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Abstract 
 

The discovery of organic electronics has opened many new possibilities for 

electronic industries and systems. For organic field effect transistors (OFETs), many 

advantages, such as high flexibility, low-cost production and large area processing, 

can be used in many applications. Even though OFET cannot replace the conventional 

FET to lead the electronic industries, there are still many possibilities of OFET that 

conventional FET cannot approach. 

 

In transistor development, scaling down the devices has been the main challenge 

for a long time. By scaling down the size, transistors become faster, smaller, less 

power consumption, and are cheaper for fabrication. Shortening the channel of 

transistors is a main problem in reducing the device size. To address this, processing 

of a vertically structured OFET is a much easier way of shortening the channel length 

compared to using the ordinary lateral channel structure of OFET.  

 

In this thesis, two methods were used for processing vertically separated drain 

and source electrodes: one is the dry-etching method, and the other one is the 

oblique-incidence depositing method. Au as conducting material of drain and source 

electrodes, P3HT as semiconductor, PSSH as electrolyte, and the Ti/probe of FET 

station as gate material were chosen for the experiments. For insulating material, a 

polyvinylidene fluoride copolymer was used in dry-etching method and SU-8 

photoresist was used in oblique-incidence depositing method. The channel length in 

this thesis depended on the thickness of the insulating layer. A channel of around 10 

µm was processed using the dry-etching method with a yield of almost 95 percent and 

a channel smaller than 1 µm was processed using the oblique-incidence depositing 

method with a yield of around 80 percent. 
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Chapter 1: Introduction 

 

After the first transistor was discovered in 1947, the thin film transistors started 

to play a significant role in electronic industry. At that time, all the semiconductor 

materials of the transistor was inorganic, such as silicon. However, there are several 

main problems that the conventional transistors cannot overcome. Inorganic-based 

electronic devices are processed with high cost due to the complex and advanced 

fabricating methods, and also the poor flexibility of the devices which limits the 

application of inorganic transistors. When organic semiconductors and conductors 

came up in the industry, they brought the glimmer of a new dawn to the electronic 

systems. In this chapter, there will be a brief description of organic electronics and 

organic-based transistors. And also, the aim of the thesis will be elucidated.  

 

 

1.1. Organic Electronics 

 

Organic-based electronic devices have several properties that can overcome 

some main problems of the electronic system nowadays. First, many of the organic 

material can be blended into solution for processing, so they can be easily fabricated 

by conventional printing techniques. It results that the devices can be processed for 

large area with really low cost compared to the conventional processing methods of 

inorganic materials. Fabricating one silicon chip takes much longer time than 

fabricating organic devices, and also, some of the processing steps need a high 

vacuum environment which is no need for fabricating organic devices. Secondly, 

organic devices can be made flexible and light in weight, which promises flexibility 

and mobility for future devices, such as rollable mobile display and electronic 

newspapers. Last but not least, organic materials can be biological compatible, which 

provides the possibility of blending electronics functional systems into food and 

medical devices, where inorganic electronics are not applicable.   

 

Materials for circuit boards, lightweight batteries and antistatic coatings were 

three of the earliest applications of conductive polymers. At the present, organic 

optoelectronics begin to come up in the market after the research and development. 

We reckon that in the following couple of years, low-cost and even disposable organic 
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electronic devices will arise in succession. There are already some products made of 

organic electronic devices which can be easily found in the market, such as OLEDs in 

displays and rollable polymer displays of mobile devices. Even if the organic 

electronics still have many drawbacks compared to the conventional electronics (for 

example, they can hardly match the response time and reach the size that conventional 

electronics can reduce), they will initiate a whole new field of the market that the 

conventional inorganic electronics cannot reach. 

 

 

Fig. 1: Monochromic device from Acreo AB can be used in display applications. 

 

 

1.2. Overview of Vertical OFET 

 

Organic-based transistors have been investigated for years of time. OFETs show 

the high flexibility, the disposability, low density device production with low cost, and 

the possibility of large area processing. The work principle of OFETs is similar to the 

conventional MOSFET, and in order to scale down the transistor size, it is necessary 

to shorten the channel length. To approach a shorter channel, processing a vertical 

channel transistor is much easier than processing an ordinary lateral channel (planar) 
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transistor. The vertical structure makes it possible to control the channel length by 

simply varying the thickness of the insulating layer between two conductors, rather 

than having to pattern the channel using advanced photolithography. In this thesis, 

vertical structure was used to make short channel transistors. More comprehensive 

descriptions will be given in the next chapter.   

 

 

1.3. Aim of the Thesis 

 

The aim of this thesis has been to find several ways to process vertical 

electrolyte-gated organic field effect transistors, with suitable insulating materials. A 

short channel is required, and the device should at least show transistor characteristics 

no matter how the quality is. Also, the processing should be reproducible.  
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Chapter 2: Background 

 

In order to produce an OFET, the background of organic-based transistor and 

some general physical concepts are required to understand. In this chapter, 

organic-based transistors, which include OFETs, electrolyte-gated OFETs, and short 

channel OFETs, will be mainly described. 

 

 

2.1. Organic Field Effect Transistors 

 
Field effect transistors at the present time are the basis of electronic devices. In 

the electronic industries, FETs play a vital role and improve people’s life very much. 

By successfully using organic materials to create FETs, large area, low cost[1] and 

disposable electronic device production becomes possible and promising. Although 

organic field effect transistors cannot really replace the conventional Si-based FET 

industries, many attractive applications are made possible by developing OFETs. 

 

 

2.1.1. The Working Principle of OFETs 

 

Organic field effect transistors were discovered in 1987[2], and until now, by 

progress of years, OFETs are investigated for applications of large area, flexible, low 

cost[1] and disposable production that conventional FET could not reach. Today, many  

application possibilities of electronic devices can be made with OFETs, such as active 

matrix LCDs[3], flexible display back planes[3]-[5], and RFID tags[3], [6]-[9]…etc.  

 

The working principle of OFET is really similar to MOSFET. The sketch of 

OFET is shown in Fig. 2; OFET contains four types of material: electrical conducting 

material as gate, drain and source electrodes, electrical insulating material as medium 

between gate electrode and semiconductor, organic semiconducting material, and the 

substrate such as glass and SiO2/Si. Two electrodes, the drain and the source, with the 

width “W”, namely channel width, are connected by the organic semiconducting 

material with the distance of “L” called channel length. 
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Fig. 2: The sketch of organic field effect transistor. L is the channel length and W is 

the channel width of the device. 

 

Metals or conducting polymers can be the material of the gate electrode, and 

highly doped silicon is usually both gate and substrate at the same time in bottom-gate 

FETs. High work function metals are used as materials of the drain and the source 

electrodes, such as Au, Pt[10] and Ag[11],[12], and printable conducting polymers can be 

used as well, such as PEDOT: PSS[13]-[15] and PANI[16]-[18]. P3HT[19]-[21] and 

pentacene[22] are commonly used as p-channel organic semiconducting materials and 

QM3T[23],[24] is used as n-channel semiconducting material. For insulating layer, SiO2 

and Al2O3 are commonly used as inorganic materials; PMMA and PVP[21], [25], [26] are 

used as organic materials.  

 

Fig. 3: The cross section of the OFET from Fig. 2. Vg is the voltage applied to the gate 

electrode and Vd is the voltage applied to the drain electrode. The source electrode is 

connected to ground. 

 

In an OFET, voltage is applied to the drain and the gate electrode while the 

source electrode is connected to ground. The gate voltage, Vg, is defined the potential 

difference of the gate electrode, which is shown in Fig. 3, and the ground state which 

is the source electrode in the device, and Vds here is the potential difference between 

the drain and the source electrode. With zero voltage applied to the drain electrode, 
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charges are injected from the source when applying the gate voltage. The injected 

charges are spread toward the capacitor which is at the interface of insulating and 

semiconducting layer and create a conductive channel between the drain and the 

source electrode. 

