel OFET on paper ................................................................................ 36 



4.3 The p-channel IMT on paper .................................................................................. 40 

4.4 The n-channel IMT on paper .................................................................................. 42 

4.5 The Inverter on paper .............................................................................................. 43 

4.6 The CMOS-like inverter on paper .......................................................................... 44 

4.7 The NOR-gate on paper .......................................................................................... 45 

4.8 Ring Oscillators on paper........................................................................................ 47 

4.9 Latches on paper ..................................................................................................... 48 

 

5 Summary and conclusion ........................................................................................ 50 

 

References ........................................................................................................................... 51 

 

Appendix ............................................................................................................................. 56 

1 Measurable device parameters from an I-V curve. ..................................................... 56 

2 Derivation of the ID expression in OTFTs .................................................................. 57 



 

1 
 

 

 

1 Introduction 

 

1.1 Semiconductors 

 

Most semiconducting materials used in electronics are crystalline in nature.
1
 Based on 

the illustration shown in Fig 1.1, semiconductors can be defined as materials that 

have electrical properties between those of conductors and insulators. They exhibit 

relatively high electrical conductivity (when compared to insulators) under controlled 

conditions e.g. an applied electric field, magnetic or electromagnetic field, and 

temperature. High conductivity can also be achieved by chemically doping 

semiconducting materials. 

 

Figure 1.1.  Difference between an insulator, a semiconductor, and a conductor in terms of energy 

band with only the last filled valence band shown. (a) The valence band of an insulator is filled while 

the conduction band is empty. The band gap (EG) is relatively high; insulator do not conduct current 

easily.   (b) The band gap in semiconductor is smaller than the band gap in insulators. Thermal energy 

can excite electrons from the valence to the conduction band. (c) There is no band gap in a conductor 

as the valence and conduction band overlap to form one band. Therefore, electrons in the valence band 

can move freely into the conduction band. This results in high electrical conductivity in conductors. 

The energy difference between the top of the valence band and the bottom of the 

conduction band is called a forbidden gap or a band gap (EG). The amount of carriers 

in the conduction band (NCOND) depends on the temperature of the environment 

𝑁𝐶𝑂𝑁𝐷 ∝ 𝑒  
−𝐸𝐺𝐴𝑃

𝑘𝑇      (1.1) 

where k is the Boltzmann constant, and T is the absolute temperature in kelvin.  
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Due to these properties, semiconducting materials can be used as the active layers in 

various electronic devices used in electronic components e.g. memories, discrete 

devices, and integrated circuitries. These devices include transistors, sensors, 

biosensors, light emitting diodes (LEDs), organic LEDs (OLEDs), solar cells, lasers 

and diodes. Semiconducting materials can be classified into inorganic and organic.   

 

1.2 Inorganic Semiconductors 

 

Each electron (e) also called negative charge carrier, present in an atom of a 

semiconductor crystal is associated with an energy at temperatures close to absolute 

zero. In an inorganic semiconducting material, electrons are said to be in a specified 

group of energy levels called valence band at this temperature. In the presence of an 

applied electric field or thermal energy, the energy of these electrons changes, and the 

electrons become excited. This excitation causes the electrons to jump to a higher 

unoccupied energy level called conduction band shown in Fig 1.1.  

The excited electrons found in the conduction band move from one atomic site to 

another throughout the crystal of the semiconducting material which in turn results in 

electrical conduction in the material.
2
 As an electron moves from the valence band to 

the conduction band, it creates a void in the valence band which is commonly 

referred to as a hole (i.e. a deficit of electron).  

The addition of dopants (i.e. either an electron donor or a hole donor) to inorganic 

semiconducting materials alters their physical properties. This can result in an 

increase in the electronic conduction due to the increase in the density of mobile 

electrons or mobile holes (p) also called positive charge carriers, depending on the 

type of dopant added.  

If the doping results in more mobile holes in the semiconducting material when 

compared to electrons, the semiconductor material is called a p-type semiconductor, 

and if it results in more mobile electrons when compared to holes, it is called an n-

type semiconductor.  

The interface at which a p-type and an n-type material come in contact with each 

other inside a single crystal of a semiconductor material is called a p-n junction. 

Illuminating a p-n junction produces electron-hole pairs which are essential for the 
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functioning of solar cells. The spontaneous recombination of an electron-hole pair 

and the simultaneous emission of photons is the mechanism for light emission in 

LEDs. 

Electronic components and circuitries made from inorganic semiconducting materials 

have developed over years with improved functionality, performance, stability, 

capacity, reduced size and weight, reduction in power consumption and cost of 

production. Among the notable developments are memories and microprocessors 

which drive present day digital electronics.  

Silicon, gallium-arsenide, and germanium are the most commonly used inorganic 

semiconducting materials with silicon being the most abundant on earth and having 

the lowest manufacturing cost when compared to other listed semiconducting 

materials.  

 

1.3 Organic Semiconductors 

 

The valence band in an inorganic semiconductor can be roughly represented as the 

highest occupied molecular orbital (HOMO) level in organic semiconductors (OSCs), 

while the conduction band: the lowest unoccupied molecular orbital (LUMO) level. 

The band width of the HOMO and LUMO bands is narrower when compared to the 

band width in inorganic semiconductors. The HOMO-LUMO energy gap in OSC is 

analogous to the band gap in an inorganic semiconductor. Electrons in the HOMO 

jumps to the LUMO on excitation.  

Fig 1.2 illustrates the energy diagram of an OSC while assuming that the OSC has no 

physical interface with any other material. Electrons bounded in an OSC are 

prevented from escaping from the surface of the OSC. Vacuum level (VL) is the 

lowest energy of a free electron found outside the surface of the OSC. The minimum 

energy required to remove an electron from the HOMO to VL is called the ionization 

energy (IE). The energy released when an electron drops from VL to the LUMO is 

called electron affinity (EA) energy. 
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Figure 1.2.  Energy diagram of an OSC with the assumption that the OSC has no physical interface 

with any other material. Where VL, IE, ΦVAC
 
, EG, EA, EF , stand for vacuum level, ionization energy, 

work function of the OSC, band gap energy, electron affinity energy, and fermi level respectively. 

 

The Fermi-level is defined as an energy level in which the probability of finding an 

electron in the middle of the HOMO and LUMO gap is one-half. This probability can 

be expressed using the Fermi-Dirac relation. 

𝑓(𝐸) =
1

1+𝑒(𝐸−𝐸𝐹)/𝑘𝑇     (1.2) 

where E is the energy state. By setting E = EF, f (E) = 0.5. 

The difference between VL and EF is ΦVAC. Varying the HOMO-LUMO gap results 

in a variation of IE and EA. All these parameters define the electronic structure, 

process of charge exchange and transport within a specific organic semiconducting 

material.
3
 Photoemission spectroscopy and kelvin probes can be used to 

experimentally determine ΦVAC, VL and EF positions in an OSC. 

In organic semiconducting materials, the rate at which these electrons and holes 

recombine is essential in the performance of OLEDs.
4
 This rate can be expressed 

mathematically as 

𝑅 = −
𝑑𝑛

𝑑𝑡
= −

𝑑𝑝

𝑑𝑡
= 𝐵 𝑛 𝑝   (1.3) 

where R is the number of recombinations per unit time and B is the bimolecular 

recombination coefficient. 

Organic semiconductors have some advantages when compared to inorganic 

semiconductors. These advantages include low temperature processing on flexible 

substrates, low cost of production and easy fabrication for large area electronics.
 5,6,7,8
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Current research in OSC has led to major developments in organic electronic devices 

such as organic light-emitting diodes (OLEDs), organic thin-film transistors (OTFTs), 

low cost radio frequency identifications (RFIDs), printable sensors, and organic solar 

cells. The efficiencies of these devices depend largely on the charge injection at the 

metal/OSC interfaces present in the devices.
8,9,10,11

 

The thickness of solution processed OTFTs are usually on a micrometre size scale, 

and they are advantageous in terms of throughput.
12

 Improvements in OTFT 

performances such as better fabrication techniques on large scale substrates, high 

charge carrier mobility, high on/off ratio, air stability, shelf-life and bias stress 

stability, low contact resistance, high switching speed, and printable features, has led 

to advances such as light weight, low power dissipation in organic based devices and 

circuits. Yan et. al. had reported an operational high electron mobility ~ 0.45 - 0.85 

cm
2
 V

-1
s

-1
 and high hole mobility between 0.01 – 1 cm

2
 V

-1
s

-1
 for solution processed 

OTFTs in ambient conditions.
13

 

Despite these advantages, it has also been observed that there could be some 

challenges e.g. in achieving uniform thin film layer topography when fabricated over 

a large surface area, 
12

 as well as a risk of surface layer contaminations all attributed 

to using solution processed OSC.
14

 Nevertheless, these setbacks are hopefully fixed 

by working in more sterile and dust free environments and by technological 

advancement in printing and solution casting techniques. 

Some reported substrates used for fabricating solution processed transistors include 

glass, polyethylene terephthalate (PET), and paper. Examples of commonly used 

OSC are poly 3-hexyltiophene (P3HT) and Activ Ink N2200. 

 

1.4 Paper Electronics 

 

Paper surfaces are absorptive and rough when viewed on a nanometre scale. Paper 

also contains chemical groups e.g. hydroxyl-groups (OH‾) that can easily react with 

any solution it comes in contact with. These facts, make fabricating solution 

processed devices on paper somewhat difficult. Bollström et. al. reported a method in 

which they modified a paper which became suitable for solution processability and as 

well as printed functionality when used for device fabrication.
15
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Pettersson et. al. recently reported solution processed phase-separated p-channel ion 

modulated transistors on the modified paper.
16

 The choice of paper over other 

substrates was motivated by its additive and environmentally friendly manufacturing 

processes, and as well as its recyclability. 