 
Fig. 4: Schematic operation regimes of OFET. (a) Linear mode when low drain 

voltage is applied; (b) the saturation mode starts when the pinch-off point occurs; (c) 

the mode beyond saturation when Vd continuously increases. 

 

The basic operation pattern of OFET which is similar to the conventional 

MOSFET is illustrated in Fig. 4. The conductive channel of the device is not only 

controlled by the gate voltage but also by the drain voltage. Without potential 

difference between the drain and the source, the negative/positive charges 

(electrons/holes) are injected into the channel by applying positive/negative gate 

voltage, and the concentration of charge carriers is uniform in the channel. The 
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minimum gate voltage which can create the channel is called the threshold voltage, VT. 

When the gate voltage is larger than the threshold voltage, the channel is turned on. 

 

The linear gradient followed Ohm’s law exhibits in Id-Vd characterization when 

low drain voltage is applied, shown in Fig. 4(a), where the drain current is 

proportional to the drain voltage. The channel, shown in Fig. 4(b), is pinched off 

when Vd = Vg - VT. “Pinch-off” means that the channel gets shortened (disappearing 

next to the drain electrode) because of the formation of a depletion region. The reason 

is that the potential difference between the gate and the drain electrode is below the 

threshold voltage now. The saturation drain current, Id, sat, is able to flow across the 

depletion region due to the high electric field in the region which induces charge 

carriers swept from the channel (pinch-off point) to the drain electrode. Drain current 

will not increase by further increasing the drain voltage, but the depletion region will 

be broadened. It causes the channel to be shortened, shown in Fig. 4(c). Furthermore, 

the potential at the pinch-off point remains Vd = Vg – VT , which is a constant value, 

so that the potential drop also remains the same approximately between the channel 

(pinch-off point) and the drain electrode, and the drain current saturates. The saturated 

drain current is called Id, sat. 

 

 

2.1.2. Semiconductor Materials of OFETs 

 

Polymers and conjugated small molecules are two categories of organic 

semiconductor materials[27]. Polymers can be easily processed. The processing of 

polymers usually includes dissolving them into solution for spin-coating or 

drop-casting on the device. Conjugated small molecules, such as pentacene, need to 

be sublimed in a vacuum environment.  

 

There are two types of organic semiconductors, namely p-type (p-channel) and 

n-type (n-channel) semiconductors. The division of organic semiconductors is 

according to the natural charge carriers of the semiconductors: the natural charge 

carriers of p-channel semiconductors are holes and that of n-channel semiconductors 

are electrons. Most of the organic transistors which have been reported are 

p-channel[27], due to the high stability of many organic p-channel semiconductors in 

not only the ambient but the bias applied conditions. The main problem of the 

n-channel transistors is that n-doped polymers are usually unstable towards water and 

oxygen gas. Therefore, many of n-type transistors can only be processed and analyzed 

in the inert or vacuum condition.  
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In this thesis, P3HT was used as a p-channel semiconducting material due to its 

high solubility and processability[28]. The stability of P3HT is high in both doped state 

and undoped state.  

 

 

2.1.3. Metal-Semiconductor Contact in OFETs 

 

In the interface between the semiconductor and insulating layer, a channel is 

formed at the side of semiconductor layer when gate voltage is applied and results in 

carrier flow through the channel[25], [29]-[32]. The roughness of the interface, charges 

and defects around this space region affect the carrier mobility and life time 

strongly[33]. Different from the conventional FETs, which are based on silicon, single 

crystalline and polycrystalline, the drain and source electrodes in OFETs (or OTFTs) 

cannot be optimized easily by processing at high temperature. Instead, the drain and 

source electrodes are needed to be optimized by improving the performance of the 

semiconductor-metal interface in the channel in OFETs[33]. For conducting materials, 

high work function and low contact resistance are required to promote the transistor 

performance. 

 

 
Fig. 5: The sketch of energy barrier for the drain/source electrodes and the 

semiconductor contact in p-channel OFETs.  

 

 P3HT as the p-channel semiconductor is used as an example here since it is the 

semiconductor material in this thesis. The energy difference between the work 

function of drain/source electrodes and the HOMO energy level of P3HT determines 

the barrier height for the contact. As shown in Fig. 5, the higher work function, Φ, 

gives the lower hole injection barrier[34]-[36].  

 



 

10 
 

 
Fig. 6: The schematic diagram of OFET. The charge carriers flow through the channel 

at the side of semiconductor next to the semiconductor-insulator interface. The 

zoom-in sketch of the resistances in the interface of semiconductor-drain/source 

electrodes shows there is a series connection between semiconductor resistance and 

contact resistance. 

 

Furthermore, the contact resistance is the part of total resistance and affects the 

carrier movement in the interface of semiconductor and drain/source electrodes, 

which is shown in Fig. 6. The lower contact resistance of the electrodes in the series 

connection results in the lower domination of the total resistance.   

 

According to the requirements of high work function and low contact resistance, 

Au as the metal material and NiOx as the conducting material show the better 

performance than other materials to be the drain and source material. With the 

comparison to other metals, such as Al, Ni and Cu, gold shows the highest level of 

current due to the lowest contact resistance[33]. The work function of gold is 4.85 eV, 

which is really close to the HOMO level of P3HT, and causes a really low hole 

injection barrier. NiOx shows better performance than other metal and conducting 

materials due to the high work function. It proves that the work function has a high 

significance for the OFET performance. And since gold has the lower contact 

resistance than NiOx, it has been the most widely used material as the drain and 

source electrodes today. In this thesis, Au was chosen to be used as the metal material 

of drain and source electrodes. 
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2.1.4. Electrical Characteristics of OFETs 

 

 The conductivity of the channel of OFETs is dominated by the gate voltage. With 

the increasing gate voltage, the conductivity will be enhanced. The general electrical 

characterization of OFETs is clarified by the theories of conventional FETs[37]. By 

assuming the gradual channel approximation, the electrical characteristics of FETs in 

different operating modes can be clearly described: The electric field generated by the 

gate voltage, which is perpendicular to the flow of charge current, is much larger than 

the field generated by the drain voltage, which is parallel to the flow, given by the 

following equations[39]. It is authorized for long channel transistors but not for the 

short channel transistors, the explanation will be given in chapter 4. 

I�,������ � 	

 µ������C� �V� � V� � �

� � V�                            (01) 

I�,��� � 	
�
 µ���C�	V� � V�
�                                        (02) 

Where Id, linear = the drain current in linear mode, µlinear = the charge mobility of FETs 

in linear mode, µsat = the charge mobility of FETs in saturation mode, and Ci = the 

insulator capacitance. 

 

 Mobility is the one of the elements which is really important for the OFET 

characterization. High mobility causes the higher output current and the lower 

response time of OFETs with the gate voltage applied. Mobility can be varied by 

many factors. It can be changed with different nature of the semiconductor layer and 

different deposition methods. For P3HT as the semiconductor, the mobility is 10-5-0.1 

cm2V-1s-1[28], [38]. And in this thesis, the mobility of P3HT was lower than 10-2 

cm2V-1s-1. 

 

Fig. 7 shows the typical electrical characteristics of OFETs: the output curve and 

the transfer curve of OFETs. The output curve shows the relation between the drain 

current and the drain-source voltage with different gate voltage applied, and the 

transfer curve, which is in log scale, shows the relation between the drain current and 

the gate voltage with different drain-source voltage applied. 
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Fig. 7: The I-V curves of an p-channel OFET: (a) the output curve indicating both 

linear and saturation mode; (b) the transfer curve in the saturation mode, indicating 

the threshold voltage VTh
[39]. 

 

Another important figure of merit needed to be mentioned here is the on-off ratio. 

On-off ratio, 
���
����, is the ratio between the on-state and off-state drain current. Ion, so 

called on-state current, is the drain current at a particular gate voltage when the 

channel is open. Ioff, so called off-state current, is the drain current without gate 

voltage applied. The on-off ratio should be as large as possible since the clear 

behavior of the transistor switch is needed.  

 

 

2.2. Electrolyte-Gated OFETs 

 

In early studies, many of the OFETs use thermally grown SiO2 as the insulating 

layer due to its ready availability[39], but the operation is needed with high voltage 

applied resulting the drawback in cheap electronics. To reduce operating voltage 

without decreasing the drain current is required for the electronic device applications. 

The problem can be solved by using electrolyte-gated OFETs. The principles of 

electrolyte, EDLC and electrolyte-gated OFETs are explained in this chapter. 

 

 

2.2.1. Electrolytes in OFETs 

 

An electrolyte is often defined as a chemical compound which is dissociated into 

ions in solution. The ions of the chemical compounds are enclosed by solvent 



 

13 
 

molecules due to the electrostatic interaction between the ions and solvent. With the 

ions in the solution, electrolytes act as electrically conductive medium. Electrolyte 

can be in different phases, such as liquid, molten and solid phase. With the solute 

dissociation of the ion formation, electrolytes can be divided into two sorts: strong 

electrolytes, where the ion conductivity depends on the electrolyte concentration;   

and weak electrolytes, where the ion conductivity strongly depends on the solute 

concentration. PSS--H+ as the electrolyte material was used to be the insulating 

material in the thesis. It is the acidic polyelectrolyte which has a fast response 

obtained in ambient atmosphere[40]. 

 

 

2.2.2. Electric Double Layer Capacitors 

 

The ability to create of electric double layer capacitors is one of the most 

interesting characteristic of electrolytes. Fig. 8 shows the principle of EDLC 

formation. Electrolytes is conducting with ions but insulating with electrons. By 

sandwiching the electrolyte with two charged electrodes, the ion migration is caused 

in the electrolyte. The anions move to the anode and the cations move to the cathode 

when the voltage with opposite charges is applied to two electrodes, shown in Fig. 

8(b). Then the electrical double layers are created at the interface of the electrolyte 

and the electrodes. As shown in Fig. 8(c), the electric double layers can be regarded as 

two capacitors with a distance. Since the distance of two capacitors is really small, 

which is around the molecular size, the capacitance is large[41]. The resulting 

capacitance of EDLCs can approach a very high value, up to 500 µFcm-2[39],[42]. 

Furthermore, since the EDLCs are formed just next to the electrode surfaces, the 

capacitance of EDLCs is approximately independent on the electrolyte thickness.  

 

For anionic polyelectrolyte, such as PSSH in the thesis, the anions are immobile 

in the electrolyte. Cations migrate to the cathode with a voltage applied and leave the 

anions in the same position, which can be considered as the electrolyte negatively 

charged next to the anode. With a continuous voltage applied, EDLCs are created in 

the interface of electrolyte and electrodes. 
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Fig. 8: Schematic diagram of the creation of EDLCs: (a) two ion-blocking electrodes 

sandwich the electrolyte. With zero voltage applied at t = 0, a uniform ion distribution 

is in the electrolyte. (b) Ion migration is caused by the opposite charge electrodes with 

a voltage applied at t = t1. (c) Electric double layers are created with the continuous 

voltage applied at t2 > t1, due to the gathering of the ions next to the interface of 

electrolyte and electrodes. The thickness of the layer is approximately molecular size. 

 

 

2.2.3. Electrolyte-Gated OFETs 

 

The requirement of the reducing operating voltage is mentioned in the beginning 

of this chapter, and it is controlled by a crucial element: the capacitance of the 

insulator, Ci. From Eq. (01) and Eq. (02) shown in chapter 2, the insulator capacitance 

should be high to keep the high drain current with the low gate voltage. Capacitances 

depend on two parameters, which are dielectric constant (k) and the insulator 

thickness. Different kinds of insulator with high dielectric constant have been already 

reported[26], such as Al2O3 (k is around 10) and TiO2 (k is around 41) as examples of 

inorganic insulating materials, and PVA (k is around 10) and PVP (k is around 4) as 

examples of organic insulating materials. 
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Fig. 9: Principle of p-channel polyanionic electrolyte-gated OFETs: (a) With zero 

voltage applied, a uniform ion distribution is in the electrolyte. (b) With a negative 

gate voltage applied, cations start to migrate toward the interface of electrolyte and 

gate electrode. (c) A p-doped channel is formed in the semiconductor at the interface 

of electrolyte and semiconductor since the immobile anions which are negatively 

charged by cation migration in the interface of electrolyte and semiconductor with the 

gate voltage continuously applied. 

 

There are many advantages of organic insulating layers, such as high capacitance 

and some characteristics which have been mentioned in chapter one. In order to serve 
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those properties, electrolytes have been investigated for the gate dielectric material in 

OFETs[40],[43]-[49]. When the gate voltage is applied, anions and cations migrate in 

opposite directions which result in the creation of EDLCs in the gate-electrolyte and 

electrolyte-semiconductor interface. In this thesis, PSSH was used as the electrolyte. 

PSSH is polyanionic, meaning it has mobile cations and immobile anions. In this case, 

cations migrate toward the gate electrode with a negative gate voltage applied. The 

anions in the electrolyte stay in the same place which causes negative charges in the 

interface of electrolyte and semiconductor. Fig. 9 shows the working principle of 

polyanionic electrolyte-gated OFETs. The EDLCs are created at the interfaces with a 

reasonably low response time. And since the electric field is controlled by voltage and 

the distance of opposite charges, and the distance between opposite charges in EDLC 

is very small, a high electric field can be achieved without applying high voltage. As a 

result, the electric field intensity is independent of the electrolyte thickness, and 

because of this, thick electrolytes can be used in this kind of transistors. This also 

means that electrolyte-gated OFETs can be manufactured by low-cost processing 

techniques, such as printing techniques. 

 

 

2.3. Short Channel Field Effect Transistors 

 

To scaling down the device size is always the tendency for electronic industries. 

For field effect transistors, to shorten the channel becomes the biggest challenge for 

the size reduction. In this chapter, the advantages of shrinking down the size and the 

problems which are derivative are going to be mentioned and described. 

 

 

2.3.1. Short channel FETs 

 

According to Moore’s law, the number of transistors, which can be cheaply 

produced and placed on an integrated circuit, has doubled every 18 months. Moore’s 

law is the law which describes a driving force of the improvement in technological 

and social field, and it has showed incredibly accurate prediction from 1963 to present. 

By scaling down the size, transistors become faster, smaller, less power consumption, 

and are cheaper for fabrication.  

 

To reduce the size of field effect transistor, shortening the channel becomes a 

main challenge. Since the cutoff frequency, fc, is proportional to 
µ

�, it increases with 
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a reducing channel length[50]. It results in a high speed of operation of FETs. Also, 

with a shorter channel length, the certain current of the transistor can be reached by 

applying a lower voltage, and it causes less power consumption. However, there are 

some problems caused by short channel transistors. The main problems of the short 

channel transistors are the short channel effect and the punch through effect which are 

explained in the following sections. 

 

In order to shorten the channel of transistor, processing a vertical structure of 

M/I/M stack is much easier than processing the ordinary planar structure which makes 

the channel by lithography. To make the channel of ordinary FET structure by 

lithography is not only more complex and expensive but also limited the channel 

length. Instead, by spin-coating, the channel length of vertical OFET can be shortened 

easily and has the possibility to reach really small channel. That is why the vertical 

OFET is chosen to process in this thesis.  