Organic devices fabricated on paper do pave the way for a new generation of 

electronics and biodegradable electronic devices whose advantage can be maximized 

in light weight devices, food packaging, biosensors, and in medical applications. 
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2 Theory 

 

2.1  Organic Transistor Structure 

 

An organic field-effect transistor (OFET) is a transistor which comprises a transistor 

substrate, a conducting drain and source electrode (D and S respectively), an organic 

semiconducting material, an insulating or dielectric material, and a conducting gate 

electrode (G) as shown in Fig 2.1.  

 

Figure 2.1.  Bottom contact – top gate transistor structure of a traditional OFET. 

The D and S electrodes are made of conducting metals through which electron enters 

and leaves the transistor charge transport layer during device operation.  Due to the 

absence of intrinsic charges in a typical semiconducting material, the bulk of the 

charges needed for the device to operate have to be injected from the contact 

electrodes into the semiconducting layer.
8
 

When holes are injected from the contact electrode into the HOMO of an OSC, a p-

channel (i.e. a hole channel) is formed and the device is called a p-channel transistor. 

On the other hand, when electrons are injected into the LUMO, an n-channel (i.e. an 

electron channel) is formed, and the device is called an n-channel transistor. During 

device operation, charge carriers must pass through this metal/OSC interface, which 

itself may possess an energetic barrier (also called injection barrier) that tends to 

hinder the easy passage of the charge carriers. 
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The magnitude of this energetic barrier (denoted as △h for holes and △e for electrons) 

is dependent on the work function of the contact electrode, the donor and acceptor 

energy level position of the electrode material, and the HOMO and LUMO level of 

the semiconducting material.
8,17,18

 This implies that the interfacial properties of the 

metal and the OSC will have a significant effect on the transistor device performance. 

To optimize the device performance, it is necessary to have Ohmic contacts (i.e. a 

low resistive metal/OSC interface).  

 

Figure 2.2.  (a) Relation between the Fermi level of an electrode, the charge injection barriers at the 

interface and the narrow band of an OSC. (b) OSC energy level aligning with EF. 

Very low barrier energy at the contacts is somewhat difficult to achieve, however, 

they can still be reduced by varying the position of the electrode’s EF with respect to 

the HOMO and LUMO level of the OSC (for p- and n-channel OSC respectively). 

This can be done by simply choosing a different electrode with a suitable work 

function 
8,11,19

, or by moving the OSC molecular levels close to EF as shown in Fig 

2.2b by choosing a different OSC with suitable ΦVAC 
8,11,19

, or by altering the 

interionic distance in the OSC which in turn leads to an alteration of ΦVAC without 

having to change the OSC material.
20,21

  

 

2.3 Dielectrics 

 

Between the gate electrode and the semiconductor layer in an OFET is a dielectric 

layer that becomes polarized when a bias voltage is applied to the gate electrode. This 

results in charges accumulating at the dielectric/OSC interface inside the OSC. This 

process can be illustrated as a simple parallel plate capacitor with the gate/dielectric 
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interface and the dielectric/OSC interface representing individual capacitors plates as 

shown in Fig 2.3. 

 

Figure 2.3.  Dielectric polarization of a parallel plate capacitor with d as the thickness of the dielectric 

layer. The polarity of the charges formed at the dielectric interfaces is dependent on the polarity of the 

gate bias voltage.  A negative gate bias voltage would reverse the polarity of the charges formed at the 

dielectric/OSC interface, the orientation of the dipoles, and as well, the direction of the electric field in 

contrast to that shown in the figure.  

The accumulated charge formed at the capacitor plates can be calculated using the 

following expression. 

𝑄𝑞 = 𝐶 𝑉                  (2.1) 

𝐶 =  𝜖𝑟𝜖0
𝐴

𝑑
            (2.2) 

𝐶𝐴 =
𝐶

𝐴
=  𝜖𝑟𝜖0

1

𝑑
           (2.3)  

where Qq is the total charge on the plate, C is the capacitance, V is the potential 

difference between the two plates, 𝜖𝑟  is the dielectric constant of the dielectric 

material, 𝜖0 is the permitivity of free space,  CA is the capacitance per unit area of the 

dielectric, A is the area of the plates and d is the thickness of dielectric layer. 

The seperation, d, between the gate electrode and the semiconductor layer in OFETs, 

is usually large. Typical values vary between 100 and 900 nm depending on the 

device structure and type of dielectric used. A large d implies that smaller capacitance 

will be formed over the dielectric layer according to equation 2.2, and this would 

further reduce the amount of charges formed at the dielectric/OSC interface according 

to equation 2.1. Therefore, for larger charge accumulation to occur at constant 

potential, thick dielectric layers should be avoided in OFET fabrication except if low 

charge formation is actually desired from the device operation.  
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Therefore, the application of a gate bias voltage causes charges to accumulate at the 

dielectric/OSC interface in an OFET. The phenomenon in which the density of 

charge carriers in the semiconductor accumulation layer is controlled by the electrical 

polarization of the dielectric as a result of applied electric field acting over the 

dielectric is called the field-effect (FE). The accumulated charge is proportional to the 

applied electric field and hence, the name Organic field-effect transistor. 

Most polymer dielectric materials e.g. poly methyl metacrylate (PMMA) are viscous 

and have low dielectric constants. This fact poses a challenge in OFET fabrication 

where high capacitance is required. Typical capacitance values in OFETs are usually 

less than 20nF/cm
2
. 

22
 To achieve higher charge accumulations in the semiconducting 

layer in an OFET, one can: apply higher operating voltages, make the dielectric layer 

thinner, use dielectric materials with high dielectric constant. 

 

2.4 Ion-conductors  

 

An alternative approach to make OFETs operate in low voltage domain is to replace 

the dielectric layer with an ion-conducting layer. Modified OFETs of this kind are 

called Ion-modulated transistors (IMTs). Ion-conducting materials are subdivided 

into electrolytes, ionic liquids/gels, and polyelectrolytes. Electrolytes are materials 

that can dissociate into anions and cations (negatively and positively charged ions 

respectively) when dissolved in solvent such as water.  

Electrolytes are solid salts at temperatures below 100 ⁰C, while ionic liquids are salts 

in liquid state at temperatures below 100 ⁰C. Ionic liquids are sometimes referred to 

as liquid electrolytes. Polyelectrolytes on the other hand, are materials whose 

properties are similar to those of electrolytes and polymer dielectrics. They are 

polymers with an electrolyte group covalently bonded to the polymer backbone.
23

 

On the application of a potential over a liquid electrolyte layer, ions present in the 

electrolyte will move in opposite directions in response to the polarity of the applied 

potential (i.e. anions move towards the positively charged electrode and cations will 

be drawn towards the negatively charged electrode). As shown in Fig 2.4a, the 

application of a negative gate bias potential to an IMT causes cations to move 

towards the gate and anions away from the gate. The movement of ions across the 

layer results in conduction through the layer. 
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Figure 2.4. (a) The electric double layers (EDLs) formed in the electrolyte on the application of a 

negative gate bias voltage. Charges with reverse polarity in contrast to the applied gate bias, 

accumulates at the plate B' in the OSC. Typical value of dEDL is less than 1nm which implies high 

capacitance according to Eq. 2.2. (b) Two EDLs represented as two serially connected capacitors, and 

(c) the effective capacitance of the gate/electrolyte/OSC-system. 

 

These movements result in two electric double layers (EDLs) also called Helmholtz 

double layer being formed. One EDL is formed at the gate/electrolyte interface and 

the other, formed at the electrolyte/OSC interface. The operation of the EDL 

conduction can be illustrated as two parallel plate capacitors called electric double 

layer capacitors (EDLCs) connected in series, with one capacitor representing an 

EDL formed at the gate/electrolyte interface and the other representing the other EDL 

formed at the electrolyte/OSC interface as shown in Fig 2.4b.  

The effective capacitance (CEFF) of the EDLCs can be expressed mathematically as  

1

𝐶𝐸𝐹𝐹
=  

1

𝐶𝐴𝐵
+

1

𝐶𝐴′𝐵′  
      (2.4) 

using equation 2.2, CAB and CA’B’ can be written as a function of the properties of 

EDLs. 

𝐶𝐴𝐵 =  𝜖1𝜖0
𝐴𝐴𝐵 

𝑑𝐸𝐷𝐿
     (2.5) 

𝐶𝐴′𝐵′ =  𝜖1𝜖0
𝐴𝐴′𝐵′ 

𝑑𝐸𝐷𝐿
    (2.6) 

 

𝐶𝐸𝐹𝐹 =  
𝜖1𝜖0 𝐴𝐴𝐵 𝐴𝐴′𝐵′ 

𝑑𝐸𝐷𝐿 (𝐴𝐴𝐵 + 𝐴𝐴′𝐵′)
    (2.7) 
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where 𝜖1 is the dielectric constant of the electrolyte, and dEDL is the thickness of the 

electric double layer. Impedance spectroscopy can be used to experimentally 

determine CEFF. The EDL formation process in the electrolyte layer results in higher 

capacitance and higher charge carrier accumulation at the semiconducting interface as 

a result of the dEDL being comparatively smaller than d in OFETs. Reported 

capacitances of the ELDC layers are around 10 – 500μF/cm
2
.
22 

Ions accumulating at the electrolyte/OSC interfaces can penetrate through the OSC 

interface and as a result, dope the OSC as shown in Fig 2.5. This ion dopants (also 

known as electrochemical-induced charges), in the OSC layer contributes to the 

drain-source channel conduction in contrast to a field-effect transistor where only 

accumulated charges at the dielectric/OSC interface contribute to the source-drain 

current. 