 

 

2.3.2. Short Channel Effect 

 

Fig. 10 shows the sketch of normal long-channel transistor, in which QDS,max is 

the maximum space charge density in the channel region. When the gate voltage is 

zero, although there is still some space charge region extending from drain and source 

when drain voltage is applied and source voltage is zero, the region is just only a 

small fraction in the whole channel length, shown in Fig. 10(a). The gate electrode 

entirely controls the space charge region occupying the whole channel length with 

voltage applied, shown in Fig. 10(b).  

 

 
Fig. 10: The sketch of long-channel transistor when source voltage is zero, drain 

voltage is applied and gate voltage (a) is zero and (b) is applied[51]. 
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Fig. 11: In short-channel transistor, the gate layer cannot fully control the channel. 

The channel length that is controlled by gate metal was only L’. 

 

By shortening the channel, the fraction of the space charge region which is 

caused by drain and source was larger in relative. When gate voltage is applied, the 

channel length which is controlled by the gate is L’ instead of the real channel length, 

L, shown in Fig. 11, and it causes less gate modulation and higher off-current. The 

shorter the channel, the less the gate control, the larger the short channel effect[51], [52]. 

 

 

2.3.3. Punch-Through Effect 

 

The illustration of punch-through is shown in Fig. 12[53]. Punch-through is the 

situation that the space charge region in the vicinity of drain electrode fully broadens 

across the channel into the space charge region in the vicinity of source electrode, and 

results in the loss of gate control.  

 

In the punch-through condition, the potential barrier between the drain and the 

source electrode is fully eliminated and results in a high drain current. The ideal 

energy band sketch of a long-channel OFET is shown in Fig. 12(a). A large potential 

barrier avoids current generation effectively between the drain and the source 

electrode when the gate voltage is smaller than the threshold voltage and the drain 

voltage is relatively small. In Fig. 12(b), the space charge region of drain-to-substrate 

starts to interact with the space charge region of source-to-substrate when a relatively 

large drain voltage, eVds,2, is applied. The potential barrier become lower and lower 

which causes the increasing drain current since the drain current is exponentially 

related to the barrier height. 
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Fig. 12: Equipotential diagram along the surface of (a) a long-channel OFET and (b) 

short-channel OFET. 
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Chapter 3: Experiments and Results 

 

In this thesis, we developed two methods for fabricating vertical short channel 

OFET. In general, it is ideal that drain and source electrodes are vertically stacked 

with an insulating layer in between, as the sketch shown in Fig. 13. A gentle slope at 

the edge of insulating layer is preferable because it eases the following deposition 

processing, such as spin-coating of semiconductor and electrolyte. Different 

techniques have been utilized to make vertical drain-insulator-source layers: Takano 

et al deposited Au by oblique-incidence vacuum deposition onto the device where 

gate, dielectric layer and semiconductor layer had been formed already[54]; Yang et al 

deposited both of the polymer semiconductor and Au as drain/source electrodes onto 

SiO2/Si wafer in high vacuum environment under 10− 6 torr, in which SiO2 was the 

dielectric layer and Si was the gate electrode[55]; Mathew et al processed organic SITs 

by SPHOS[56],[57], which was the technique of eliminating organic thin layers 

selectively by an ultrasonic procedure and then evaporating porous films in an 

vacuum environment.  

 

In this thesis, two different methods were used for fabricating vertical structured 

drain-insulator-source stack: (i) dry-etching by using the top contact metal layer of 

M/I/M stack as mask; (ii) creating separated drain/source layers by oblique-incidence 

depositing metal onto a blocking insulating material. 

 

Fig. 13: The sketch of an ideal vertical transistor. 

 

 

3.1. Dry-etching Method 

 

The first method was to make M/I/M stack in a vertical manner, and dry-etch by 

using the top metal as the mask. Here “A-film”, kindly provided by TFE, was chosen 

as the insulating layer. A-film is a polyvinylidene fluoride copolymer which has been 
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commonly used in organic memory device because of its ferroelectric properties at an 

electric field over 150 MVm-1[58]. But below ~50 MVm-1, A-film is insulating and has 

been well developed for dry etching process by TFE. In this work, the voltage 

applying was below 4 V and the thickness of the insulating layer was around 800 nm, 

which was given an electric field below 5 MVm-1. It resulted in the insulating 

behavior.  

 

 

Fig. 14: The processing steps for making the vertical stack; (a) Au/Cr evaporation as 

bottom electrode, (b) spin-coating A-film, (c) Au/Cr evaporation as top electrode, and 

(d) dry-etching the device. 

 

The processing steps for making M/I/M stack are shown in Fig. 14. At first, a 

layer of 20 nm Au (with 10 nm Cr as adhesive layer) was deposited through a shadow 

mask onto the SiO2/Si wafer as bottom electrode. Then A-film solution was coated on 

top of the bottom electrode. For comparison, samples with different A-film thickness 

were fabricated by (a) spin-coating at 500 rpm for 3 seconds followed with 1400 rpm 

for 45 seconds, and annealing at 120oC for 15 minutes. (b) four times of spin-coating 

and annealing  with the same parameters as that of procedure (a). Ellipsometer (the 
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complex refractive index of A-film: n=1.42 and k=0.003[58]) confirmed the thickness 

of sample (a) and (b) to be around 200 nm and 785 nm respectively. Another layer of 

30 nm Au (with 10 nm Cr as diffusion blocking layer) was evaporated through a 

shadow mask as top electrode. Electrical characterization, as shown in Fig. 15, 

suggested that the sample (a) had short circuit between top and bottom contact while 

sample (b) with thicker A-film showed perfect insulation.  

 

 

Fig. 15: The electrical characterization of the device after the processing of the 

vertical stack. (a) The short circuit characterization of 200 nm A-film, and (b) the 

insulation characterization of 785 nm A-film. 

 

The short circuit problem of sample (a) was discovered before dry-etching the 

device. It might be due to the following reasons: First, the A-film was really soft and 

smooth. The plastic mask for the top contact metal evaporation with sharp edge might 

scratch the film easily. Secondly, there was grain structure in A-film observed by OM. 

The metal particles could possibly form a continuously connection through the grain 

border during evaporation. The SEM image in Fig. 16 showed there were some light 

spots across A-film, indicating the existing of some substance which might be 

conductive. The light spots might be the connection of the top and the bottom layer. 

To solve the first problem, one protecting layer (such as a piece of transparency paper) 

might be needed between mask and the device during mask alignment. To solve the 

second problem, increasing the film thickness was a straight-forward method. For 

testing, the OM images in Fig. 17 show how the light penetration through the A-film 

changes with thickness of the A-film.  
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Fig. 16: (a)The sketch of the position where the SEM image was taken, and (b) the 

SEM image of the cross-section of M/I/M stack. Defects were found in the A-film 

layer, and might be the reason resulting the short circuit. 

 

There was grain structure in A-film for the thickness of 200 nm and the light 

penetration was high. For 400 nm, the light penetration became lower but there were 

still all grains. For 600 nm, the light penetration was even lower. When the thickness 

reached 800 nm, there were almost no bright dots in the dark field mode. This was 

taken as evidence for a sample free from short-circuit defects. One point could be 

mentioned was that the dried film would be dissolved by its own solution. By 

spin-coating more than one time, the film in the center would be much thinner than in 

the surrounding. The thickness difference of the sample between center and edge was 

still low for two-time spin-coating. But for four-time spin-coating, the thickness 

difference approached 100 nm. 

 

Dry-etching by pure oxygen was performed on the device to remove the A-film 

that was not covered by the top electrode. 100 watt RF power, 600 mtorr pressure and 

100 sccm O2 flow were set as the parameters for etching A-film. After dry-etching for 

205 seconds, there were still some remains of A-film at the edge forming a gentle 

slope of the M/I/M step, which could be observed in Fig. 18. From OM, a clear 

comparison of top contact and bottom contact could be easily observed in the dark 

field mode, shown in Fig. 18(b). The color difference of the M/I/M step showed there 

was thickness difference at the step, and it could be concluded a slope at the step. The 
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darker color changing was from the top layer by thermal evaporation. A 10 µm gentle 

slope of M/I/M step (distance measured along the slope, from drain to source) could 

easily be observed in SEM cross-section image, shown in Fig. 18(d). 

 

 

Fig. 17: Dark field mode of A-film with the thickness of (a)200 nm, (b)400 nm, 

(c)600 nm, and (d)800 nm. In 800 nm A-film, the grain structure was barely seen. 

 

 
Fig. 18: (a) The observation direction of the sample from OM. (b) From the top view 

of OM, the interface image between top contact and bottom contact of the device in 
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the dark field mode. The blurry grain structure could be observed in the area that top 

contact was covered on and also the M/I/M step. The color changing of the step 

showed the slope behavior. (c) The observation direction of the sample from SEM. (d) 

The cross-section image of the M/I/M step from SEM. A gentle slope, with a length 

along the slope of approximately 10 µm, was easily observed at the M/I/M stack. 

 

 

Fig. 19: The I-V curve of device with P3HT (a) and P3HT/PSSH (b) on top of vertical 

stack. 
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After dry-etching A-film, the top polymers, which were organic semiconductor 

and electrolyte, were deposited by two different methods, namely spin-coating and 

drop-casting. For the spin-coated samples, the concentration of P3HT was 5 mg/ml in 

chloroform, and was spin-coated with 2000 rpm for 30 seconds and then was annealed 

at 110oC for 2 minutes. The resulting thickness of P3HT film was 57.6 nm, measured 

by ellipsometer. For PSSH solution, 6.46% PSS in water was dissolved in 1-propanol 

by the volume percentage of 20. 1-propanol was used here to obtain better wettabililty 

on top of P3HT film. PSSH was spin-coated with 2000 rpm for 30 seconds and was 

annealed at 110oC for 2 minutes. The thickness of and P3HT and PSSH was measured 

by ellipsometer to be 58 nm and 126 nm, respectively. The electrical characterization 

was measured to confirm a continuous film of P3HT and PSSH was deposited. The 

I-V curve is shown in Fig. 19. Then the titanium gate was made to finalize the 

transistor. However a short circuit between the drain and the source was observed, 

indicating that the polymer coverage of the top and bottom electrodes was not 

complete. 

 

Considering A-film was 800 nm thick and P3HT was only around 50 nm thick, it 

was easy to make the edge uncoated, which would lead to short circuits in the 

transistor. Therefore drop-casting the semiconductor and electrolyte was chosen in 

order to achieve a full coverage of the electrodes and prove that a transistor could be 

fabricated. The structure sketch is shown in Fig. 20. By using a very sharp probe of 

Cu as gate, the device was characterized. Without short circuits between drain/source 

and gate electrodes, a really bad transistor performance with the on-off ratio lower 

than two could be measured and is shown in Fig. 21 and Fig. 22.  

 

 
Fig. 20: The sketch of the structure which was processed by drop-casting. A sharp 

probe was used as the gate electrode. 
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Fig. 21: The output curve (Ids-Vds) of sample 4_2 measured from Vg = 0 V to Vg = -2 

V in six steps. Gate modulation was clearly observed, despite of a super-linear 

behavior due to the short channel. 

 

   
Fig. 22: The transfer curve of sample 4_2 measured at Vds = 0 V and Vds = -1 V by 

FET station. 
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With zero gate voltage applied, the off-state current was observed to be around 

41 µA from the curve of Vg = 0 V in Fig. 21. From the observation of Fig. 21 and Fig. 

22, the transfer curve showed the current range was from 40.7 µA to 41.5 µA with one 

volt drain voltage and 0-1 volt gate voltage applied. It was similar to the output curve 

with the current range from 41 µA to 43 µA when the applied gate voltage was lower 

than one volt. Furthermore, a leakage current of around 8 nA could be seen in Fig. 22 

when there was no drain voltage applied. The electrical characterization of the 

transistor showed the very high off-state current and low on-off ratio. The following 

explanation was proposed to account for this behavior. 

 

One reason for the low on-off ratio may be the resistance variation with different 

semiconductor thickness. For the bulk material, as shown in Fig. 23 below, the total 

resistance could be viewed as the parallel connection of several intrinsic resistances 

and the doped resistance of the channel with constant thickness. 

 

 

Fig. 23: The schematic diagram of the resistance distribution in the (a) thin film and 

(b) thick film. The intrinsic resistances are separated by the same thickness of the 

doped layer. The number of the intrinsic resistances is lower in the thin film than the 

thick film, which results the higher resistance in total of the thin film than the thick 

film. (c) The schematic diagram of the circuit of the resistances, assumed to be 

connected in parallel. 

 

The doped layer in the semiconductor has a constant thickness, which is around 

2-3 atomic layers. By assuming the intrinsic semiconductor resistance (Rin) was α 

times larger than the resistance of the channel (Rch), the resistance when turning on 

the transistor, Ron, could be represented by the following equation: 
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And the resistance of off-state transistor, Roff, could be represented by Eq. (04): 

R��� �
�

�
����

�
����

�
����…

� ���
�                                         (04) 

 

The parameter, n, is the number of parallel intrinsic layers. By increasing the 

thickness of the film, n will increase and result in a reduced Roff as well as the ratio 

between Roff and Ron, Roff/Ron, which will result in the high off-state current and the 

low on-off ratio. If n >> α, then the on-off ratio will be around one, given in the 

following equation: 

���
���� � ����

���
� ���

� � 1, when n >> α                                   (05) 

 

By drop-casting, the thickness of semiconductor increased a lot compared to the 

thickness by spin-coating, and it might result in a really low in-off ratio here. 

Furthermore, it is usual that short channel effect becomes obvious with increasing 

semiconductor thickness[52],[59]. A high off-current can be caused by a large 

semiconductor layer thickness. 

 

Another reason for the high off current may be a reduction of threshold voltage, 

which is shown in Eq. (06) [60]. The lower threshold voltage causes the lower gate 

voltage applied to turn the channel on. Since the channel is turned on when Vg > VT, 

if the threshold voltage is small enough (even turns into negative voltage), the switch 

of the channel will no longer be controlled by the gate electrode. This means an 

increase of the off-state current. The overall threshold voltage for an ideal MIS field 

effect transistor is given in Eq. (06)[40]. 

V	 � V
� � ����
�� , where V
� � �����

� � ���
��                            (06) 

In Eq. (06), VT = threshold voltage, VFB = flat-band voltage, Wm = metal work 

function, Ws = semiconductor work function, q = elemental charge, Qsi = additional 

charge, n0 = density of the residual carriers, and ds = thickness of the semiconductor 

film. For p-channel OTFT, � �����
��  is instead of � �����

�� , where p0 is the residual 

density of holes. From Eq. (06), as the thickness of semiconductor increases, the value 

of threshold voltage will be reduced and cause the increasing off-current. 

 

There is one more reason that may be considered for the low transistor 

performance shown in Fig. 21 and Fig. 22. For the drop-casting case, the probe as the 

gate electrode replaced the Ti layer. The probe of FET station was too small for 

n 
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covering the whole channel of the device. Since the channel was not covered by the 

gate electrode, the low performance of the electrical characterization was caused due 

to less gate modulation. The voltage was needed to be increased enough to make the 

device work under those situations, so that the curves showed higher performance 

with gate voltage applied from 0 volt up to -2 volt than only from 0 volt to -1 volt, as 

shown in Fig. 24. 

 

Fig. 24: The output curve with different range of gate voltage applied: (a) from 0 volt 

to -1 volt; (b) from 0 volt to -2 volt. The output curve showed better performance with 

larger gate. 