 

Figure 2.5.  Electrochemically-induced charges in the IMT OSC layer as a result of ions doping the 

OSC. The pink arrow indicates the medium through which conduction occurs via charge accumulation, 

and the light red arrow, electrochemically induced conduction path via dopant ions. 

The process of ions penetrating and electrochemically doping the OSC is generally 

slow.
16

 A thick semiconducting layer will furthermore, increase the time it takes for 

the ions to penetrate and dope the bulk of the OSC, and this results in slow switching 

devices. A thinner semiconductor layer on the other hand, would reduce the doping 

time, which in turn results in faster switching devices. 

When polyelectrolytes are mixed with polar solvent such as water, the electrolyte 

group dissociates in the solvent. The polymer chain becomes charged with either a 
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cations or anions (depending if it is a polycationic or polyanionic electrolyte 

respectively), and the uncharged counterions are released in the solution.  

For example, on the application of a negative bias to the gate interface of a 

polyanionic electrolyte-based IMT, anions will be bonded in the polymer chain as 

shown in Fig 2.6, and there will be no anion available to electrochemically dope the 

OSC layer as one would expect from using liquid electrolytes. Therefore, using 

polyelectrolytes suppress the electrochemical doping process in IMTs. 

 

Fig 2.6.  Diagram of a polycationic electrolyte showing cations covalently bonded to the polymer 

chains and anions being mobile.  

Due to the low dielectric constants of dielectric materials, higher voltages are applied 

to OFETs in order to achieve large charge accumulations. Typical operating voltages 

of OFETs ranges between 5-70 V depending on the type of dielectric material being 

used. Due to the high capacitance of ion-conductors, high charge carrier density (10
14

 

– 10
15

 C/cm
2
) can be achieved at low voltages (< 2 V).

22
 Malti et al. reported an ultra-

low n-channel transistor with applied drain voltage (VD) = 0.1V using 

polyelectrolytes.
24

  

 

2.5 Transistors and their working operation 

 

During device operation, negative bias voltages are usually applied to the gate of a p-

channel transistor in order for positive charges to accumulate at the dielectric/OSC 

interface as explained earlier. The amount of charge accumulation per surface area 

(QA) formed at the dielectric/OSC layer can be estimated using 

𝑄𝐴 = 𝐶𝐴 (𝑉𝐺 − 𝑉𝑇)     (2.8) 

where VG is the applied gate voltage, and VT is the  threshold voltage. 
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A negative voltage when also applied to the D terminal results in holes being injected 

from the ohmic contact into the charge transport layer. This creates the p-channel in 

the transistor.  

On the other hand, positive bias voltages are applied to the gate of an n-channel 

transistor, causing negative charges to accumulate at the dielectric/OSC interface. A 

positive voltage applied to the D terminal will cause electrons to be injected in to the 

OSC, and in turn, an n-channel is created. Therefore, the operation of a p-channel and 

an n-channel transistor is similar except the polarity of the applied voltage which 

differs. 

VT is defined as the minimum |VG| at which conductivity between drain and source 

channel increases exponentially as a funtion of VD. VT is a consequence of the fact 

that there are traps at the dielectric/OSC interface. The charges injected into the OSC 

will need to first fill all the trap sites, then after conductivity increases between the 

drain-source channel. 

Fig 2.7 shows a typical current-voltage (I-V) characteristic plot (also called transfer 

curve) of a p- and an n-channel OFET measured in the saturated regime while Fig 2.8 

shows output curve of a p-channel OFET. The transfer curve describes the current 

behaviour in response to a change in gate voltage. The curve shows a plot of the 

absolute values of the measured ID, IG, and IDS
1/2 

versus VG at regular step interval of 

VG. From the curve, additional information about the device performance e.g. VT, 

on/off ratio, and charge carrier mobility (μ) can be extracted. (See appendix 1 for more 

details) An output curve on the other hand, shows measured ID when VD is swept at 

different gate voltages.  

At low VG i.e. at 0 < |VG| < |VT|, the transistor is said to be in its off-state i.e. a state of 

no conductivity between the drain-source channel. The value of the drain current (ID) 

(i.e. current flowing through the drain-source channel) in this state is relatively low; 

approximately 8 E-11A from our n-channel transfer curve shown in Fig 2.7b. This 

implies that the transistor channel resistance is high. 

As |VG| increases, a point is reached in which some ID starts to flow in the drain-

source channel. The magnitude of VG at this point is called the turn-on voltage (VO). 

This region of low conductivity is referred to as cut-off region as shown in the output 

curve of Fig 2.8, and it is characterised by:  

i. 0V ≤ |VG| < |VT| 
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ii. |VDS| = |VD| (see Fig 2.9) 

iii. |ID| ≅ 0A 

iv. the device is equivalent to an open switch 

 

 

Figure 2.7. (a) A transfer curve of a p-channel OFET made from drop-casted films, and (b) a transfer 

curve of an n-channel OFET made from spin-casted films.  The p-channel OSC was P3HT-based, and  

n-channel OSC used was a N2200:CB solution (15mg/ml). The dielectric material was a solution of 

PMMA in Ethyl Acetate.  A constant VD was applied while VG was swept from 0 to |50| V. The blue 

curve represents the absolute value of the measured drain current (ID), the black curve represents the 

square root of the absolute value of ID, and the red curve represents the absolute value of the measured 

gate current (IG) (i.e. the displacement current over the dielectric layer). 
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Figure 2.8.  An output curve of a P3HT:PLLA p-channel OFET showing the cut-off, linear, and 

saturation regions marked with the black, blue, and red shaded area respectively. 

Furthermore, as |VG| approaches |VT|, charges injected from the drain contact begins to 

fill the traps in the OSC, the channel resistance decreases, and the transistor channel 

begins to conduct. This process is then followed by the charging of the dielectric and 

charges accumulate at the dielectric/OSC interface, and ID increases linearly with 

increasing VD. This region is referred to as the linear region as shown in the output 

curve of Fig 2.8, and it is characterised by: 

i. |VG| ≅ |VT| 

ii. |VG| > |VD| 

iii. high power dissipation as the relationship between ID and VD is linear. 

When |VG| > |VT|, all trap sites are filled, and more charges accumulate at the 

dielectric/OSC interface. The channel resistance reduces further, and the drain-source 

channel conductivity approaches its maximum. The change in ID as a function of VG 

in this region is no longer linear but exponential. This region is referred to as the 

saturation region as shown in the output curve of Fig 2.8. In saturation region, further 

increase to VD will not change ID as the device is already in saturation. Saturation 

region is characterised by:  

i. |VG| > |VT| 

ii. |VDS| <|VD|, |VDS| approaches 0V as |VG| approaches maximum |VG| 

iii. |VD| ≥ |VG -VT| 
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iv. |ID| ≅ |maximum ID| 

v. the device is equivalent to a closed switch with lesser power dissipated 

when compared to that of the linear region. 

The slope of the drain curve is the subthreshold swing. The inverse of the 

subthreshold swing is the subthreshold slope which defines the sharpness of the 

transition of the device from its off-state to its on-state. The ratio of ID when the 

transistor is fully on to ID when the transistor is off (called on/off ratio) is dependent 

on the magnitude of |VG - VT|. A device with lower VT implies a device that has lesser 

traps in the system when compared to similar device having higher VT. Low VT will 

result in quicker and higher charge accumulation according to equation 2.8, faster 

switching, and higher ID when the device is on according to equation 2.10.  

Higher VG can be applied to compensate for charge accumulation in devices with high 

VT. Excessively high voltage applied over an ion-conductor layer is destructive to the 

layer, as this will catalyse an oxidation process in the electrolyte. An aftermath of this 

oxidation will result in a device characterised with low ID, increase leakages, larger 

hysteresis, lower on/off ratio, slower switching, and eventually a non-functioning 

device which in turn will not be suitable for use in circuitry. 

An optimal high-performance device should have high on/off ratios, low hysteresis 

(difference in the values of the current when the device is scanned in both forward 

and reverse directions as a function of VG with VD being constant), low |VT|, and low 

gate leakages.  

Fig 2.9 shows a circuit analysis diagram of an ideal p-channel transistor with negative 

potential applied to its terminals. Using direct current analysis to analyse the diagram 

in Fig 2.9a,  

𝐼𝑆 = 𝐼𝐷                           (2.9) 

𝐼𝐷 =
𝑊𝐶𝐴

2𝐿
𝜇(𝑉𝐺 − 𝑉𝑇)2     (2.10) 

where IS is the current that flows through source to ground, ID is the drain current, W 

is the width of the channel, L is the length of the channel, CA is the capacitance per 

unit area of the gate insulator. From equation 2.10, it is evident that for a transistor 

device to have a high performance at low bias voltages, CA must be high at low VG – 

VT. As stated earlier, this is often a setback with using OFETs in low voltage regimes 
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as dielectric materials generally have low dielectric constants. Therefore, higher 

voltages must  be applied to OFETs. 