 

 

3.2. Oblique-Incidence Depositing Method 

 

Another method was tested for making short channel vertical device. As shown 

in Fig. 25, by oblique-incidence depositing metal onto a blocking insulating material, 

separated drain and source electrodes were created. In this section, SU-8, a negative 

photoresist, was chosen as the insulating material, due to several advantages of SU-8, 

such as high adhesion, insulation and chemical stability. For the thickness selection, 

SU-8 2000.5 was used to be coated on the device. The procedure of processing SU-8 

was illustrated in the right hand side of Fig. 25(a). After pre-baking the SiO2/Si wafer 

at 95oC for 5-10 minutes to remove the vapor of the wafer, SU-8 was spin-coated on 

the wafer and was soft-baked at 95oC for 5 minutes. The parameters of UV light 

lithography were set as: 10-second exposure time, 150µm Al. gap, hard exposure type, 

constant WEC, no N2 purge and zero WEC offset. Then the exposure-baking was at 

110oC for 5 minutes. The device was developed for 1-2 minutes and then hard-baked 

at 150oC for 15-20 minutes.  
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Fig. 25: Processing steps of Au/Cr deposition: (a) SU-8 as insulating material was 

processed on the wafer (SU-8 processing was in the right hand side); (b) the metal 

was deposited onto the device by tilting the wafer with certain angle; (c) the separated 

metal electrodes as drain and source were created. 
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Fig. 26: The Dektak images for 100 µm length with 2000 steps showed a step height 

of approximately 325 nm before hard-baking (black curve) and 275 nm after 

hard-baking (red curve). 

 

The SU-8 film was thicker and rougher before hard-baking, which is shown in 

Fig. 26. The thickness of SU-8 before hard-baking was around 325 nm and was 276 

nm in the average after hard-baking. Since the residual vapor in the film was 

eliminated at high temperature, the SU-8 film became thinner after the baking 

procedure. And also, the particles of the film were rearranged by annealing, so that the 

film was flatter and smoother in comparison with the previous film. The step of SU-8 

observed from Dektak was close to vertical. For the steeper SU-8 step, the lower 

angle of the device was needed to be tilted during the oblique-incidence deposition. 

 

AFM was another analysis method for the slope observation of the SU-8 step. 

The AFM images showed high resolution of SU-8 structure in Fig. 27. From Fig. 

27(a), the roughness of SU-8 film, 60 nm, could be observed by the color changing of 

the scale in the right hand side. Since SU-8 was not developed completely after 

lithography, the SU-8 texture was observed from the both side of the step, shown in 

Fig. 28(a).  
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Fig. 27: (a) Height profile, and (b) 45o phase profile of SU-8 film on SiO2/Si substrate 

in 5µmx5µm scale from AFM. 

 

 

Fig. 28: (a) The 2D step image of Su-8 in 30o phase profile. The color change above 

was where the step was. (b) The 3D step image of the step. The approximate thickness 

of SU-8 was around 250nm. (c) The step image in height profile. (d) The height 

change curve of the step measured from (c). It showed steep slopes. 
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The AFM images in Fig. 28 showed that the slope of the SU-8 step was steep. 

Considering the shape of the tip, the cross-section of SU-8 step could not be 

confirmed. The accuracy of the AFM images was decided by the sharpness of the tip. 

If the tip was sharp enough to measure the whole step, the slope would be accurate; if 

not, there might be some hollow structure in the step that the tip could not measure or 

even the slope did not behave like the image from AFM. 

 

For the following processing, the sample with SU-8 was then placed from 30 

degree to 70 degree for the coordination of the vertical metal flow in thermal 

evaporation, which was shown in Fig. 29. After evaporating 40 nm/10 nm layer of 

Au/Ti through a shadow mask, the samples with an angle less than 60 degree were 

found shorted between top and bottom contacts. The reason for the short circuits may 

be surface diffusion of gold particles during the evaporation. But it is just the 

speculation, the truth is: the reason has not been figured out yet. Fortunately, the 

sample with a tilting angle larger than 60 degree showed good insulation. The devices 

with this vertical structure were reproducible, with a yield of 80 percent.  

 

 

Fig. 29: The samples were placed with different angles for metal evaporation. 

 

It had to be mentioned that AFM did not show Au structure with high resolution. 

Since gold was too hard to be observed from AFM, there was no figures could be 

shown here. The image from AFM showed wave behavior since the Au/Ti film was 

too thin and too soft on the hard SU-8 film that caused sagging when AFM tip was 

measuring by tapping. To solve the problem was to evaporate thicker Au/Ti layer, at 

least 80 nm/10 nm, in order to harden the Au/Ti film. Metals did not stick on SU-8 

well due to the low adhesion in between. The solution of this problem might be 
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changing another material instead, spin-coating another polymer film as the glue 

between metal and SU-8 film, or evaporating thicker layer of metal. 

 

After depositing Au/Cr layer, P3HT as semiconductor and PSSH as electrolyte 

were deposited. Initial tests with spin-coating proved unsuccessful, since by  

spin-coating, the P3HT layer did not cover all the sample, such as the edge of metal 

layer, and then the sample could get shorted by spin-coating another layer of PSSH. 

Therefore, these materials were drop-cast in succession. The concentration of P3HT 

was 10 mg/ml in chloroform, and 30% PSS was diluted into 6.46% by water and 

dissolved in 1-propanol as the volume percentage of 20.  

 

The electrical characterization of the transistor is shown in Fig. 30 and Fig. 31. 

Although the on-off ratio was still low, which was below two, the I-V curve showed a 

better modulation compared to the electrical characteristic from the previous method. 

 

 

Fig. 30: The output curve (Ids-Vds) measured by FET station from Vg = 0 V to Vg = 

-1.5 V in eight steps.  
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Fig. 31: The transfer curve measured from Vds = 0 V to Vds = -1.5 V in 6 steps by FET 

station. 

 

 

3.3. Summary of Processing Steps 

 

Even though the resulting transistors showed really low performance, the 

processing was quite successful in both two methods. The procedures were proved to 

be reproducible with a yield of 80 percent in oblique-incidence depositing method and 

almost 95 percent in dry-etching method. In order to follow the processing easier, the 

recipes of the processing step are shown in this section. Since the semiconductor and 

electrolyte layers were fabricated by drop-casting and the probe of FET station was 

used as the gate electrode, the following summary will only contain the processing 

steps until the creation of the vertical separated drain and source electrodes.  

 

 

 

 

 

 



 

 

Dry-Etching Method

 

 

 

 

 

 

Deposite Au/Cr film of  20 nm/10 nm through 
a shadow mask onto SiO

Spin-coat  A
and at the spin speed of 1400 rpm for 45 seconds

Anneal the device at 120

Repeat the second and the third steps three more times

Deposite another Au/Cr film of 30 nm/10 nm 
through a shadow mask onto the device

Dry-etch the device
the following parameter
dry-etching time
pressure: 600 mtorr
RF power: 100 W
gas flows: 100 sccm
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Etching Method 

Deposite Au/Cr film of  20 nm/10 nm through 
a shadow mask onto SiO2/Si substrate

coat  A-film at the speed of 500 rpm for 3 seconds
and at the spin speed of 1400 rpm for 45 seconds

Anneal the device at 120oC for 15 minutes

Repeat the second and the third steps three more times

Deposite another Au/Cr film of 30 nm/10 nm 
through a shadow mask onto the device

device in order to get rid of the uncovered A-film by
parameter:

time: 205 seconds (depends on the current situation)
mtorr
W
sccm O2

The M/I/M stack is created
 

by

situation)



 

 

The SU

Set the sample onto a supporting wafer with a certain angle 

Deposite Au/Ti film of 40 nm/10 nm through a shadow mask onto the device 

Separated drain/source electrodes are created  

 

Oblique-Incidence Depositing Method

 

 

 

 

The procedure for the
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.

The SU-8 pattern is now fabricated on the substrate

Set the sample onto a supporting wafer with a certain angle 
which needs to be larger than 60o

Deposite Au/Ti film of 40 nm/10 nm through a shadow mask onto the device 

Separated drain/source electrodes are created  

Incidence Depositing Method 

 

for the SU-8 layer consists of the following steps:

Deposite Au/Ti film of 40 nm/10 nm through a shadow mask onto the device 

 

the following steps: 
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The equipment database: 

Thermal evaporation  � Satis, Satis CR725 

Dry-etching         � RIE-CVD, Vacutec 

Photolithography     � Sussi, Suss MA/BA 6 
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Chapter 4: Conclusion 

 

In order to make short channel vertical organic field effect transistors, two 

methods were chosen to be employed in this thesis. They were dry-etching method 

with A-film as the insulating material and oblique-incidence depositing method with 

SU-8 as the insulating material.  

 

For dry-etching method, Au/Cr film was first deposited onto the wafer with the 

thickness of 20 nm/10 nm. A-film solution then was spin-coated at 500 rpm for 3 

seconds followed by 1400 rpm for 45 seconds, and was annealed at 120oC for 15 

minutes. An A-film layer of 800 mn was sufficiently thick to provide electrical 

insulation, whereas a 200 nm film resulted in short circuits. Another Au/Cr film of 30 

nm/10 nm was deposited onto the device as the top contact electrode and also the 

mask for dry-etching. Dry-etching was used to remove the uncovered A-film in order 

to make an M/I/M stack. A gentle step could be observed by OM and SEM after 

dry-etching the device, and the channel length in both OM and SEM images was 

around 10 µm. Since spin-coating of the semiconductor gave problems with partial 

coverage and therefore short-circuits, P3HT as the semiconductor and PSSH as the 

electrolyte were drop-cast onto the device. The probe of FET station was used as the 

gate electrode instead of the usual evaporated Ti film. The electrical characterization 

of the transistor showed a really high off-state current and a really low on-off ratio. 

The reason of the behaviors might be due to the large thickness of the semiconductor 

layer and the short channel effect. 

 

For oblique-incidence depositing method, a SU-8 film pattern was first processed 

onto the wafer. The wafer should be pre-baked at 95oC for 5-10 minutes to eliminate 

the vapor. SU-8 2000.5 was spin-coated at 500 rpm for 5 seconds followed by 3000 

rpm for 30 seconds, and was soft-baked at 95oC for 5 minutes. After exposing UV 

light for 10 seconds, the device was exposure-baked at 110oC for 3-5 minutes. The 

next step of processing SU-8 was developing, and then the device was hard-baked at 

150oC for 15-20 minutes resulting in a SU-8 pattern with the thickness of around 250 

nm. By tilting a certain angle above 60 degree, the samples was deposited Au/Ti film 

of 40 nm/10 nm as the drain and source electrodes. The channel length in this method 

was below 1 µm.  
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Due to the same reason as the previous method, P3HT and PSSH were drop-cast 

onto the device and the probe replaced Ti to be the gate electrode. The electrical 

characterization also showed a high off-state current and a low on-off ratio, but it was 

better than the curves shown in the previous method. 

 

One thing should be mentioned was that both two methods in this thesis are 

reproducible by certain processing steps. The yield of the reproducibility is almost 

ninety five percent for dry-etching method with 800 nm A-film and is around eighty 

percent for oblique-incidence depositing method with 60o deposition angle of metal 

electrodes. 
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Chapter 5: Future Work 
 

There are several experiments can be done in the future. For the dry-etching 

method, in order to confirm that the processing method can be used to create 

functional vertical transistors, the structure needs to be optimized, including finding a 

method to deposit thinner semiconductor layers without defects. Another urgent work 

for dry-etching method is to optimize the performance of the device by varying the 

channel length. It is time-consuming to find the compromise of the channel length 

since the short channel can cause the increasing carrier mobility[1] but also the 

increasing off-state current. And for the Oblique-Incidence Depositing Method, to 

figure out why a huge angle was needed to get separated drain and source electrodes 

is one project which is really attractive to me in the future.  

 

The semiconductor layer was processed by drop-casting due to the failure of 

spin-coating. Another work is probably to find a new way to process semiconductor 

layer, since the thickness of semiconductor affects the off-state current and the on-off 

ratio a lot. The creation of the M/I/M stack with a gentle slope might be a good way to 

prevent the failure of spin-coating the organic semiconductor. 
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45 
 

References 

 

[1] Y. Sun, Y. Liu, and D. Zhu: Journal of Materials Chemistry 15 (1), 53-65 (2005) 

[2] H. Koezuka, A. Tsumura, and T. Ando: Synthetic Metals 18 (1-3), 699-704 

(1987) 

[3] H. Sirringhaus: Proceedings of the IEEE 97 (9), 5204612, 1570-1579 (2009) 

[4] G. H. Gelinck, H. E. A. Huitema, E. V. Veenendaal, E. Cantatore, L. 

Schrijnemakers, J. B. P. H. van der Putten, T. C. T. Geuns, M. Beenhakkers, J. B. 

Giesbers, B.-H. Huisman, E. J. Meijer, E. M. Benito, F. J. Touwslager, A. W. 

Marsman, B. J. E. van Rens, and D. M. de Leeuw: Nature Materials 3 (2), 

106-110 (2004) 

[5] H. E. A. Huitema, G. H. Gelinck, J. B. P. H. van der Putten, K. E. Kuijk, C. M. 

Hart, E. Cantatore, P. T. Herwig, A. J. J. M. van Breemen, and D. M. de Leeuw: 

Nature 414 (6864), 599 (2001) 

[6] P. F. Baude, D.A. Ender, T. W. Kelley, M. A. Haase, D. V. Muyres, and S. D. 

Theiss: Technical Digest - International Electron Devices Meeting , 191-194 

(2003) 

[7] V. Subramanian, P. C. Chang, J. B. Lee, S. E. Molesa, and S. K. Volkman: IEEE 

Transactions on Components and Packaging Technologies 28 (4), 742-747 

(2005) 

[8] V. Subramanian, J. M. J. Frechet, P. C. Chang, D. C. Huang, J. B. Lee, S. E. 

Molesa: A. R. Murphy, D. R. Redinger, and S. K. Volkman: Proceedings of the 

IEEE 93 (7), 1330-1338 (2005) 

[9] R. Rotzoll, S. Mohapatra, V. Olariu, R. Wenz, M. Grigas, K. Dimmler, O. 

Shchekin, and A. Dodabalapur: Applied Physics Letters 88 (12), 123502 (2006) 

[10] J. A. Majewski, R. Schroeder, and M. Grell: Applied Physics Letters 85 (16), 

3620-3622 (2004) 

[11] J. Tate, J. A. Rogers, C. D. W. Jones, B. Vyas, D. W. Murphy, W. Li, Z. Bao, R. E. 

Slusher, A. Dodabalapur, and H. E. Katz: Langmuir 16 (14), 6054-6060 (2000) 

[12] X. Cai, M. W. Burand, C. R. Newman, D. A. da Silva Filho, T. M. Pappenfus, M. 

M. Bader, J.-L. Brédas, K. R. Mann, and C. D. Frisbie: Journal of Physical 

Chemistry B 110 (30), 14590-14597 (2006)    

[13] T. Kawase, T. Shimoda, C. Newsome, H. Sirringhaus, and R. H. Friend: Thin 

Solid Films 438-439, 279-287 (2003) 

[14] H. Sirringhaus, T. Kawase, R. H. Friend, T. Shimoda, M. Inbasekaran, W. Wu, 

and E. P. Woo: Science 290 (5499), 2123-2126 (2000)  



 

46 
 

[15] C. W. Sele, T. von Werne, R. H. Friend, and H. Sirringhaus: Advanced Materials 

17 (8), 997-1001 (2005) 

[16] M. Lefenfeld, G. Blanchet, and J. A. Rogers: Advanced Materials 15 (14), 

1188-1191 (2003) 

[17] T. Mäkelä, S. Jussila, H. Kosonen, T. G. Bäcklund, H.G.O. Sandberg, and H. 