 

Figure 2.9.  A circuit analysis diagram of (a) a p-channel OFET, and (b) a p-channel IMT. The 

quantity VD is the drain voltage, and VDS is the voltage over the drain-source channel. The arrows long 

the connectrors indicate the direction of the current. 

The mobility (μ) is used to quantify OTFTs performances and it can be estimated 

either from the steady-state conditions, or from the non-steady state conditions. The 

differences in the values of μ estimated from both steady and non-steady states are 

usually attributed to morphologies of the charge transport layer and charge carrier 

reservoirs at the dielectric or electrolytic/OSC interfaces
25

. All μ values reported in 

this thesis were estimated from steady-state analysis with the use of VT estimated 

from the transfer curves, CA quantified using impedance spectrometer, and equation 

2.10. (See Appendix 2 for the derivation of equation 2.10) 

Making the dielectric or electrolyte layer thinner would result in higher capacitance 

according to equation 2.2 which in turn would lead to higher |ID| and on/off ratio. 

Thin dielectric layers might result in leakages in the off current between the drain and 

source as a conduction channel might be created between the gate-source system 

which sometimes could pose difficulties turning the device off. Owing to ions in the 

electrolyte penetrating through and doping the OSC in IMTs, some constant steady 

state current could as well flow through the electrolyte which could result in gate 

leakage between the drain and the source. These leakage contributions will result in 

𝐼𝑆 = 𝐼𝐷 + 𝐼𝐿                           (2.11) 

where IL is the leakage current as shown in Fig 2.7b. Therefore, sometimes, a trade-

off between high ID and device thickness would however, be necessary during OFET 

fabrication as required by design.  
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2.6 Circuitries 

 

Electronic circuits e.g. logic gates, ring oscillators, and latches can be designed using 

either: relays, diodes, or transistors. Transistors function primarily as electronic 

switches and amplifiers when implemented in circuitry devices. In this session, the 

working operation of transistors, as well as the working operation of some circuits 

designed using transistors will be discussed. These circuits include inverters, CMOS-

like inverters, NOR-gates, ring oscillators, SR-latch, and the D-latch. 

 

2.6.1 Logic Gates 

 

Logic gates are circuits in which a logical operation on its input produces a logical 

output. They form the basic building block of digital electronics. An inverter (also 

called a NOT-gate), CMOS inverter, and NOR-gates are some examples of logic 

gates. The inverter is the simplest form of logic gate, and it is designed by connecting 

a resistor and a transistor as shown in Fig 2.10b. 

The resistor functions as a protector for the transistor against excessively high 

currents. When choosing a load resistor, one needs to be observant as transistors do 

have internal resistance. Excessively high resistance over the resistor-drain-source 

system would have an adverse effect on ID and in turn could lead to non-optimal 

performance of the device. The voltage drop across the resistor should be small in 

comparison with VD, otherwise, lesser voltage will be supplied to the transistor which 

also implies lesser current according to Ohms law. 

When VD is applied to the transistor, and a low input i.e. |VG| < |VT| is applied to the 

gate, the transistor is off. This low VG input is logically expressed as ‘low’ or said to 

have a logical level of ‘0’. The voltage measured across the terminal Q is high and 

equal to |VDS| ≅ |VD - VR|, where VR is the potential drop over the resistor. The logical 

value at Q is logically expressed as ‘high’, or Q is said to have a logical level of ‘1. 
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Figure 2.10.  (a) The symbol, and (b) the circuitry analysis diagram of an inverter. 

On the other hand, when |VG| > |VT|, the transistor switches on. This high VG input is 

logically expressed as ‘high’ or said to have a logical level of ‘1’. The voltage 

measured across the terminal Q (|VDS|) is low as |VDS| approaches zero. The logical 

value at Q is therefore, logically expressed as ‘low’, or Q is said to have a logical 

level of ‘0’ in the on-state.  

If the peak of the amplitude of the output voltage between the on and off state is 

greater than the peak of the amplitude of the input voltage between these two states, 

then the inverter is said to be amplifying.  The ratio of the peak of the output voltage 

to the input voltage is called the voltage amplification or the gain of a voltage 

amplifier. An ideal inverter should have a voltage amplification > 1. Therefore, 

inverters can be used as electronic switches and as amplifiers in electronics. Table 1 

shows the logical truth table of an inverter operation. 

Table 1.     A truth table of an inverter showing the input/output (I/O) logical operation 

IN (VG)    Q (OUT) 

0 1 (off-state) 

1 0 (on-state) 

 

The abbreviation CMOS, comes from the name complementary metal-oxide 

semiconductor. Hence we do not have metal-oxides in our transistor, we will use the 

term CMOS-like to describe our complementary organic inverters. The logical 

operation of the CMOS inverter is the same as that of the NOT-gate. The mode of 

operation is however, different from the NOT-gate as the CMOS inverter design 

requires an n- and a p-channel transistor to be connected as shown in Fig 2.11.  

The application of a positive voltage to the drain of a p-channel transistor will cause 

the p-channel transistor to switch on and its channel conducting when VG = 0, in 



 

21 
 

contrast to the normal operation of a p-channel transistor in which the transistor is off 

when negative voltage is applied to its drain terminal and VG = 0.  The transistor 

switches off when high positive VG is applied and VD is positive, in contrast to the 

normal operation in which the transistor switches on when high negative VG is 

applied and VD is negative.  

Thus, at zero bias VG and positive VD, the p-channel is on and the n-channel transistor 

is off in a CMOS inverter. This causes the logical value at Q in the CMOS inverter to 

be logically high as the p-channel is conducting and the n-channel is off. Applying a 

positive bias to the IN terminal of the CMOS-inverter causes the n-channel transistor 

to switch on and potential over the terminal Q gradually approaches zero. Q is 

logically expressed as low because the p-channel transistor gradually switches off as 

VG increases and the connection path to VD is cut. Therefore, the input and output 

operation of inverters are complementary at all times. 

 

Figure 2.11. A circuit diagram of a CMOS-like inveter.  

When a NOT-gate is on, current flows constantly through the resistor, and energy is 

dissipated in the system as heat. This on-state is, however, power consuming. In the 

CMOS, there is no current flowing through the resistor to ground when it is either on 

or off, therefore, no power is dissipated because one of the transistor is always off in 

either the on- or in the off-state. However, in the linear region of transistors i.e. the 

time when transistors are switching, both the p- and the n-channel transistors are 

conducting in the CMOS, and current flows through the CMOS inverter to ground, 

and power is dissipated in this phase.  

The transistors, however, does not remain in the linear region for long as they switch 

states then after. So, the power consumption in the CMOS inverter is smaller when 

compared to the NOT-gate as the CMOS consumes power when the device are 

switching while the simple inverter consumes power whenever it is on. 
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A NOR-gate comprises two transistors connected to each other as shown in Fig 2.12b. 

When the logical level of the input of both transistors is low, the voltage across 

terminal Q is high and the logical value at Q is logically expressed as high as no 

connection path to ground exists. The  

On changing the logical level of the input of one of the transistors to high, while the 

input of the other is low, the transistor whose input is high switches on and current 

flows through it to ground. The logical value at Q becomes low. Turning both 

transistors on, creates an additional path for current to flow through. This results in 

higher ID flowing through the NOR-gate when compared to the case when one 

transistor is off and the other transistor on. Therefore, a logical high at either or both 

of the input terminals results in a logical low at the output terminal. The logical 

operation of the NOR-gate is summarized in the logical truth table shown in Table 2. 

 

Figure 2.12.  (a) The symbol, and (b) the circuitry diagram of a NOR-gate. 

 

Table 2.     Truth table of a NOR-gate showing the I/O logical operation 

IN 1   IN 2 Q (OUT) 

0 0 1 

0 1 0 

1 0  0 

1 1 0 

 

 

2.6.2 Ring Oscillators and their working operation 

 

Ring oscillators are electronic components or circuits that consist of an odd number 

of inverters connected in series with the output of one inverter feeding the input of 
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the next successive inverter as shown in Fig 2.13. During operation, it is observed 

that the values of the logical levels of the outputs of all odd numbered inverters is the 

same as that of the first inverter, i.e. if logical value at Q is 0 for the first inverter, the 

logical value at Q for all odd-numbered inverters would also be zero.  

Feeding back the output of the last inverter in the series to the input of the first 

inverter will cause the logical value at Q for all inverters in the oscillator to switch 

state between 0 and 1 after a period (T) which is proportional to the sum of the gate 

delays of the individual transistors used in the ring oscillator setup. At every period T, 

the continual switching of the logical level of Q between 0 and 1 leads to oscillation 

in the circuit.  

 

Figure 2.13.   (a) The symbol, and  (b) the circuitry diagram of a 5-stage ring oscillator.  

A mathematical relationship exists between the average frequency at which the ring 

oscillator oscillates and the sum of the gate delays of the transistors. 

𝑇 =  𝑁 𝜏                            (2.10) 

 

 𝑓𝑂𝑆𝐶 =
1

2𝑇
      (2.11) 

where N is the number of inverters, fOSC is the frequency of oscillation, τ is the 

average delay of individual transistor in the ring oscillator.  
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An even number of inverters in a ring oscillator will stabilize the system as the value 

of the logical level of the last inverter will be the same as the input of the first inverter. 

Therefore, no state change will be observed at Q and in turn, implies no oscillation. 

 

2.6.3 Latches and their working operation 

 

Latches, also called flip-flops, are basic electronic data storage elements, which are 

also known as memories. One latch can store a single bit of information, therefore 

large and complex memories can be made by integrating multiple latches together 

either serially, in parallel, or in a configuration having both serial and parallel 

couplings. 

There are several types of latches e.g. SR-, D-, T-, and JK-latches. Latches can either 

be simple or they could be clocked. The simple ones are commonly called latches and 

are made up of two NOR-gates as shown in Fig 2.14, while the clocked ones are 

commonly called flip-flops.  

 

Figure 2.14. (a) The symbol, and (b) the circuitry diagram of an SR-latch. 

Latches have two stable states, a SET (S) and a RESET (R) state that can be used to 

store and modify state information. During an SR-latch operation, if an S-operation is 

initiated by applying a logical high to its respective input, the operation is passed 

through the NOR-gate and the data is stored in the latch and it can be observed at 

output QR as a logical high.  
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When the S-state is changed from a logical high into a logical low, the data initially 

stored in the latch that was observed at output QR is retained in the latch and the 

logical level of QR remains unchanged. At this instance, the latch is said to be in a 

memory state. This is a result of the fact that latches are designed to store only a 

single bit of state information, and they would retain the state information until the 

state is changed by an R-operation. So, once an S-operation (either logical high or 

low) is initiated, an R-operation would have to be performed before the stored state 

information can be changed. 

An ideal SR-latch would hold its S-state information for as long it is intended to until 

an R-operation is initiated. More so, once an R-operation is initiated, an ideal latch 

would also remain in the new state until an S-operation is re-initiated. The truth table 

of the logical operation of the SR-latch is shown in Table 3.  

Table 3.     Truth table of an SR-latch showing the I/O logical operation 

S   R QS QR state 

0 0 X X X 

1 0 0 1 set 

0 0  0 1 memory 

0 1 1 0 reset 

0 0 1 0 memory 

 

A D-type latch on the other hand, has the same setup as a SR-latch but with an 

additional NOT-gate included in the design as shown in Fig 2.15. When the D-state is 

set to logical high, the S-state is also set to logical high, while the R-state is logically 

low. The S-operation will make the logical level observed at QR = 1, and QS = 0. 

When the D-state is set to logical low, the R-operation will make the logical level 

observed at QR = 0 and QS = 1.  

This means that when the D-state is changed between logical 0 and 1, an S- and R-

operation is performed consecutively. Therefore, the D-type latch cannot retain state 

information as both S- and R-operation cannot be logically low in a D-latch when a 

D-operation is initiated due to the additional NOT-gate. By placing the NOT-gate 

between the D and S terminal in contrast to that shown in Fig 2.15, the operation is 

reversed and the state measured at QR would switch between logical low and high 

when the D-state is set to logical high and low respectively. The D-latch logical 

operation is summarized in the truth table of Table 4. 
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Figure 2.16.  A D-type latch diagram. 

 

Table 4.     Truth table of a D-type latch showing the input/ouput logical operation 

D S R QS  QR  

0 0 1 1 0 

1 1 0 0 1 
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3 Experimental 

 

The experimental work carried out in this thesis includes the fabrication of p-channel 

IMTs and OFETs, n-channel IMTs and OFETs, inverters, CMOS-like inverters, 

NOR-gates, ring oscillators, SR- and D-latches, all fabricated on paper substrates. In 

this session, materials used for transistor fabrication, the fabrication process of the 

transistors and circuits, and the system used for measurements are being described. 

All transistor devices and circuits were fabricated in a glove box containing nitrogen 

and they remained in the glove box all through the fabrication-measurement phase.   

 

3.1 Materials 

 

A thin OSC layer which is necessary for faster switching in IMTs is not easy to 

achieve on a rough, porous and absorptive substrate such as paper during device 

fabrication. Furthermore, hydroxyl-groups present in the paper substrate can 

chemically dope the thin semiconductor, increasing the off-currents and increasing 

the device hysteresis. Pettersson et. al. reported the fabrication of p-channel IMTs on 

the environmentally friendly paper described in section 1.4 using a blend of P3HT 

and poly (L-lactic acid) (PLLA) – a polymer insulator. During the spin-cast or drop-

cast process of the OSC blend, there is a spontaneous phase separation which leaves 

the PLLA at the bottom and P3HT on top as shown in Fig 3.1.
16

 

 

Figure 3.1.  A model structure of an IMT fabricated using P3HT:PLLA blend to prevent ions 

penetrating through to the paper surface and as well, to prevent the hydroxyl- groups in the paper from 

penetrating into the thin OSC phase.  

Source:
 16 
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Both the EDL and the electrochemical-induced process as described for the pure OSC 

still occur in the thin OSC blend layer. The processes of penetration and doping are 

now, however, limited to the phase-separated thin OSC layer. This results in quick 

doping, and thus, leads to faster switching devices when compared to the case with 

thicker pure OSC layer as the ions now have smaller area to move within while 

doping the thin OSC layer. The PLLA insulating layer is resistive to currents and also 

serves as a physical separator between the hydroxyl-groups present in the paper 

substrate and the OSC layer. 

The material used for the charge transport layer in all the fabricated p-channel 

transistors in this experiment was the P3HT:PLLA blend and all device were 

fabricated on the environmentally friendly paper as reported by Pettersson et al.
27

 The 

blend was made from P3HT (HOMO level energy = 5 eV 
26

) dissolved in 

chlorobenzene (CB) using the weight ratio 2:98. The solution was then ultra-

sonicated at 65 ⁰C for one hour, followed by filtration through a 0.2 µm PTFE filter. 

The filtered solution was then mixed with a 2:98 weight ratio PLLA:CB solution in 

the weight ratio of 1:4.  

Ionic liquids were used as the ion-conducting layer in the p-channel IMTs as reported 

by Pettersson et. al.
27

 The ion-conducting layer was made from a mixture of sorbitol, 

a water based binder, and choline-chloride. Sorbitol and choline-chloride were mixed 

together at a molar ratio of 1:1 at 65 ⁰C, resulting in a transparent gel-like compound. 

The compound was then mixed at room temperature with the water based binder 

using a weight ratio of 1:4 respectively.  

On applying a negative potential difference over the ionic liquid, Cl‾ anion from the 

choline-chloride present in the electrolyte will move towards the OSC and dope the 

OSC layer. Sorbitol contains hydroxyl-groups, and on mixing it with choline-cholide, 

it forms a hydrogen bond with the Cl‾ anion. This creates a bulkier anion that will not 

easily penetrate through and dope the OSC layer. The water based binder acts as a 

solidifier that helps to create a solidified electrolytic layer. 

The dielectric material used in all the OFETs was made from PMMA dissolved in 

Ethyl Acetate (EtOAc). The solution was first stirred at 65 ⁰C until all PMMA had 

been fully dissolved, then further heated at 45 ⁰C for 12 hrs, and filtered with a 1 µm 

PTFE filter. The solution was made in 2 batches, one having a concentration of 100 

mg/ml and the other, a concentration of 150 mg/ml. 

The charge transport layer in the n-channel transistors were made from a solution of 

Activ Ink N2200 (LUMO level energy = 4.0 eV 
28

) having a concentration of 15 



 

29 
 

mg/ml CB (1.5: 98.5 weight ratio). The solution was also ultra-sonicated at 65 ⁰C for 

one hour, followed by filtration through a 0.2 µm PTFE filter.  

An attempt was also made to produce n-channel OSC blends. For this, an N2200:CB 

solution was mixed with a PLLA:CB solution. Some clusters of either: N2200, PLLA, 

or their constituent elements were, however, observed in the resulting solution. This 

is most likely associated with the molecular structure of N2200.  

 

Figure 3.2.  The molecular structure of (a) N2200, (b) PLLA. 

Hence positive bias voltages are normally applied to n-channel transistors, this would 

imply that the Cl‾ anion in the electrolyte will not be suitable for ion-transport as it 

would be attracted to plate B as described in Fig 2.4. Therefore, an ion-conducting 

layer with cations as the active ion-transport material would have to be used when 

fabricating n-channel IMTs in contrast to anionic electrolyte for p-channel IMTs.  

A cationic polyelectrolyte was used in the n-channel IMT fabrication. The 

ployelecrolyte was made by mixing poly(vinylbenzyl chloride) (PVBC) dissolved in 

tetrahydrofuran (THF) with dimethylbenzylamine (DMBA). PVBC and THF were 

mixed using a weight ratio of 1:2. The resulting solution was then mixed with DMBA 

at 80 molecular percent per monomer unit of PVBC.
 24

 The resulting ionic liquid was 

a clear white liquid that solidified into a fine crystalline solid over time. 

 

3.2 Device fabrication 

 

The transistor base includes a calendered paper substrate, upon which a 30 nm thick 

D and S gold (Φ=5.1eV) electrode films had been evaporated thermally. The base 

structure architecture is based on a bottom-contact top-gate structure as depicted in 

Fig  2.1 with the transistor channel length = 25 µm, and channel width = 1500 µm. 
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For the p-channel transistors, the P3HT:PLLA OSC blend was drop-casted on the 

paper-gold structure, while the N2200:CB solution was spin-casted on similar paper-

gold structure for n-channel transistors. On spin-casting the N2200:PLLA OSC blend 

on the base structure, a film whose surface is rough and uneven with clusters 

randomly casted on it was produced. Clusters coating the source-drain channel will 

affect the transistor operation and could lead to poor device performance.  

On drop-casting the N2200:PLLA blend on the paper at an inclined angle of about 45 

degrees, large amount of the tiny precipitate were observed to have flowed down 

away from the surface of the inclined paper substrate producing a film whose surface 

is less rough when compared to the spin-casted film. With this drop-cast deposition, 

however, it is somewhat challenging to quantitatively estimate the concentration of 

the N2200 present in the drop-casted films hence we do not know if precipitate that 

had flowed off from the surface were of N2200 or PLLA.  