Stubb: Synthetic Metals 153 (1-3), 285-288 (2005) 

[18] K. S. Lee, T. J. Smith, K. C. Dickey, J. E. Yoo, K. J. Stevenson, and Y.-L. Loo: 

Advanced Functional Materials 16 (18), 2409-2414 (2006)   

[19] Z. Bao, A. J. Lovinger, and A. Dodabalapur: Applied Physics Letters 69 (20), 

3066-3068 (1996) 

[20] H. Sirringhaus, N. Tessler, and R. H. Friend: Science 280 (5370), 1741-1744 

(1998) 

[21] J. Veres, S. Ogier, G. Lloyd, and D. de Leeuw: Chemistry of Materials 16 (23), 

4543-4555 (2004) 

[22] Y.-Y. Lin, D. J. Gundlach, S. F. Nelson, and T. N. Jackson: IEEE Electron Device 

Letters 18 (12), 606-608 (1997) 

[23] J. Casado, L. L. Miller, K. R. Mann, T. M. Pappenfus, H. Higuchi, E. Ortí, B. 

Milián, R. Pou-Amérigo, V. Hernández, and J. T. L. Navarrete: Journal of the 

American Chemical Society 124 (41), 12380-12388 (2002) 

[24] R. J. Chesterfield, C. R. Newman, T. M. Pappenfus, P. C. Ewbank, M. H. 

Haukaas, K. R. Mann, L. L. Miller, and C. D. Frisbie: Advanced Materials 15 

(15), 1278-1282 (2003) 

[25] C. D. Dimitrakopoulos, and P.R.L. Malenfant: Advanced Materials 14 (2), 

99-117 (2002) 

[26] A. Facchetti, M.-H. Yoon, and T. J. Marks: Advanced Materials 17 (14), 

1705-1725 (2005) 

[27] A. Facchetti: Materials Today 10 (3), 28-37 (2007) 

[28] Z. Bao, A. Dodabalapur, and A. J. Lovinger: Applied Physics Letters 69 (26), 

4108-4110 (1996) 

[29] Y.-Y. Lin, D. J. Gundlach, S. F. Nelson, and T. N. Jackson: IEEE Transactions on 

Electron Devices 44 (8), 1325-1331 (1997) 

[30] J. H. Schön: Synthetic Metals 122 (1), 157-160 (2001) 

[31] K. Tsukagoshi, I. Yagi, and Y. Aoyagi: Science and Technology of Advanced 

Materials 7 (3), 231-236 (2006) 

[32] N. Karl: Synthetic Metals 133-134, 649-657 (2003) 

[33] S.-W. Rhee, and D.-J. Yun: Journal of Materials Chemistry 18 (45), 5437-5444 

(2008) 



 

47 
 

[34] K. Hong, J. W. Lee, S. Y. Yang, K. Shin, H. Jeon, S. H. Kim, C. Yang, C. E. Park: 

Organic Electronics: physics, materials, applications 9 (1), 21-29 (2008)   

[35] N. Yoneya, M. Noda, N. Hirai, K. Nomoto, M. Wada, J. Kasahara: Applied 

Physics Letters 85 (20), 4663-4665 (2004)   

[36] L. Diao, C. D. Frisbie, D. D. Schroepfer,, and P. Paul Ruden: Journal of Applied 

Physics 101 (1), 014510 (2007) 

[37] S.M. Sze, John Wiley and Sons: Physics of Semiconductor Devices (New York, 

1981) 

[38] H. Sirringhaus, P. J. Brown, R. H. Friend, M. M. Nielsen, K. Bechgaard, B. M. 

W. Langeveld-Voss, A. J. H. Spiering, R. A. J. Janssen, E. W. Meijer, P. Herwig, 

and D. M. de Leeuw: Nature 401 (6754), 685-688 (1999) 

[39] E. Said: Electrolyte-Semiconductor Combinations for Organic Electronic 

Devices (PhD. Dissertations, 2009) 

[40] E. Said, X. Crispin, L. Herlogsson, S. Elhag, N. D. Robinson, and M. Berggren: 

Applied Physics Letters 89 (14), 143507 (2006) 

[41] E. Bard and L. Faulkner: Electrochemical Methods: Fundamentals and 

Applications (Wiley, New York, 2001) 

[42] S. Mitra, A. K. Shukla, and S. Sampath: Journal of Power Sources 101 (2), 

213-218 (2001) 

[43] S. Chao, and M. S. Wrighton: Journal of the American Chemical Society 109 

(22), 6627-6631 (1987) 

[44] A. S. Dhoot, J. D. Yuen, M. Heeney, I. McCulloch, D. Moses, and A. J. Heeger: 

Proceedings of the National Academy of Sciences of the United States of 

America 103 (32), 11834-11837 (2006) 

[45] I. N. Hulea, H. B. Brom, A. J. Houtepen, D. Vanmaekelbergh, J. J. Kelly, and E. 

A. Meulenkamp: Physical Review Letters 93 (16), 166601-1-166601-4 (2004) 

[46] M. J. Panzer, C. R. Newman, and C. D. Frisbie: Applied Physics Letters 86 (10),  

103503, 1-3 (2005) 

[47] M. Taniguchi, T. Kawai: Applied Physics Letters 85 (15), 3298-3300 (2004) 

[48] P. Andersson, D. Nilsson, P.-O. Svensson, M. Chen, A. Malmström, T. Remonen, 

T. Kugler, M. Berggren: Advanced Materials 14 (20), 1460-1464 (2002) 

[49] L. Herlogsson, X. Crispin, N. D. Robinson, M. Sandberg, O.-J. Hagel, G. 

Gustafsson, and M. Berggren: Advanced Materials 19 (1), 97-101 (2007) 

[50] J. Collet, O. Tharaud, A. Chapoton, and D. Vuillaume: Applied Physics Letters 

76 (14), 1941-1943 (2000) 

[51] N. A. Neamen: Semiconductor Physics and Devices, 574-577 (1992) 

[52] K. Tukagoshi, F. Fujimori, T. Minari, T. Miyadera, T. Hamano, and Y. Aoyagi: 

Applied Physics Letters 91 (11), 113508 (2007) 



 

48 
 

[53] N. A. Neamen: Semiconductor Physics and Devices, 586-588 (1992) 

[54] T. Takano, H. Yamauchi, M. Iizuka, M. Nakamura, and K. Kudo: Applied 

Physics Express 2 (7), 071501 (2009) 

[55] C.-Y. Yang, S.-S. Cheng, T.-M. Ou, M.-C. Wu, C.-H. Wu, C.-H. Chao, S.-Y. Lin, 

and Y.-J. Chan: IEEE Transactions on Electron Devices 54 (7), 1633-1636 (2007) 

[56] J.C. Mathew, N. Hirashima, M. Nakamura, M. Iizuka, and K. Kudo: Applied 

Surface Science 244 (1-4), 603-606 (2005) 

[57] K. Fujimoto, T. Hiroi, K. Kudo, and M. Nakamura: Advanced Materials 19 (4), 

525-530 (2007) 

[58] Information from Thin Film Electronics AB 

[59] L. Herlogsson, Y.-Y. Noh, N. Zhao, X. Crispin, H. Sirringhaus, and M. Berggren: 

Advanced Materials 20 (24), 4708-4713 (2008) 

[60] G. Hadziioannou, and G. G. Malliaras: Semiconducting Polymers, Chemistry, 

Physics and Engineering, volume 2, 545 (Wiley-Vch, 2007) 

 