 

 

Figure 3.3.  A 50 µm by 50 µm Atomic Force Microscopic image showing the surface of the 

N2200:PLLA blend film made from (a) spin-coated deposition, and (b) drop-casted deposition. 

Fig 3.3 shows an atomic force microscopic (AFM) image of the N2200:PLLA film 

made from spin-cast and drop-cast deposition technique. From the images, it is 

evident that a drop-cast deposition of the blend would be most appropriate for use in 

device fabrication when compared to the spin-cast deposition due to its surface being 

less rough. A promising alternative that could be used in place of PLLA for making 

OSC blend is PMMA.  

Although the surface and interfacial properties of N2200:PMMA blended films have 

not yet been investigated, neither have devices been made from them. The 

N2200:PMMA solution, however, appears to be fully mixed with no cluster or 
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residue being observed. Surface topography of films made from N2200:PMMA 

blends are shown in Fig 3.4. The coating on the surface of the film appears somewhat 

evenly ordered when compared to N2200:PLLA films. 

 

 

Figure 3.4.  A 50 µm by 50 µm Atomic Force Microscopic image showing the surface of the 

N2200:PMMA blend film made from (a) spin-coated deposition, and (b) drop-casted deposition. 

 

 

  

Figure 3.5.  A 50 µm by 50 µm Atomic Force Microscopic image showing the surface of a pure N2200 

OSC film made from spin-coat deposition. 

After the successful  coating of the OSC layer, the resulting films were left to self-dry 

in the glove box, and the n-channel N2200:CB and N2200:PLLA (drop-casted) films 

were annealed for 2 hours at 100 ⁰C. PMMA:EtOAc (150mg/ml) solution was spin-

casted on a P3HT:PLLA and N2200:CB film producing a p-channel and an n-channel 

OFET respectively. PMMA:EtOAc (100mg/ml) solution was also spin-casted on a 

N2200:PLLA film producing an n-channel phase separated OFET.  

The Sorbitol-based electrolyte was spin-casted on another P3HT:PLLA film  

producing a p-channel IMT, and the PVBC based polyelectrolyte was spin-casted on 
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another N2200:CB film producing an n-channel IMT. After the deposition of the 

dielectric and electrolyte, the OFETs were annealed at 100 ⁰C for 12 hours, and the n-

channel IMT for 1 hour, while the p-channel IMT was not annealed. A 30 nm gold 

gate electrode was then evaporated thermally on top of all the transistor devices 

aligning the gate directly over the channel area. 

An inverter was frabicated by connecting a p-channel IMT to an electronic kit 

embedded with resistors and connectors via flex cables as reported by Jani 

Silvander.
31

 Fabricating each of the CMOS-like inverter, NOR-gate, ring oscillator, 

and D-latch from transistors requires lots of physical connection. These physical 

connections were done discretely for each of the circuits by connecting the terminals 

of p-channel IMTs together using a breadboard and connector cables in accordance 

with their respective design diagram, except for the CMOS-like inverter, in which p- 

and n-channel OFETs were used. Each resistor used in this experimental work had a 

resistance of 5.7MΩ. The resistance value lies between the resistance of the transistor 

channel in the off- and on-state. 

 

Figure 3.6.  An SR-latch (a) multi-layered integated circuit model,  and (b) final structure of the 

integrated circuit 
27

. 

The SR-latch was setup using a p-channel IMT-based multi-layer integrated circuit 

(IC) structure as reported by Pettersson et al.
27

 Fig 3.6a shows a model of the 

different layers involved in the fabrication of the integrated circuit. The IC comprises 

a paper base transistor structure upon which D and S gold electrodes had been 

evaporated thermally with the transistor channel and width being 1500 µm and 25 µm 

respectively, two resistors, an OSC layer, anelectrolyte layer, and a thin film to 

prevent short circuits in the IC. 
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3.3 Measurements 

 

All the transistor devices were stored in the glove box after fabrication and 

throughout the period within which measurement were done. An HP 4142B DC 

modular source/monitor was used to apply potentials and as well measure currents 

and voltages across transistor terminals during device operation via a 3- channel gold 

pin contact system shown in Fig 3.7. The data from the system was then plotted as the 

transfer and output curves and discussed in Chapter 4.  

 

 

Figure 3.7.  A 3- channel gold pin contact system. 

Ring oscillator was tested using the 3-channel gold pin system. The inverter device 

was tested using the mesurement system reported by Jani Silvander.
29

 The Jani 

Silvander’s system included a Stanford DS345 function genarator – to apply an input 

wave signal to the inverter, an Agilent E3631A voltage source, and an electronic kit 

embedded with resistors and connectors. 

Hence the CMOS-like inverter, NOR-gate, SR-latch, and D-latch have more than 3 

physical nodes from which measurements could be taken, this exceeds the channel 

capacity of the 3-channel gold pin HP4142B system. Therefore, an HP 4142B - 

Keithley 2636 and 2612 sourcemeter measuring system was made. The new system 

had the capcaity of measuring simultaneously over 6 different channels,  and as well 

the capacity to apply potentials over 4 different channels. 
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4 Results and discussions 

 

4.1 The p-channel OFET on paper 

 

Absolute values of the measured ID, IG, and IDS
1/2 

versus VG at regular step interval of 

VG was plotted in Fig 4.1 and Table 5 shows values of some performance parameters 

extracted from transfer curve.  

 

Figure 4.1.  A transfer curve of a P3HT:PLLA p-channel OFET. 

Table 5.  Some device performance parameters extracted from the transfer curve of the P3HT:PLLA p-

channel OFET 

parameters    values 

On-current (max.  |ID|) 1.49 E-7 A 

Off-current (|IOFF|) 2.20 E-10 A 

On/Off (ID-ON / ID-OFF) 6.77 E2  

Gate current (max. |IG|) 3.78 E-10 A 

Threshold voltage (VT) -12 V 

Turn-on voltage (VO) ≈ -1 V 

Average mobility 0.001 cm
2
V

-1
s

-1
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From Fig 4.1, it is observed that the difference in the values of the measured IG at |VG| 

= 0V and 50V is fairly small. This means that the resistance of the dielectric layer is 

quite large as a 50V change in the gate voltage results in fairly low change in IG 

(displacement current). The high resistance implies a low leakage current and as well 

will reduce the amount charge in the capacitance of the dielectric. 

The on/off ratio is also low when compared to other reported p-channel transistor 

ratios.
7
 This is attributed to the observed low ID. The higher the on/off ratio, the better 

the device performance. The theoretical maximum device speed is dependent on the 

mobility, charge carrier concentration, and the capacitance charging time. The 

average mobility reported in Table 5 is low when compared to other reported p-

channel OFETs.
30

 Therefore, there is a tendency of our device responsiveness being 

slow, although response time measurement is yet to be made.  

Our p-channel transistors were made from OSC blend which contains lesser 

concentration of charge carriers unlike transistor devices made from pure OSC 

solution. This low charge carrier concentration does justify the observed low ID. 

Therefore, conclusions drawn from the comparison of our result with other reported 

results might not be exact as device material type and properties, current levels, and 

device fabrication techniques might differ. Nevertheless, approximate conclusions 

could, however, still be drawn. 

An output curve of the p-channel transistor has been plotted in Fig 4.2. From the plot, 

it can be observed that an increase in VG results in a corresponding increase in the 

observed ID. Therefore, we can conclude that our p-channel OFET functioned as 

expected, with result from the performance being satisfactory, and it can be used 

directly in circuitry. The device performance could however, be improved by using 

thinner dielectric layers which will result in higher charge accumulation and 

subsequently higher on/off ratio. However, this might also result in larger off-currents 

as a result of an increase in leakage current due to thin dielectric layers. 
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Figure 4.2.  An output curve of  the P3HT:PLLA p-channel OFET. 

 

4.2 The n-channel OFET on paper 

 

Two n-channel OFET devices were investigated, one made from a pure OSC solution 

while the other, is made from an OSC blend solution. The effect of slow switching 

devices due to electrochemistry reported by Pettersson et. al.
16 

is not expected to be 

observed in the pure N2200 n-channel OFET since there are no ions present in the 

dielectric materials that would dope the bulk of the semiconductor during device 

operation. Although, there is the risk of additional OSC doping occurring, e.g. 

hydroxyl-groups present in the paper substrate can penetrate the OSC if there is no 

physical separator between the OSC and the paper surface. 

In Fig 4.3, a transfer curve of the transistor fabricated from the pure N2200 OSC was 

plotted. Table 6 shows some values of some performance parameters extracted from 

the n-channel OFET transfer curve. The observed on/off ratio for the n-channel 

OFET is higher than that reported for the p-channel OFET because the charge 

transport layer was made from pure N2200 solution unlike the P3HT:PLLA blend in 

the p-channel OFET with lesser charge carrier concentration. 
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Figure 4.3.  A transfer curve of an N2200 n-channel OFET  

Our pure N2200:CB n-channel OFET is characterised with good on/off ratio 

(although low when compared to other reported ratios 
13

), low gate current, and low 

hysteresis. An output curve of the transistor has been plotted in Fig 4.4. From the plot, 

it can be observed that an increase in VG results in a corresponding increase in ID. 

Table 6.  Some device performance parameters extracted from the the transfer curve of the N2200:CB 

n-channel OFET 

parameters    values 

On-current (max.  |ID|) 8.37 E-7 A 

Off-current (|IOFF|) 2.96 E-10 A 

On/Off (ID / IOFF) 2.82 E3  

Gate current (max. |IG|) 1.67 E-10 A 

Threshold voltage (VT) 11.9 V 

Turn-on voltage (VO) 3.3 V 

Average mobility 0.005 cm
2
V

-1 
s

-1
 

 

Therefore, we can conclude that our N2200:CB n-channel OFET functioned as 

expected for an n-channel transistor with performance result being good, and it can be 

used directly in circuitry. The device performance could however, be improved by 

using thinner dielectric layers which will result in higher charge. Implementing 

thinner dielectric layer in the device fabrication would result in possibilities of 

increase gate leakages. 
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Figure 4.4.  An output curve of the N2200 n-channel OFET. 

Plot of the transfer curve of the transistor fabricated from the drop-casted 

N2200:PLLA n-channel OFET (dielectric: PMMA:EtOAc 100mg/ml) is shown in 

Fig 4.5. By comparing the plot of Fig 4.5 with the plot of Fig 2.7b (dielectric: 

PMMA:EtOAc 100mg/ml), one could conclude by means of quantitative analysis that 

the clusters observed in the N2200:PLLA blend has to be of PLLA. Thus, we can 

conclude that during the drop-cast process, some quantity of PLLA had been 

physically separated leaving large amount of N2200 deposition on the film.  This fact 

is however yet to be proven by means of qualitatively analysis. 

 

Figure 4.5.  A transfer curve of the drop-casted N2200:PLLA n-channel transistor. The dielectric 

material was made from a solution of PMMA in EtOAc (100mg/ml). 
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Table 7.  Some device performance parameters extracted from the transfer curve of the N2200:PLLA 

n-channel OFET 

parameters    values 

On-current (max.  |ID|) 1.8 E-7 A 

Off-current (|IOFF|) 4.4 E-11 A 

On/Off (ID / IOFF) 4.09 E3  

Gate current (max. |IG|) 8.7 E-9 A 

Threshold voltage (VT) 10.8 V 

Turn-on voltage (VO) 1.5 V 

Average mobility 0.002 cm
2
V

-1 
s

-1
 

 

From Fig 4.5, it is observed that the N2200:PLLA n-channel OFET is characterised 

with higher on/off ratio, higher gate current, when compared to the plot in Fig 4.3. 

This is due to the fact that a thinner dielectric layer was implemented during device 

fabrication of the N2200:PLLA n-channel OFET.  

 

Figure 4.6.  An output curve of the drop-casted N2200:PLLA n-channel transistor.  

The observed higher gate current is as a result of thinner dielectric layer being used. 

Higher on/off ratios than that reported in Table 7, would be expected when thinner 

dielectric layer is used alongside pure N2200 solutions for device fabrication as one 

could observe from Fig 2.7b. The addition of the physical separator despite its 

advantage, does lower the magnitude of the observed ID with all other conditions 

being constant.  
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4.3 The p-channel IMT on paper 

 

Fig 4.7 and 4.8 shows the transfer and output curves of the transistor and Table 8 

shows some values of some performance parameters extracted from the p-channel 

IMT transfer curve in Fig 4.7. It is observed that the p-channel IMT is characterised 

with good on/off ratio, high gate current, large hysteresis, leakage currents, high VT in 

comparison with applied VG.  

The high gate current, large hysteresis and leakages are a result of the properties of 

the electrolyte layer and an electrochemistry process occurring in it. High VT in 

comparison with applied VG implies that higher VG needs to be supplied to the gate in 

order to switch on the transistor as majorities of the injected charges have filled the 

trap sites. This in turn, this increases power dissipation. High VT also results in lower 

ID according to equation 2.10 except if excessively high VG is applied which on the 

other hand, is destructive to the electrolyte. An IMT with lower VT will require lesser 

magnitude of applied VG, switch faster, have higher on/off ratio, and will be more 

attractive for low power applications. 

 

Figure 4.7.     A transfer curve of the P3HT:PLLA p-channel IMT. 

Despite these characteristics, the value of the average mobility observed at |VD| = 1V 

in the p-channel IMT is greater than that observed in the p-channel OFET at |VD| = 

40V. Therefore, we can conclude that the P3HT:PLLA p-channel IMT has better 

performance characteristics than the P3HT:PLLA p-channel OFET. Research work 

on how the threshold voltage in the IMT can be further reduced would be essential 
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for designing high performance IMTs that would be suitable for use in voltages even 

lesser than 1V. 

Table 8.     Some device performance parameters extracted from the transfer curve of the P3HT:PLLA 

p-channel IMT 

parameters    values 

On-current (max.  |ID|) 3.06 E-7 A 

Off-current (|IOFF|) 6.04 E-10 A 

On/Off (ID-ON / ID-OFF) 5.06 E2  

Gate current (max. |IG|) 9.3 E-9 A 

Threshold voltage (VT) -0.6 V 

Turn-on voltage (VO) -0.35 V 

Average mobility 0.007 cm
2
V

-1 
s

-1
 

 

An output curve of the transistor has been plotted in Fig 4.8. From the plot, it can be 

observed that an increase in VG results in a corresponding increase in ID. Therefore, 

we can conclude that our device functioned as expected for a p-channel transistor 

with performance result being good, and it can be used directly in circuitry.  

 

Figure 4.8.     An  output curve of the P3HT:PLLA p-channel IMT. 
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4.4 The n-channel IMT on paper 

 

Figure 4.9 shows the transfer curve of an n-channel IMT made using the 

PVBC:DMBA polycationic electrolyte. From the plot, one can observe that the value 

of ID remained fairly constant all throughout the scan and only a small modulation is 

observed.  

Although the reason for the observed behaviour in Fig 4.9 has not yet been fully 

determined, possible reasons for the behaviour could be due to either the 

polyelectrolyte being too brittle or an electrochemistry taking place at the interface 

between the polyelectrolyte and the N2200:CB. The former could cause to the 

polyelectrolyte chain and layer to break into multiple fragments, which in turn 

disrupts the motion of counter ions. 

 

Figure 4.9.   A transfer curve of an n-channel IMT. 

Electrochemistry taking place at the ion-conductor/OSC interface can introduce some 

contamination to the OSC layer that can affect the electronic properties of the OSC 

layer. From the result in section 4.2, we know that the OSC/paper interface behaves 

well in n-channel OFETs. Therefore, it is possible that some ions at the contaminated 

interface might have penetrated the OSC layer down through the transistor channel, 

doping both the OSC and the paper surface as the contaminated polyelectrolyte might 

no longer supress the ion doping process. This in turn, would introduce some degree 

of impurities and roughness in the surface of the transistor channel which could affect 

device performance. 
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Several options are currently being investigated in order to achieve modulation e.g. 

varying the concentration of the constituent compounds used in making the 

polyelectrolyte, studying the interfacial dynamics of the polyelectrolyte and the 

N2200:CB, exploring other proton conducting electrolytes. Using N2200:PLLA or 

N2200:PMMA blends in the OSC layer is also being considered as absence of the 

physical insulator between the paper and the OSC layer might be a contributing factor 

for the non-optimal characteristics observed in the IMT transfer curve. 

 

4.5 The Inverter on paper 

 

Fig 4.10 shows a plot of the inverter input and output operation as a function of time 

during the inverter operation. From Fig 4.10, one can observe that when |IN| (VG) > 

0.65V, the device switches on, and the device switches off when |IN| ≤ 0.65 V. Thus, 

our inverter is switching state as expected and in accordance with the inverter truth 

table shown in Table 1. 

 

Figure 4.10.  An inverter operation.  Where IN is the input signal applied to the gate terminal. 

Frequency= 5.046Hz, Resistance =5.7 MΩ.  

The reported VT of the p-channel IMT from Table 8, is –0.6 V and from the inverter 

plot of Fig 4.10, it is observed that the inverter changes state when the input voltage  

≅ –0.65 V. This inverter operation does affirm that the reported value for VT in Table 

8 is correct and thus our analysis from the transfer curves is also correct. 

The speed at which the transistor switches is a bit low when compared to that of the 

input. This is as a result of the fact that the IMTs are slow as mobile ions in the 
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electrolyte generally move slowly. The calculated voltage gain (  
Δ Q

Δ IN
) is 

approximately 1.9, which implies that the inverter has good amplification.  

Increasing the frequency at which IN switches will increase the rate at which the 

device switches its state. As IMTs are slow, high switching frequency of the IN signal 

might cause the device to switch its state before saturation is reached. This means that 

most of the switching might occur in the linear region which in turn is characterised 

with high power dissipation. Therefore, fast switching might result in high power 

dissipation. 

The results from the inverter operation were in accordance with that illustrated in the 

inverter truth table and with good amplification observed in comparison with other 

reported p-channel inverters.
31

 Therefore, we can conclude that our paper-based 

transistors can be used for switching and designing inverters. 

 

4.6 The CMOS-like inverter on paper 

 

Fig 4.11 shows a plot of the CMOS-like inverter operation. From the plot, one can 

observe that our OFET based CMOS-like inverter complies with the logical truth 

table of an inverter. However, the performance of the inverter is quite poor as the 

voltage measured at Q is approximately half the value of VD.  

 

Figure 4.11.  The CMOS-like inverter operation.  
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This could be as a result of: an instability in the performance of either one or both of 

the transistors, a large internal resistance over the p-channel transistor, some leakages 

in the system as some current flows through the n-channel transistor to ground when 

the n-channel transistor ought to be in its off–state, poor on/off ratios of the transistors, 

a misalignment of the transistors on and off current region as the p-channel OFET 

used was made from P3HT:PLLA blends, while the n-channel OFET was made using 

pure N2200 solutions. 

On comparing the output voltage with the input voltage, the inverter can be said to 

have low amplification when compared to other reported CMOS-like OFETs.
13

 

Fabricating CMOS-like inverters using an integrated circuitry setup also eliminates 

the use of breadboard, connector cables and other conducting contacts, and as well 

using transistors with better on/off ratios, and transistor pair with approximately equal 

current levels will increase the voltage across the terminal Q and the performance of 

the inverter. 

 

4.7 The NOR-gate on paper 

 

Input and output data collected during the device operation of the NOR-gate were 

plotted and logically expressed in Fig 4.12 for comparison with entries in the truth 

table of the NOR gate. From the plot of Fig 4.12, we can conclude that our NOR-gate 

switched state as expected. 

The switching frequency of the NOR-gate varied when compared to that reported 

during the inverter operation in Fig 4.10. This was done in order to investigate the 

stability and behaviour of the transistors over time when they are used in electronic 

circuits. The devices were, however, stable over time with good amplifications 

observed.  
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Figure 4.12.  Operation of a NOR gate showing voltage and logical I/O switching. The top graph 

shows the plot of the input and output voltages as a function of time while the lower plot shows the 

plot of the logical I/O operation as a function of time. 

It also can be observed that the voltage across Q of the NOR-gate is lower when both 

transistors were switched on. This is a result of the fact that more paths were created 

for current to flow through the circuit. This operation can be described with the 

diagram shown in Fig 4.13 in which the two transistors were represented with 

resistors. Value of the equivalent resistance of the parallel R1 - R2 configuarion is 

lesser than the resistance of the individual resistors in the parallel coupling. 

Therefore, the effective resistance of the NOR-gate becomes smaller and higher ID 

flows through when compared to having one transistor off and the other on. 

 

Figure 4.13.  (a) Circuit analysis diagram showing resistor R1 and R2 connected in parallel. The arrow 

shows the direction of current. 

The results from the NOR-gate operation were in accordance with that illustrated in 

the logical truth table with good amplification observed in comparison with other 

reported low voltage logic gates. Therefore, we can conclude that our paper based 

OTFTs can be used for switching and gating operation. 
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4.8 Ring Oscillators on paper 

 

Fig 4.14 shows a plot of the output of the ring oscillator as a function of time during 

the ring oscillator operation. The black squares connected by the dotted-lines 

represents the output data of the oscillator as measured by the HP 4142B DC modular 

source/monitor. The sampling rate of the HP 4142B DC modular source/monitor was 

too low for the instrument to take more measurement points from which the actual 

wave of the oscillation would have been visible. A sinusoidal curve was fitted to the 

data to aid visualising the oscillation of the ring oscillator. 

 

Figure 4.14.  A sinusoidal signal wave of the oscillation of the ring oscillator made from 5 IMTs. 

High bias voltages had to be applied to the terminals of the transistors in order to 

ensure that each transistor’s output voltage is enough to switch the next successive 

transistor in series. High bias gate potential on the other hand, catalyses the oxidation 

process in the electrolyte which will render the device non-functional overtime. 

Although IMTs can be used for designing ring oscillators, further research and 

development addressing the inconsistent characteristics of IMTs would result in 

better and more stable low voltage ring oscillators. 
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4.9 Latches on paper 

 

Input and output data of the integrated circuit operation were plotted in Fig 4.15. 

From the plot, we can conclude that our SR-latch switched state as it ought too and in 

accordance with the truth table shown in Table 3. The output of the constituent NOR-

gates used  in the latch, however, did switched slowly as seen for the plot.  

 

 

Figure 4.15.  Operation of a SR-latch showing voltage and logical I/O switching. The top graph shows 

the plot of the input and output voltages as a function of time while the lower plot shows the plot of the 

logical operation of S,R,QR,QS as a function of time. 

Source:
27

 

 

More so, the amplitude of the outputs appears to be inconsistent whenever states were 

being changed. This is a result of the fact that when the latch is in a memory state, 

there is no bias applied to the gate, and as explained in section 4.7, in such state, there 

is less current flowing through the NOR-gate when one transistor is switched on and 

the other off. 

Data from the D-latch operation was plotted in Fig 4.16. From the plot, it is observed 

that the output QS switches slower when compared to QR. This is a result of the fact 

that the performance of either one or both of the transistors in the NOR-gate 

associated to QR is poorer when compared to the transistors in the NOR-gate 

associated with QS since the output from QR is fed into the NOR-gate associated with 
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QS. This is due to the inconsistent device characteristics of solution processed 

devices. 

 

Figure 4.16.  Operation of a D-latch showing voltage and logical I/O switching. The top graph shows 

the plot of the D-input and output voltages as a function of time while the lower plot is the plot of the 

logical operation of D,QR,QS as a function of time.  

The results from the latch operations were however, in accordance with that 

illustrated in their respective logical truth table, and with good amplification observed 

in comparison with other reported low voltage latches. Therefore, we can conclude 

that our paper based IMTs can be used for designing latches. 
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5 Summary and conclusion 
 

 

Our experiments have shown that paper-based organic transistors can be used as 

electronic devices and also for designing electronic circuits within low and high 

voltage operations as required by its application. The experimented electronic devices 

and circuits include an inverter, a NOR gate, a ring oscillator, and electronic 

memories. 

The results obtained from the experiments were overall good, and as more research 

into the fabrication and performance characteristics of these paper-based organic thin 

film transistors continues, there is a need for developing and fabricating high 

performance paper-based organic thin film transistors that can be fully integrated into 

commercial electronic components and as well for other commercial purposes. 

As organic electronics is currently advancing and taking the lead towards future 

cheap light-weight electronics, paper-based organic transistors have thus proven to be 

a potential candidate that can drive future electronics.  
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Appendix 

 

1 Measurable device parameters from an I-V curve. 

 

Parameters Definition How it is determined from the 

I-V curve 

Drain On-current 

(ION) 

Measured value of current that flows through 

the drain-source channel when the IMOT is 

switched on (it is a function of VG). 

The highest corresponding 

point on the drain curve to the 

Y-axis. 

Drain Off-current  

(IOFF) 

Measured value of current that flows through 

the drain-source channel when the IMOT is 

switched off. 

The first corresponding point 

on the drain curve to the Y-

axis at which the curve begins 

to rise in the direction of the 

Y-axis. 

On/Off Ratio of the transistor on-current to off-

current. 

Mathematically from  

ION/ IOFF 

Gate current 

(maximum IG) 

Measured value of current flowing through 

the dielectric layer (it is a function of VG). 

The highest corresponding 

point on the gate curve to the 

Y-axis. 

Turn-on voltage 

(VO) 

Minimum value of |VG| above which 

conductivity between drain - source channel 

begins to be established and conductivity 

increases linearly as |VG| increses. 

The first corresponding point 

on the drain curve to the x-

axis at which the curve begins 

to rise in the direction of the 

Y-axis . 

Threshold voltage 

(VT) 

Value of the gate-source voltage when drain 

- source channel conductivity begins to be 

established allowing significant amount of 

current to flow. 

The point at which a straight 

line drawn on the lower curve 

of the square root of ID 

intersects with the X-axis. 

Mobility The rate at which charge carriers moves in 

the bulk of the semiconducting layer. 

Mathematically from  

μ=
2𝐿

𝑊𝐶𝐴

I𝐷

(𝑉𝐺−𝑉𝑇)2 

 

 Where; L =2,5 µm 

                W= 1500 µm 

                  

Subthreshold 

slope 

 

 

The sharpness of the transition from off-state 

to on-state and it is defined in unit of 

Volts/decade. 

 

 

Slope of the drain curve. 
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2 Derivation of the ID  

 

 

𝐼𝐷 = 𝑗 𝐴       (A2.1) 

 

𝐼𝐷 =  
𝑄𝐴

𝜏
 𝑊𝐿      (A2.2) 

where j is the current density, A is the surface area of the channel, QA is the surface 

charge density at the OSC channel and τ is time.  

 𝜏 =
𝐿

𝑣
       (A2.3)  

𝑣 = − 𝜇 
𝜕𝑉(𝑙)

𝜕𝑙
=  𝜇

 𝑉𝐷

𝐿
    (A2.4)  

where v is the drift velocity, and 𝜇 is the charge carrier mobility.  

𝐼𝐷 = 𝑄𝐴
𝑊

𝐿
 𝜇  𝑉𝐷    (A2.5) 

With the use of eq. 2.8,  

𝐼𝐷 =
𝑊

𝐿
 𝜇 𝐶𝐴 (𝑉𝐺 − 𝑉𝑇)  𝑉𝐷  (A2.6) 

In saturation region, |VD| ≥ |VG -VT|. Further increase to VD will not change ID, and the 

change in the channel conductance would be approximately zero. Therefore, we 

introduce a channel modulation parameter ‘α’, which is dependent on VD by setting 

|VD| ≅ |VG -VT|, A2.6 then leads to 

𝐼𝐷 =
𝑊

(𝛼+1)𝐿
CA 𝜇(VG − VT)𝛼+1    (A2.7) 

  and with α = 1, 

𝐼𝐷 =
𝑊

2𝐿
CA 𝜇(VG − VT)2     (A2.8) 


